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ABSTRACT 

The Basin and Range province of western North America is a broad region of 

irregular topographic expression characterized by various styles of Cenozoic extension.  

Recent reprocessing and interpretation of a regional suite of industry seismic reflection 

profiles in southern Arizona, in the southern Basin and Range province of southwestern 

North America, have illuminated subsurface features related to Cenozoic crustal 

extension and show a detailed view of extensional processes in the southern Basin and 

Range.  Seismic stratigraphic investigations on these profiles suggest a two-phase model 

for the evolution of the Catalina-Rincon metamorphic core complex, with an initial stage 

of isostatic core complex emplacement during detachment faulting that resulted in little 

topographic expression.  This was followed, after a significant tectonic hiatus, by late-

stage exhumation and flexural uplift of the metamorphic core complex controlled by 

younger high-angle faulting.  Along-strike, upper-plate deformation in response to core 

complex emplacement was accommodated by the Santa Rita fault, south of the Catalina-

Rincon metamorphic core complex.  Finite-element models predicts early mechanical 

failure of the upper-plate of the detachment system to the south of the Catalina core 

complex.  These models suggest that the Santa Rita fault is the result of a perturbation in 

the regional stress field caused by the Catalina detachment and the associated brittle 

failure of the upper plate from the extreme crustal extension associated with core-

complex emplacement. These profiles, coupled with geologic and well control, indicate 

that the southwest-dipping Catalina detachment, the northwest-dipping Santa Rita fault, 

the east dipping Altar Valley fault, and the highly dissected Sierrita Mountains are all 
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aspects of the same extensional event in the middle-Tertiary.  These features all appear to 

merge into a broad zone of middle-crustal deformation and likely represent 

heterogeneous upper-crustal deformation in response to middle-to-lower crustal 

homogeneous deformation. 
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INTRODUCTION 
 

The Basin and Range province of western North America represents a broad zone 

of Cenozoic crustal extension characterized by various styles of extensional deformation 

[Hamilton and Myers, 1966; Stewart, 1978; Gans, 1987].  At one extreme is concentrated 

crustal extension along low-angle detachment faults.  These systems can exhibit 

extensional strains as high as 100% or more and uplift and expose midcrustal rocks in the 

footwall of the system and place them adjacent to upper-crustal rocks.  At the other 

extreme is imbricate extension along a series of strike-parallel, domino-style normal 

faults.  These faults typically are high-angle, regularly spaced and have similar tilt 

directions.  They place rocks from similar crustal depths, usually shallow, against one 

another across the faults.  These systems exhibit much less extension across individual 

faults, but with total strain summed up over the imbricate series, can accommodate 

moderate extension in a region [Stewart, 1978].  Often connecting these disparate regions 

are transfer and accommodation zones, which incorporate components of both styles and 

also their own unique and intriguing characteristics [Faulds and Varga, 1998].   

Recent reprocessing and interpretation of a regional suite of industry seismic 

reflection profiles around southern Arizona, in the Basin and Range province of 

southwestern North America, have illuminated subsurface features related to Cenozoic 

crustal extension.  These profiles cover several major adjacent basins, and span nearly 

100 km parallel to regional extension, with numerous crossing lines extending tens of 

kms to either side (Figure 1).  The seismic reflection data, coupled with detailed well  



14

 

Figure 1. Simplified geologic map of the Tucson Basin and Altar Valley, and the 

Santa Catalina, Santa Rita, Sierrita, and Baboquivari Mountains [modified from 

Hirschberg and Pitts, 2000].  Seismic profile locations (black dashed lines) are overlain on 

the map.  
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control, surface geological constraints and finite-element models, relate a detailed view 

of extensional processes in the southern Basin and Range. 

 In particular, these profiles expose the Catalina detachment system, situated in the 

northwestern Tucson Basin, dipping gently towards the southwest from the flank of the 

Catalina/Rincon core complex, to mid-crustal depths.  In the southern Tucson Basin, the 

Santa Rita normal fault is imaged dipping towards the northwest and merging with the 

Catalina detachment beneath the central Tucson Basin.  At the western end of the survey 

area, a major range-bounding normal fault is imaged flanking the eastern side of the 

Baboquivari Mountains and dipping towards the east to mid-crustal depths under Altar 

Valley. 

 Several major issues associated with the crustal structure and Cenozoic evolution 

of the Basin and Range province of southern Arizona are addressed within this 

dissertation.  In particular, what are the timings and possible mechanisms for Cenozoic 

extension in the region?  What does the regional structure indicate about the nature of 

extended continental crust in this area?  How can subsurface control from seismic images 

serve to place seemingly different styles and magnitudes of surface extension into an 

internally consistent framework? 

 In relation to core complex evolution, pertinent questions include, what was the 

timing and possible mechanism for uplift of the Catalina / Rincon metamorphic core 

complex?  What do the basin sedimentation patterns tell us about core complex uplift?  

To what extent was the middle and lower crust involved?  How was upper-plate 
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deformation accommodated in and around the metamorphic core complexes, not only 

perpendicular to strike, but also along strike?    

These questions are all addressed in the following dissertation and included 

appendices.  The following is a brief discussion of the regional geology, techniques and 

major tectonic issues covered in this dissertation.   

PRESENT STUDY 

The complete methods, results and conclusions of this research are presented as 

papers appended to this dissertation.  The following is a summary of these papers, with a 

geologic setting for the study area, a brief discussion on the seismic reflection data and 

finite element modeling utilized in this study and finally, concluding remarks on the most 

important findings of each of these papers. 

Geologic Setting of Survey Area 

The Santa Catalina, Rincon, Santa Rita, Sierrita and Baboquivari Mountains 

(Figure 1) lie within a zone of highly extended terranes of the southern Basin and Range 

province of North America. Large-magnitude extension, related to the formation of 

metamorphic core complexes in this region is inferred to have taken place between 

approximately 28 and 17 Ma [Coney, 1980; Coney, 1987; Dickinson, 1991; Spencer and 

Reynolds, 1991].  This extension was directed mainly WSW-ENE and took place along 

low-angle detachment faults [Spencer and Reynolds, 1989; Dickinson, 1991; Spencer and 

Reynolds, 1991].  The detachment faults juxtapose different crustal levels and styles of 

deformation.  The footwall of the detachment system consists of metamorphosed plutonic 
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rocks that have been at least partially isostatically uplifted and antiformally warped 

during extension.  A mid-Tertiary mylonitic fabric that dips gently in the direction of 

extension overprints these rocks. The hanging walls of these detachment systems are 

extensively fractured and faulted, with numerous tilt blocks of upper-plate material 

placed directly against the detachment.  These tilted fault blocks produce numerous half-

grabens that serve as catchments for the detritus from the adjacent upper-plate rocks. 

A transition in faulting styles occurs beginning at about 15 to 10 Ma, with 

extension accommodated through high-angle Basin-and-Range-style block faulting 

[Eberly and Stanley, 1978; Menges and Pearthree, 1989; Spencer and Reynolds, 1989;

Dickinson, 1991; Spencer and Reynolds, 1991].  These high-angle faults are shown to cut 

earlier, low-angle detachment faults in several locations [Dickinson, 1991; Spencer and 

Reynolds, 1991; Davis et al., 2004].  Geologic evidence, however, suggests that this later 

faulting accommodated only relatively minor amounts of extension in southern Arizona, 

with the majority of extension having been accommodated through mid-Tertiary low-

angle extension [Spencer and Reynolds, 1991].  

Sedimentary-basin assemblages record these extensional processes in southern 

Arizona.  Of particular importance are two distinct mid-Cenozoic to Holocene 

sedimentary assemblages [Eberly and Stanley, 1978; Scarborough, 1989].  The older 

assemblage is associated with regional mid-Tertiary extension and, in some locations, 

core-complex emplacement.  Rocks of this older assemblage are widely exposed as tilted 

strata that were deposited in basins that evolved and filled rapidly with fluvial and 

lucustrine deposits. Their lithology reflects locally derived clasts, sourced from adjacent 
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eroding tilt-blocks.  Eberly and Stanley [1978] divide these older units into three 

subunits: a lower unit comprised of mainly sedimentary fluvial assemblages, a middle 

unit consisting predominately of volcanic rocks with interbedded sedimentary units 

deposited during mid-Tertiary extension (28-17 Ma), and an upper unit of extrusive 

volcanics and interbedded sediments. 

A younger sedimentary assemblage is associated with Basin and Range extension, 

with ages ranging from Miocene to Pliocene.  Rocks of this assemblage are generally 

alluvial and fluvial in origin [Eberly and Stanley, 1978; Dickinson, 1991; Houser and 

Gettings, 2000] and “have facies relationships relative to present valley geometry and 

mountainward lapout characteristics indicative of deposition totally within the confines of 

the present-day physiography” [Scarborough, 1989].  In contrast to the underlying tilted, 

faulted, mid-Tertiary units, these sedimentary units are relatively flat-lying and 

undeformed.   

Separating the two sedimentary units is an early- to mid-Miocene depositional 

hiatus that forms a regional unconformity.  Age control for this surface is difficult to 

establish, but tuffs immediately underlying the unconformity in adjacent basins have 

yielded ages of ~20 Ma [Dickinson, 1991].  The duration of time represented across this 

surface is likely considerable given the formation of paleosols on this boundary 

[Scarborough, 1989; Dickinson, 1991; Houser and Gettings, 2000]. 

Methods 

 The main investigation methods utilized in this study were seismic reflection 

profiling, well-log correlation through synthetic seismic traces, and finite-element 
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modeling.  Where appropriate and available, these methods were compared to existing 

geologic data and tectonic models, which served to constrain the interpretations and place 

the results in context.  A brief explanation on each of these methods and the contribution 

each brings to the final model is necessary. 

 Seismic reflection profiling uses artificially created elastic waves to measure the 

travel time to changes in acoustic impedance of sediment and rock units beneath the 

surface.  Acoustic impedance simply is the product of density and velocity in individual 

rock units.  Changes in acoustic impedance at rock-unit boundaries cause reflection of 

elastic energy.  Raw field data requires extensive signal processing but, following this 

step, the resulting seismic reflection profiles provide us with a detailed structural image 

of the subsurface with the ability to resolve relatively small-scale fine structures within 

the earth’s crust.  These subsurface views can then  be compared to physical samples of 

the subsurface obtained through well drilling, and appropriate correlations can help place 

features seen in the seismic data into a meaningful geologic context.   

Acquisition and processing of seismic reflection data  

 The seismic reflection data sets utilized in this study were originally acquired as 

separate surveys by Exxon and Phillips Petroleum in the late 1970’s to early 1980’s and 

were reprocessed recently by the University of Arizona Reflection Seismology group. 

Acquisition parameters are listed in Table 1.  
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Acquisition  
Parameters 

Exxon Lines Phillips Lines 

Source Vibroseis® 8-32 Hz, 11s  Vibroseis® 10-48 Hz, 14s 
Source interval 100.5 m 67 m 
Receiver interval 100.5 m 67 m 
Receiver pattern 48 channels, split-spread 48 channels, split spread 
Maximum offset 2.5 km 1.8 km 
Nominal fold 24 24 
Sample interval 4 ms 4 ms 
Record length 16 s 20 s 
Table 1. Acquisition Parameters for Seismic Reflection Profiles 

The data were processed following common 2-D techniques using Promax™ 2-D 

seismic processing software (Table 2).  Both datasets were acquired with Vibroseis® 

sources, although the Exxon seismic records were provided as pre-Vibroseis® data.  This 

allowed the use of extended Vibroseis® correlation [Okaya and Jarchow, 1989] for the 

Exxon data to lengthen the usable seismic reflection profiles to ~12 seconds, making 

imaging of the crust-mantle boundary in this area possible.  The Phillips data were 

received with Vibroseis® correlations already applied resulting in a maximum data 

length of 6 seconds.  Significant improvements in final stacks (compared to the original 

data) were made through closely spaced, careful velocity picks and the application of 

modern surface-consistent static corrections (See Table 2 for a complete processing 

flow).  Additionally, dip-moveout correction (DMO) and post-stack finite-difference time 

migrations were applied.  Post-stack lateral coherency filtering was also applied to 

remove residual noise in the final stack.  The time sections were converted to depth 

utilizing smoothed stacking velocities and were compared to well logs, where available, 

to ensure accuracy.  For display, a final automatic gain (AGC) was applied over a 1500 

ms window.   
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Please see Appendix D: Seismic Profiles Processing History, for a list of the 

seismic reflection profiles processed as part of this dissertation.  Additionally, the level to 

which each profile was processed is detailed, with some profiles only undergoing cursory 

processing for a first glimpse at an area, and other profiles undergoing the complete 

processing flow.   

Exxon Lines Phillips Lines 
• SEGY in • SEGY in 
• Extended Vibroseis® 

correlation to 12 sec records 
(prewhitened with 1000ms 
windowed agc)* 

• N/A, data on tape already 
correlated 

• Apply geometry • Apply geometry 
• Trace edit • Trace edit 
• Mute by offset • Mute by offset 
• Datum statics averaged over 50 

CMPs for velocity analysis 
• Datum statics averaged over 

50 CMPs for velocity analysis 
• Velocity analysis (every 25 

CMPs) 
• Velocity analysis (every 25 

CMPs) 
• NMO correction • NMO correction 
• Surface-consistent statics (max 

power) 
• Surface-consistent statics (max 

power) 
• DMO  • DMO  
• Velocity analysis after DMO • Velocity analysis after DMO 
• Bandpass filter (10-32 Hz) • Bandpass filter (10-40 Hz) 
• Stack • Stack 
• Flat datum correction • Flat datum correction 
• Finite difference migration • Finite difference migration 
• Lateral coherency filter • Lateral coherency filter 
• Time-to-depth conversion, 

smoothed RMS velocities 
• Time-to-depth conversion, 

smoothed RMS velocities 
• AGC (1500 ms) for display • AGC (1500 ms) for display 

Table 2. Generalized Seismic Processing Flow 
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Well-Log Analysis  

For subsurface control, the seismic profiles were compared with available well 

control.  In the Tucson Basin, well control was available from the Exxon State 32-1 deep 

exploration well, located in the central Tucson Basin along seismic profile Line 2 (Figure 

1), and the Phillips Petroleum Co. Mountain View State A-1 wildcat well located 

adjacent to the northern Santa Rita Mountains along seismic profile Line 3.  In Altar 

Valley, well control is available from the Phillips Petroleum Co. Redondo State A-1 

wildcat well, located along seismic profile D-42.  Well curves available for analysis 

included interval transit time, density, porosity, resistivity and gamma ray. Synthetic 

seismograms were created for comparison to the seismic data from interval transit time  

and density curves using the Landmark Graphics Inc. synthetic generation software 

Syntool™. 

Finite Element Modeling 

Finite-element analysis allows the modeling of the behavior of a complicated 

system by breaking it up into a mesh of many simple shapes each assigned realistic 

physical properties and rules for interaction. The approach employed in this study was to 

model in map-view how a two-dimensional elastic material under extreme extensional 

stresses deforms and how the stresses are perturbed when a broad zone of weakness, 

representing the Catalina detachment, is introduced.  This was important to understand, 

as conventional tectonic models for this area failed to predict the complicated upper-plate 

strain encountered in the Catalina core complex and detachment system. In our analysis 

we utilized the ABAQUS suite of general-purpose nonlinear finite-element analysis and 
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visualization programs [Hibbit and Sorenson, 2003].  A two-dimensional model 

consisting of a homogenous elastic material undergoing uniform extension was used to 

study changes in stresses and displacements in proximity to a zone of weakness 

representing a detachment fault in the upper crust.  While an oversimplification of actual 

crustal properties, an elastic rheology is sufficient for understanding the first-order 

distribution of stresses in this system, especially prior to major deformation.   

Major Results 

Results of various parts of this study are presented in the appendices comprised of 

manuscripts accepted for publication or ready for submission to scientific journals. 

Appendix A details the findings of a seismic stratigraphic analysis of the Tucson Basin, 

with special attention placed on deducing, from basin sedimentation patterns, the series of 

events surrounding the emplacement and surface-uplift of the Catalina core complex.   

Major findings in this paper are: 1) the Catalina core complex has undergone a two-phase 

exhumation and uplift history.  This history involves an initial phase of crustal extension 

resulting from low-angle detachment faulting and isostatic rock uplift and emplacement 

of the Catalina core complex into the upper crust with little topographic relief.  After a 

significant tectonic hiatus, extension resumed along high-angle normal faults and rapid 

surface uplift of the Catalina core complex occurred, giving it its present topographic 

relief.  2) Observations of basin geometry and timing suggest that the upper-crust crust in 

this area may be effectively decoupled from the mantle through a ductile mid- to lower-

crust, with core complex flexural uplift directly driving basin subsidence.  Key features 

of this hypothesis are that late-stage basin formation and sedimentation occur 
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syntectonically with uplift on the Catalina core complex, indicative of a direct link 

between the two.  3) Additionally, post mid-Miocene basin development is marked by 

uniform subsidence of the central basin, some 10 km from the surface trace of the 

Catalina detachment; the central basin gently tapers and thins towards the basin edges.  

Sedimentation occurred simultaneously with subsidence as documented by sediment 

onlap and later titling.  The model proposed for this area is one in which material is 

transferred from beneath the basin towards the uplifting metamorphic core complex; the 

flexural uplift of the footwall creates an effective lateral pressure gradient in the deeper 

viscous layer away from the basin and towards the footwall.  The effect is to draw down 

the basin in response to footwall uplift.   

Appendix B details the results of finite-element analysis of along-strike, upper-

plate deformation in response to core-complex emplacement.  In particular, the role that 

the Santa Rita fault plays in accommodating upper-plate deformation within the Catalina 

core complex and detachment system is investigated.  Major findings in this paper are: 1) 

Seismic profiles reveal that the Santa Rita fault is linked to the Catalina detachment 

beneath the central Tucson Basin, and basin sedimentological evidence requires nearly 

synchronous movement on these faults.  2) Finite-element models predict early 

mechanical failure of the upper-plate of the detachment system to the south of the 

Catalina core complex.  Additionally, modeled principal stresses around the detachment 

show a nearly 60-degree rotation of the stress field with respect to the regional stresses.  

3) These models suggest that oblique motion on the Santa Rita fault is the result of a 

perturbation in the regional stress field by the Catalina detachment, the associated failure 
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of the upper-plate from the extreme crustal extension resulting from core-complex 

emplacement, and that the Santa Rita fault is acting to partition strain between zones of 

differing crustal extension. 

Appendix C details the analysis of a series of profiles over two adjacent basins, 

the Tucson Basin and Altar Valley, and speculates on the mechanisms and timing behind 

regional extensional processes and styles that are illuminated by these profiles.  Major 

findings in this paper are: 1) The southwest-dipping Catalina detachment, the northwest-

dipping Santa Rita fault, the east-dipping Altar Valley fault, and the brittlely dissected 

Sierrita Mountains are all aspects of the same extensional episode in the middle Tertiary.  

2) Seismic profiles indicate that these features all seem to merge with a broad zone of 

middle-crustal deformation, and likely represent heterogeneous upper-crustal deformation  

in response to middle- to lower-crustal homogeneous deformation.  3) The presence of a 

flat reflection Moho in the area, coupled with depression of the mid-crustal anastomosing 

fault zones beneath the Sierrita Mountains, suggests that isostatic compensation may be 

taking place within the ductile crust. 
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APPENDIX A: COUPLED BASIN EVOLUTION AND LATE-STAGE 
METAMORPHIC CORE COMPLEX EXHUMATION IN THE SOUTHERN BASIN 
AND RANGE PROVINCE, SOUTHEASTERN ARIZONA 
 
Frank H. Wagner, III (Trey) and Roy A. Johnson, Department of Geosciences, University 
of Arizona, Tucson, AZ 85721; Email: fwagner@geo.arizona.edu
Abstract 
 

Records of lithospheric extension and mountain-range uplift are most 

continuously contained within syntectonic sedimentary rocks in basins adjacent to large 

structural culminations.  In southeastern Arizona, metamorphic core complexes form 

mountain ranges with the highest elevations in the region and supposedly much less 

extended terranes lie at lower elevations.  Adjacent to the Santa Catalina-Rincon 

metamorphic core complex, within the Tucson Basin, stratigraphic-sequence geometries 

evident in a large suite of 2-D seismic reflection data suggest a two-phase basin-evolution 

model controlled by the emplacement and subsequent uplift of the core complex.  In its 

earliest stage, Phase I of basin formation was characterized by extensive faults forming 

relatively small-scale proto-basins, which coalesced with the larger basin-bounding 

detachment fault system.  Synextensional sedimentation within the enlarging basin is 

evidenced by sediment-growth packages, derived from adjacent footwall material, 

fanning into brittle hanging-wall faults.  During this phase, volcanism was widespread, 

and growth packages contain interbedded sediments and volcanic products but, 

paradoxically, no mylonitic clasts from the adjacent metamorphic core complex.  Phase II 

of basin evolution begins after a significant tectonic hiatus and consists of a symmetric 
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deepening of the central basin with the introduction of mylonitic clasts in the basin fill.  

This is coupled with the activation of a series of high-angle normal faults ringing the core 

complex. These observations suggest a two-phase model for metamorphic core complex 

evolution, with an initial stage of isostatic core complex emplacement during detachment 

faulting that resulted in little topographic expression.  This was followed, after a 

significant tectonic hiatus, by late-stage exhumation and flexural uplift of the Santa 

Catalina-Rincon metamorphic core complex through younger high-angle faulting. 

Moreover, the geometry of upper basin-fill units suggests an extremely low effective 

elastic thickness in the region and that flexural uplift of the core complex induced 

asymmetric transfer of ductile mid-crustal rocks from beneath the subsiding Tucson 

Basin to the uplifting mountain range. 

Keywords: metamorphic core complex, crustal flow, Basin and Range, detachment fault, 

crustal extension. 

1. Introduction 
 

Metamorphic core complexes in the North American Cordillera form a 

discontinuous belt of uplifted metamorphic rocks (Coney 1980; Coney and Harms 1984).  

These ranges are primarily mid-Tertiary in age (Eocene to Miocene) and expose mid-

crustal metamorphic rocks in the footwall of low-angle extensional detachment faults 

which separate the metamorphic core from overlying unmetamorphosed, brittley 

deformed upper crustal rocks (Coney and Harms 1984; Dickinson 1991).  In many cases, 

these ranges were later dissected by Miocene and younger, moderate- to high-angle 

normal faults from Basin and Range extension.  Records of lithospheric extension and 
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mountain-range uplift are most continuously contained within syntectonic sedimentary 

rocks in basins adjacent to these large structural culminations.  Basin-filling sedimentary 

assemblages provide essential keys to understanding the sequence and timing of tectonic 

activity and crustal deformations where metamorphic core complexes document extreme 

crustal extension.  In many cases, these sedimentary records are incomplete at the 

surface, subject to erosion, reburial or other factors that obscure geological relations.  

Geophysical data and well control provide a means to look beneath the surface and gain a 

more complete record of extension and extension-related sedimentation contained in the 

basin.  Seismic reflection data provide an especially detailed view of basin evolution and 

are key to relating the sequences of sedimentary deposits to specific tectonic events.   

Recent analysis of a large suite of 2-D seismic lines in southern Arizona casts new 

light on metamorphic core complex evolution.  Seismic sequence stratigraphy, coupled 

with detailed well control, confirms a two-phase evolution of the Santa Catalina-Rincon 

metamorphic core complex.  Early basin deposits, associated with the active phase of 

metamorphic core complex emplacement, suggest little topographic relief on the Santa 

Catalina-Rincon metamorphic core complex.  After a significant hiatus, basin-fill 

sedimentary rocks record rapid uplift and unroofing of the Catalina core complex.  This is 

accompanied by a coupled subsidence of the adjacent Tucson Basin in a manner 

suggestive of the mobilization of middle or lower-crustal material from beneath the basin 

towards the uplifting metamorphic core complex. 
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2. Geologic Setting 
2.1 Tucson Basin and Catalina Core Complex 
 

The Tucson Basin in southeastern Arizona lies within the zone of highly extended 

terranes of the southern Basin and Range province of North America.  The Tucson Basin 

is bounded to the north and northeast by the Santa Catalina-Rincon metamorphic core 

complex (locally referred to as the "Catalina core complex" after Rehrig and Reynolds 

1980), to the west by the Tucson Mountains, to the southwest by the Sierrita Mountains, 

and to the south and southeast by the Santa Rita Mountains (Figure 1).  The oldest units 

filling the Tucson Basin are mid-Oligocene to mid-Miocene.  Exposed on the western 

flank of the Catalina core complex, and found beneath the central Tucson Basin in an 

exploratory well (Eberly and Stanley 1978; Houser and Gettings 2000), is the Pantano 

conglomerate.  The unit rests unconformably atop pre-Tertiary rocks and, in places, a 34 

Ma lenticular ignimbrite, which serves to loosely bound the maximum Pantano age 

(Figure 2).  Stratigraphically above the Pantano is up to 2,000 m of late Miocene to 

Pleistocene sedimentary alluvial and fluvial basin-fill (Eberly and Stanley 1978; Houser 

and Gettings 2000).  Separating these units from the Pantano formation are erosional 

unconformities and stacked paleosols attesting to a mid-Miocene depositional hiatus of 

significant but indeterminate length (Figure 2). 

The Catalina core complex displays aspects similar to other Cordilleran 

metamorphic core complexes in the Basin and Range (cf., Coney 1980; Crittenden, 

Coney et al. 1980; Davis 1980; Rehrig and Reynolds 1980; Coney and Harms 1984; 

Lister and Davis 1989; Kruger and Johnson 1994; Nourse, Anderson et al. 1994; Kruger, 



34

Johnson et al. 1995).  The Catalina core complex forms a broad dome, composed mainly 

of Tertiary mylonitic gneiss and Tertiary and Precambrian granites, with a peak elevation 

nearly 2 km above the Tucson Basin.  Mylonitic fabrics occur in a belt about 10 km wide 

along the southwest flank of the core complex (Figure 1).  Mylonitic lineations trend 

S60o-65oW, plunging gently towards the southwest at 20o. S-C fabrics indicate top-to-

WSW displacement, parallel to lineation (Dickinson 1991).  Mylonites grade structurally 

downward into undeformed granites.  Precambrian granites are found on the northeastern 

flank of the Catalina core complex in fault contact with Paleozoic, Mesozoic and Tertiary 

units.  Tilted cover rocks in the upper plate of the detachment represent syntectonic 

deposits and older strata. These units are cut by numerous synthetic and antithetic normal 

faults that merge downward into the master detachment (Dickinson 1991).  The tilted 

cover units dip predominately towards the detachment surface with strikes perpendicular 

to the inferred transport direction along the detachment.   

The Catalina detachment fault bounds the extent of mylonitic gneiss exposures to 

the southwest and separates metamorphosed mid-crustal footwall rocks from shallow, 

brittlely deformed hanging wall rocks and sedimentary deposits. The detachment fault 

dips to the southwest from the southwestern flank of the Catalina core complex and 

projects beneath the Tucson Basin.  The detachment fault is exposed on the southern end 

of the Santa Catalina mountains and is marked by a 1-meter thick resistant layer of 

cataclasite directly overlying a thick chloritic breccia (Davis 1980; Rehrig and Reynolds 

1980; Dickinson 1991).  These exposures can be traced around to the eastern flank of the 

Catalina core complex, where the detachment dips towards the northeast; reversal of dips 
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is attributed to the warping of the detachment surface from core complex uplift (Coney 

1980; Coney 1987; Dickinson 1991).  The Catalina detachment is inferred to have a 

minimum net displacement of 20 to 30 km based on the distribution of pre-extensional 

sedimentary and igneous rock units (Dickinson 1991).  Fission-track dating of footwall 

mylonites indicates a period of rapid denudation between approximately 30 and 20 Ma 

(Fayon, Peacock et al. 2000) and sedimentary assemblages associated with detachment 

faulting indicate that detachment faulting was occurring during an interval of 28 to 20 Ma 

(Dickinson, 1991).   

Ringing the Catalina core complex are a series of younger high-angle normal 

faults including the Pirate fault and the Martinez Ranch fault (Figure 1).  Striking NNE 

and dipping 50-65o to the west at the surface, the Pirate fault flanks the northwestern side 

of the Catalina core complex.  Displacement on the Pirate fault is inferred to have 

occurred between 12 and 6 Ma based on ages of associated sedimentary-rock units 

(Davis, Constenius et al. 2004).  The Martinez Ranch fault bounds the southeastern flank 

of the metamorphic core complex and cuts the Catalina detachment fault.  The Martinez 

Ranch fault trends mostly north-south and dips 55o to the east at the surface. 

3. Seismic Analysis 
3.1 Acquisition and Processing 
 

The seismic datasets in the Tucson Basin consist of grids of two-dimensional 

reflection profiles originally acquired as separate surveys by Exxon and Phillips 

Petroleum in the 1970’s and early 1980’s; these datasets were reprocessed by the 

University of Arizona Reflection Seismology group.  Acquisition parameters for the 
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Exxon profiles include a split-spread geometry with maximum offsets of 2.5 km  (8250 

ft).  Data were acquired with 16-second records using an 11-second Vibroseis® up-sweep 

from 8 to 32 Hz. Uncorrelated data were recorded to tape for later processing. Station and 

shotpoint intervals were 100.5 m (330 ft) yielding a common-midpoint (CMP) interval of 

50.2 m  (165 ft) and a nominal fold of 24.  Data were acquired for Phillips with 20-

second records with a 14-second Vibroseis® up-sweep from 10 to 48 Hz and were 

recorded to tape after correlation.  This field-recording configuration involved a split-

spread geometry with maximum offsets of 1.8 km (5940 ft) and 67 m (220 ft) station and 

shotpoint intervals for a CMP interval of 33.5 m and a nominal fold of 24. 

 Data were reprocessed following standard 2-D techniques using Promax™ 2-D 

seismic processing software (Table 1).  Significant improvements in final stacks 

(compared to the original data) were made through closely spaced, careful velocity picks 

and through the application of modern surface-consistent static corrections.  Velocities 

were picked every 25 CMPs (840-1250 m) with careful consideration paid to correctly 

picking the extremely low velocities found in the near-surface loose alluvial fill and also 

the high velocities found in the numerous crystalline rocks found at various depths and 

structural locations throughout the basin.  Maximum-power surface-consistent statics 

applied in the CMP domain were used to compensate for near-surface velocity variations 

common in arid basins.  Dip-moveout correction (DMO) and post-stack finite difference 

time migrations were applied.  A post-stack lateral coherency filter was also applied to 

remove residual noise in the final stack. A final automatic gain (AGC) was applied over a 

1500 ms window for interpretation.  
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As noted, the Exxon seismic records were provided without Vibroseis® 

correlation applied, presenting additional processing options.  For these data, a 1000 ms 

AGC was applied prior to Vibroseis® correlation (Vibroseis® whitening) to enhance the 

wavelet spectrum (Coruh and Costain 1983).  Additionally, extended Vibroseis® 

correlation was applied to lengthen the usable seismic reflection data to ~12 seconds 

(Okaya and Jarchow 1989).  As these data were recorded with an 8 to 32 Hz up-sweep 

over 11 seconds with a 16 second record length, reflections deeper than 5 seconds have 

progressively lower frequency content.  Loss of higher frequencies did not pose a major 

problem as deeper reflections commonly have lower frequencies due to attenuation.   

3.2 Basin Geometry and Fault Structure 
 

The seismic data were constrained with well control available from the Exxon 

State 32-1 deep exploration well.  A synthetic seismogram based on sonic and density 

logs was compared to the seismic data in Exxon Line 2, which permitted correlations 

between seismic events and depositional-system interpretations by Eberly and Stanley 

(1978) and Houser and Gettings (2000) from well cuttings and geophysical logs from the 

deep exploration well.  This synthetic trace was used to correlate deep basin reflections, 

but events shallower than ~900 m could not be correlated due to lack of usable 

geophysical logs above that depth.  Specific depositional sequences identified on the 

seismic data were traced around the basin on girds of intersecting seismic profiles.  

Interpolations of sequence and structural boundaries between profiles facilitated three-

dimensional interpretation of the Tucson Basin with an emphasis on seismic sequence 

stratigraphy and tectonic evolution. 
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The Tucson Basin is approximately 20 km wide 50 km long, with the long axis 

oriented roughly north-south.  From extended Vibroseis® correlation, seismic profiles 

reveal a Moho depth of ~30 km beneath the Tucson Basin with little topography apparent 

on the Moho.  This is consistent with a flat Moho found throughout much of the Basin 

and Range (see for example Gans 1987; Block and Royden 1990; Satarugsa and Johnson 

1998).  Much shallower in the crust, at 2.2 s or 2700 m, the thickest basin-fill sequence is 

located towards the center of the basin but quickly thins towards the east and west 

(Figure 3).  Shallower basin-fill units (< 1.8 s or 2000 m) extend across the entire basin 

and form a gentle north-south striking syncline.  Interpretation of E-W cross-basin 

seismic profiles reveals that the main basin is comprised of a large central basin with a 

smaller perched basin immediately adjacent to the Catalina core complex on the east.  A 

large hanging-wall slide block divides the main central basin from the perched basin 

(Figure 4).  This slide-block is highly disrupted with very few coherent reflections and 

numerous offsets likely from brittle faulting.  Within the deepest part of the central basin 

lies a graben-like structure bounded to the east and west by high-angle normal faults. 

The low-angle Catalina detachment extends from the southwestern flank of the 

Catalina core complex and dips beneath the central basin.  Fault-plane reflections from 

the Catalina detachment are evident to 4 s two-way travel-time (Figure 5). Shallow fault 

reflections are due to impedance contrasts between juxtaposed hanging-wall Mesozoic 

and Paleozoic sedimentary sequences and crystalline footwall rocks.  Deeper reflections 

from the fault zone likely occur due to juxtaposition of upper-plate unmetamorphosed 

rocks above mylonitized lower-plate rocks.  Broad, km-scale undulations, parallel to 
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extension, noted from surface exposures (Davis 1980) are evident on the detachment 

surface in the reflection profiles.  These corrugations manifest themselves as highs and 

lows on the detachment surface.  Post-detachment basin formation also apparently has 

distorted the detachment surface, warping it downward beneath the central Tucson Basin.   

In the southern Tucson Basin, the Santa Rita normal fault is imaged flanking the 

northwestern side of the Santa Rita Mountains (Figure 6).  It dips towards the northwest 

under the basin at 15-20 degrees (Johnson and Loy 1992) and apparently is cut by, or 

possibly merges with, the Catalina detachment. Recent work suggests that the Santa Rita 

fault represents contemporaneous upper-plate deformation in the detachment system, 

which may act to partition strain between zones of differing crustal extension (Wagner 

and Johnson 2003; 2004).   

3.3 Seismic Sequence Analysis  
 

Seismic sequence analysis of the Tucson Basin data reveals two main phases of 

sedimentation within the Tucson Basin, which provide evidence for a complex basin 

subsidence and core-complex uplift history of the area.  Phase I records faulted, tilted 

units (Tp1 and Tp2) in small-scale proto-basins found in the deepest part of the Tucson 

Basin (Figures 7-9), underlain by voluminous volcanic units (Tv).  The Tp1 and Tp2 

units show fanning dips, from steeply dipping at the base to subhorizontal at the top.  

These units are truncated by high-angle normal faults along their edges and are 

interpreted as Oligocene to Miocene synextensional sediments deposited in the hanging 

wall of the evolving Catalina detachment.  Well control indicates these units to be 

comprised mostly of locally derived volcanics and Mesozoic sedimentary units. 
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Bounding the top of Tp2 is a major regional unconformity that is evident throughout the 

basin in the reflection profiles.  This unconformity separates the highly disturbed units 

below from relatively undisturbed units above.  This mid-Miocene unconformity (MMU) 

has been identified in outcrop in numerous locations and seems to represent a prolonged 

period of non-deposition and soil formation following active detachment faulting and 

preceding Basin-and-Range-style extension.   

Phase II of sedimentation involves generally continuous, relatively undisturbed 

sedimentary sequences (MP1-6) that symmetrically drape the basin. These sequences are 

defined along onlap and erosional surfaces that agree well with major erosional surfaces 

identified in the Exxon State 32-1 well.  Thickest in the middle of the basin, these units 

onlap the basin edges, and are progressively tilted with increasing depth attesting to the 

overall structural depression of the central basin.  The deepest units are constrained to the 

basin’s center, with progressively shallower units covering an increasingly larger aerial 

extent.  These sedimentary rocks are comprised of largely mylonitic granite clasts derived 

from the adjacent Catalina core complex and record the gentle subsidence and filling of 

the central Tucson Basin beginning after 10-14 Ma associated with the local onset of 

Basin and Range extension.   

3.3.1 Oligocene-Miocene Volcanics and Synextensional Sedimentation (Phase I) 

 The deepest systematically coherent events in the seismic data show up as a 

strong series of continuous reflections underlying the central basin (Figure 7).  Well 

control and radiometric dating reveal these to be Tertiary volcanics and interbedded 

sedimentary sequences (Tv) with a thickness of 640 m in the central Tucson Basin. This 
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unit lies conformably atop a series of highly-disrupted reflections that Houser and 

Gettings (2000) interpret to be pre-Oligocene units.  The base of Tv is characterized by 

intermediate-composition lava flows (Houser and Gettings, 2000).  These basal flows are 

conformably overlain by interbedded alluvial fan deposits, basaltic flows and silicic tuffs.  

Topping this sequence is a thin (30 m) interval of basalt flows, which may be intruded by 

dikes.  K-Ar dates from a tuff unit near the top of the Tv sequences reveal an age of ~27 

Ma (Eberly and Stanley 1978).  The Tv deposits appear to be restricted mainly to the 

deepest part of the central Tucson Basin in a graben-like depression, but tilted sections of 

Tv-like reflections are also present bounding the top of the hanging-wall slide block 

above the Santa Rita fault (Figure 6) and are also evident in the eastern portion of the 

basin above the Catalina detachment (Figure 4). Within the central Tucson Basin, Tv is 

cut by high-angle normal faults that bound the central graben.   

 Phase I sediments in the central basin graben lie immediately above Tv, beginning 

with sequence Tp1.  This sequence is characterized on the seismic profiles by a series of 

discontinuous, highly-disrupted reflections.  Away from the center of the graben, Tp1 

thickens dramatically to both the east and west.  The reflections abruptly terminate 

against the high-angle graben-forming faults.  In the eastern portion of the graben, the 

Tp1 units apparently onlap deeper units progressively up-section towards the west.  

These wedging sediments dip into the basin-bounding faults and have lesser dips at the 

base of the section with progressively higher dips shallower in section.  However when 

post-Miocene basin subsidence is removed, the deepest units of Tp1 can be demonstrated 

to have the greatest dips with dips progressively shallowing up section.  From well 
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control in the center of the graben, this sequence is 180 meters thick.  Houser and 

Gettings (2000) interpret this interval to be a series of rock-avalanche deposits mainly 

comprised of intermediate volcanic rocks.  These rock-avalanche deposits are 

characterized by shattered fresh rock in a dense breccia composed of angular rock 

fragments, often with relict stratigraphy preserved (Houser and Gettings 2000).  Eberly 

and Stanley (1978)  and Houser and Gettings (2000) identify this unit as a member of the 

Tertiary Pantano formation (mid-Oligocene to mid-Miocene) based on similarities to 

exposures of this unit around the Tucson Basin, which is characterized by predominately 

angular, locally derived clasts that form layers that are highly tilted and faulted.   

 Sequence Tp2, which lies above Tp1 in the central basin, is also associated with 

the Tertiary Pantano formation but shows a marked change in seismic facies.  Tp2 is 

characterized by a series of parallel reflectors stratigraphically above Tp1 in the eastern 

part of the central graben (Figures 7-9).  This sequence is thickest to the east and thins 

towards the west, onlapping Tp1 near the center of the central graben.  Onlap is also 

apparent near the top of this sequence towards the east.  These varying onlap directions 

are consistent with the varying thicknesses of Tp2 throughout the basin.  Well control 

shows this interval to be 450 m thick and comprised of conglomerate, mudstone and 

andesite flows indicative of alluvial-fan settings with interbedded volcanics (Houser and 

Gettings 2000).  Clast composition in the conglomerates is still dominated by volcanics, 

unaltered Proterozic granites and rare clasts of Mesozoic and Paleozoic units (Dickinson 

1991; Houser and Gettings 2000).   



43

Bounding the top of sequence Tp2 is a regional unconformity surface, the Mid-

Miocene unconformity (MMU).  Beneath the central Tucson Basin the MMU is found at 

a depth of 1880 m.  In the reflection profiles, this surface presents itself as a strong, 

continuous reflection that can be traced easily between seismic lines and extends 

throughout the subsurface of the Tucson Basin.  Depositional styles vary significantly 

across this surface, with sequences below represented by tilted, faulted sediments and 

hanging-wall tilt blocks and sequences above characterized by gently-draped onlapping 

sediments. Age control is difficult to establish on this surface, but tuffs immediately 

underlying this unconformity in the San Pedro Valley have yielded early-Miocene ages 

suggesting this surface is younger than ~20 Ma (Dickinson 1991) and the duration of the 

MMU is likely to be considerable given the regional formation of paleosols at this 

boundary noted both in outcrops and inferred from well logs beneath the Tucson Basin 

(Houser and Gettings 2000).  It is likely that this unconformity represents a period of time 

from 20 Ma, the cessation of active detachment faulting on the Catalina detachment, to 

10-14 Ma based on radiometric ages associated with a volcanic sequence in close 

proximity to this surface in various southern Arizona locales (Eberly and Stanley 1978; 

Menges and Pearthree 1989; Dickinson 1991; Kruger, Johnson et al. 1995).   

3.3.2 Mid-Miocene to Present Sedimentation (Phase II) 

Phase II sedimentation began at less than 10-14 Ma, following formation of the 

MMU.  The beginning of subsidence and deposition is recorded in the north-central basin 

with a thin sequence (MP1), which lies conformably on the MMU in the deepest part of 

the basin.  In contrast to Phase I units, sequence MP1 is characterized by nearly 
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continuous reflections.  MP1, which is constrained mainly to the central basin graben, is 

thickest near the intersection of Lines 4 and D2 and thins and onlaps the MMU towards 

the north and south (Figure 8) and also towards the east and west (Figures 7 and 9).  This 

sequence is nearly horizontal in the central basin, but towards the eastern and western 

flanks of the basin, becomes upturned and onlaps units dipping more steeply towards the 

deeper central basin.  Normal-fault offsets of MP1 are also apparent towards the center of 

the basin.   

Sequences MP2 and MP3 are substantially thicker than MP1.  These sequences 

have similar seismic facies, characterized by discontinuous reflections of varying 

amplitude and thickness that are subhorizontal along the N-S basin axis, but become 

progressively more tilted towards the basin edges.  MP2 is thickest in the eastern part of 

the basin (Figures 7 and 9) and thins dramatically towards the west.  This sequence 

extends past the main central graben, onlapping the footwall block defining the eastern 

edge of the central graben and also the MMU beyond the western edge.  Towards the 

south, MP2 onlaps lower units and gradually thins.  Sequence MP3, on the other hand, is 

thickest on the western side of the basin and thins towards the east.  Truncation of 

reflections from MP2 into MP3 on the eastern side of the basin suggests MP3 was 

deposited on an erosional surface cut into MP2.  As with the deeper units, sequences 

MP2 and MP3 are shallower towards the basin edges and become progressively more 

tilted.  Well control reveals that sequences MP1-3 are together approximately 700 m 

thick and consist of highly faulted mudstone, siltstone and sandstone along with 

conglomerates composed of rare sedimentary and volcanic clasts and abundant granitoid 
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clasts, compositionally similar to the mylonites found in the Catalina core complex.  

These units are interpreted to represent medial to distal alluvial fan deposits grading into 

fluvial deposits near the top (Houser and Gettings 2000).   

Sequences MP4-6 are substantially thicker sequences that, with the exception of 

MP6, reflect an overall deepening and widening of the basin.  Sequence MP4 is 

characterized by extensive, nearly parallel, reflections that gently onlap deeper 

sequences.  Reflection amplitudes vary considerably laterally and, in several locations, 

appear to be truncated by downcutting events.  Houser and Gettings (2000) describe this 

interval as fine-grained proximal fluvial deposits composed of abundant granitoid 

fragments and quartz.  The transition between MP4 and MP5 likely represents a 

significant unconformity.  This is substantiated by an overall change in the seismic 

character between the upper and lower sequences, with the units above this transition 

showing generally parallel reflections with little amplitude variation across the basin.  

The contact between sequences has a high impedance contrast, is laterally continuous and 

easily followed throughout the basin.  MP5, thickening slightly to the south, onlaps MP4 

in the central basin and can be traced far to the south along Line 4 (Figure 8).  

Perpendicular to the basin axis, MP5 extends to the east over the hanging wall slide block 

evident in Lines 2 and D2 (Figures 7 and 9) and also to the west past the extent of 

sequence MP4, where it onlaps the extensive MP1 sequence and the MMU.  Sequence 

MP6 is similar in character and extent to MP5 with another regional unconformity 

separating the two sequences indicated by the strong reflectivity of this surface and 

onlapping relationships.  These sequences are also interpreted from well control to 
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represent fluvial deposits, with some intervals of playa and playa margin deposits 

(Houser and Gettings 2000).  Sequences MP5 and MP6, like deeper sequences, are 

comprised mainly of granitoid detritus.  These detrital fragments, which are highly 

weathered, are described as being “either remote from the depositional area or … from a 

mature weathered terrane” (Houser and Gettings 2000).  The top 300 m of sequence MP6 

show a marked change in clast composition, with gneissic granitoid clasts disappearing 

and being replaced with mainly limestone, unaltered granite and volcanics.   

Line D2 (Figure 9) shows an eastward-thinning, wedge-shaped, package of 

reflectors within MP5 that we term sequence MP5a.  This sequence is unusual in that it 

truncates adjacent reflectors and also appears to deform the base of MP6 in the middle of 

the basin.  MP5a is apparent in several adjacent lines, but is difficult to trace extensively 

in the basin.  As the Exxon State 32-1 well does not penetrate this sequence, its age, 

provenance and composition are uncertain.  However, based on the crosscutting relations 

and deformation of adjacent and overlying units evident in the seismic profiles, as well as 

the relatively low reflectivity within this sequence, we suggest that MP5a represents 

mobile deposits of salt, perhaps equivalent in age to the late-Miocene Luke Salt body in 

the Phoenix Basin (Eberly and Stanley, 1978).  Eberly and Stanley (1978) also have 

noted the presence of large anhydrite deposits of late-Miocene age in other Arizona 

basins.   
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4. Discussion 
4.1 Basin Evolution 
 

Integration of the seismic reflection data from the two separate surveys combined 

with well control and geologic information allows a detailed discussion of the tectonic 

evolution of the Tucson Basin and adjacent Catalina core complex.  These data reveal, in 

the Tucson Basin, two distinct phases of basin evolution separated by a tectonic hiatus of 

up to 10 My.   

Extension in the area began around 30 Ma, with a middle-to-late Oligocene pulse 

of arc magmatism preceding detachment faulting, which blanketed the region in lava 

flows and ash-fall units (Eberly and Stanley 1978; Spencer and Reynolds 1989; 

Dickinson 1991).  At around this time, crustal extension became focused around the 

evolving Catalina detachment system.  Phase I of basin formation records the brittle 

deformation of the hanging wall above the detachment system, dissecting the newly 

deposited volcanics along a series of high-angle normal faults, tilting the units in the 

hanging walls above the Catalina detachment and Santa Rita fault (Figure 10) and 

creating a series of proto-basins in the hanging wall.  Seismic sequences Tp1 and Tp2 

began filling these basins with locally derived materials and interbedded volcanics.  Tp1 

exhibits a series of fanning dips indicative of syndepositional faulting. 

Concurrent with the formation of these proto-basins was uplift and emplacement 

of the Catalina core complex into the upper crust.  Fission-track analyses of footwall 

material indicates a period of rapid uplift and cooling between approximately 30 and 20 

Ma (Fayon, Peacock et al. 2000).  An important feature the Tp1 and Tp2 sequences is the 
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total absence of mylonite clasts within the sedimentary assemblage despite the close 

proximity to the Catalina core complex.  This is indicative of minimal topography on the 

Catalina core complex during and following detachment faulting and suggests that the 

mylonitic core had not yet been breached by erosion.  Extension on the Catalina 

detachment stopped by ~20 Ma, when Tp2 was capped by the regional MMU. 

The paleosol-forming MMU, representing several million years of tectonic 

quiescence, ended between 10 and 14 Ma.  Phase II sedimentation began with sequence 

MP1, which lies conformably atop the MMU and can be traced far to the southern end of 

the basin, as well as to its far western flanks.  This is coincident with movement along the 

Pirate and Martinez Ranch faults (Figure 1), marking the onset of Basin-and-Range-style 

faulting in the Tucson Basin (Dickinson 1991; Davis, Constenius et al. 2004).  Sequences 

MP1 through MP6 document a change in post-MMU basin-fill assemblages, which are 

dominated by granitic and gneissic clasts.  These clasts were derived from the uplifting 

Catalina core complex, and sequences containing these clasts document the roughly 

symmetric subsidence and concurrent filling of the central basin.  In general, sequences 

are thickest towards the center of the basin, but individual reflections can be traced 

laterally towards the basin edges where they thin and pinch out.  Additionally, units on 

the eastern and western edges of the basin tilt inward in a synclinal fashion with 

individual reflections at the basin edges being significantly shallower than the correlative 

reflection in the middle of the basin.   

From well control, the top 300 m of MP6 record a change in clast composition 

from predominately granitic to predominately limestones and volcanics.  This is similar 
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to modern clast compositions consistent with a sediment source from the Santa Rita 

Mountains in the southern end of the basin (Houser and Gettings 2000).  This change in 

sediment source suggests that sequence MP6, excluding the top 300 m, was deposited 

prior to approximately 6 Ma.  This corresponds to cessation of Basin-and-Range-style 

extension in the area and the ending of major uplift of the Catalina core complex 

(Menges and Pearthree 1989; Dickinson 1991; Davis, Constenius et al. 2004). 

4.2 Late-Stage Core Complex Uplift 
 

Basin analysis, coupled with the recent detailed analysis of high-angle normal 

faults ringing the Catalina core complex by Davis et al. (2004), points towards a two-

phase history for the emplacement and final uplift of Catalina core complex (Figure 11).  

In this model, the current metamorphic core complex configuration is best explained with 

an initial period of rapid extension and isostatic footwall uplift along the Catalina 

detachment, exhuming the core complex to at or near the surface but with little relative 

topography.  This was followed, after a significant tectonic hiatus, by formation of 

considerable topography on the Catalina core complex through initiation of high-angle 

faulting around its periphery.  This observation adds a degree of complexity not noted in 

a number of models that have been proposed to describe the evolution of metamorphic 

core complexes (Buck 1988; Wernicke and Axen 1988; Lister and Davis 1989; Spencer 

and Reynolds 1989; Block and Royden 1990; Axen and Bartley 1997; Lavier, Buck et al. 

1999), which typically model core complex emplacement and uplift as a synchronous 

process and fail to predict the extreme topographic elevation (2+ km) documented in the 



50

Catalina core complex or the Pinaleño core complex to the east (Kruger, Johnson et al. 

1995).   

The early phases of the evolution of the Catalina detachment system closely resemble the 

models of rolling hinges (Wernicke and Axen 1988; Axen and Bartley 1997) and/or 

evolving shear zones (Lister and Davis 1989; Spencer and Reynolds 1989).  These 

models describe the uplift of the lower plate in an active detachment system as the result 

of isostatic response to the removal of upper-plate material.  In these models, the active 

fault surface becomes progressively more tilted with time, until eventually motion is no 

longer possible.  At this point extension either rolls progressively towards the extending 

upper plate in the rolling hinge model (Wernicke and Axen 1988; Axen and Bartley 

1997; Lavier, Buck et al. 1999)  or a new secondary breakaway zone is created stepping 

extension out away from the forming metamorphic core complex dome in the evolving 

shear zone model (Lister and Davis 1989; Spencer and Reynolds 1989).   

Disregarding the details of subsequent detachment-fault evolution, these models 

make a similar prediction for isostatic footwall uplift, but only to a level at or near the 

preexisting surface level.  Early uplift of the Catalina core complex can be explained by 

such a model (Figure 11a).  Thermochronological analysis of footwall rocks indicates a 

period of rapid denudation between approximately 30 and 20 Ma at the same time that 

sedimentary basins adjacent to the evolving metamorphic core complex document 

extension and proto-basin formation controlled by networks of brittle faults in the 

hanging wall.  These proto-basins also contain a clast assemblage that reflects erosion of 

mainly mid-Tertiary volcanics and Mesozoic and Paleozoic sedimentary units.  Absent 
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from this part of the basin-fill sequence are any clasts derived from the adjacent 

metamorphic core complex.  This is indicative of rock uplift of the footwall but of 

relatively little surface uplift.   

The second phase of the Catalina core complex evolution coincides with the 

initiation of high-angle faulting on the Pirate and Martinez Ranch faults in the mid to late 

Miocene.  This is after a considerable tectonic hiatus following cessation of active 

extension on the Catalina detachment.  Significant uplift may be due to flexural uplift of 

the footwall in response to extension along high-angle normal faults (Buck 1988; 

Kusznir, Marsden et al. 1991; Egan 1992).  Flexural uplift models treat the isostatic 

response of a normal fault system as regional due to the internal strength of the 

lithosphere.  The regional response of the system results in footwall uplift proximal to the 

adjacent basin as the footwall is denuded and the thinned crust isostatically rebounds.  

Footwall uplift of several kilometers has been shown to be possible given appropriate 

flexural rigidities and extension amounts (Egan 1992).  For the Catalina core complex, 

uplift curves from Egan (1992) suggest that the observed 2 km of uplift distributed over 

the 15-km-wide core complex require an effective elastic thickness of as little as 1-2 km.   

This two-phase model for core complex evolution has also been proposed to 

explain the unusual topography found on selected oceanic core complexes (Baines, 

Cheadle et al. 2003).  Additionally, recent thermomechanical modeling supports a two-

phase model (Rosenbaum, Regenauer-Lieb et al. 2005) for metamorphic core complex 

evolution.  A surprising result from these models is the apparent necessity of a tectonic 

hiatus following active detachment faulting but prior to high-angle brittle faulting.  The 
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authors propose that this lull in activity is a “natural development in extensional systems” 

and accounts for a period of time following active detachment faulting in which elastic 

extensional energy is stored in the crust leading ultimately to brittle faulting (Rosenbaum, 

Regenauer-Lieb et al. 2005).  

4.3 Basin Subsidence Controlled by Mid-Crustal Material Transport 
 

Observations of basin geometry and timing suggest that the middle and lower 

crust in this area may be effectively decoupled from the mantle, with core complex 

flexural uplift directly driving basin subsidence.  Key features of this hypothesis are that 

Phase II basin formation and sedimentation occurs syntectonically with uplift on the 

Catalina core complex, indicative of a direct link between the two.  Additionally, post 

mid-Miocene basin development is marked by uniform subsidence of the central basin, 

some 10 km from the surface trace of the Catalina detachment, which gently tapers and 

thins towards the basin edges.  This sedimentation occurred simultaneously with 

subsidence as documented by sediment onlap and later titling.  This is a puzzling basin 

geometry, as typical basins in the Basin and Range are half-grabens (eg., Gordon and 

Heller 1993; eg., Kruger, Johnson et al. 1995; Abbott, Louie et al. 2001).   This geometry 

is more suggestive of a very-large-scale basin created by stretching and thermal 

subsidence (White and McKenzie 1988).  Such an analogy is problematical, however, 

because thermal subsidence basins typically are an order of magnitude greater in width, 

while the Tucson Basin is only 20 km wide. However, such a small basin width requires 

an exceedingly low effective elastic thickness.  Indeed, given a basin width of 20 km and 

average elastic material properties for the Basin and Range, we calculate an effective 
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elastic thickness in this area of only 300-700 m [see Turcotte (2002) section 3-18 for a 

complete discussion].   

Rather than thermal subsidence as a causative mechanism, an alternative 

explanation is provided by the reactions to extension of a decoupled crust and 

lithosphere, with the crust and mantle behaving effectively as independent layers (Gans 

1987; Block and Royden 1990; ter Voorde, van Balen et al. 1998; McKenzie, Nimmo et 

al. 2000).  In essence, the brittlely deforming upper crust is “riding” upon a plastic middle 

and lower crust, with each layer responding in accordance to its own rheological 

properties.  We propose for this area a mechanism by which material is transferred from 

beneath the basin towards the uplifting metamorphic core complex (Figure 11b).  This is 

a similar to models proposed by ter Voorde (1998) and Westaway (1998; 2002) in which 

a brittle upper layer is stretched above a viscous lower layer.  The mantle is assumed to 

have a very large flexural rigidity and does not deform significantly over the time span of 

the model; in our case, this represents ~6 My.  The flexural uplift of the footwall creates 

an effective lateral pressure gradient in the deeper viscous layer away from the basin and 

towards the footwall.  The effect is to draw down the basin in response to footwall uplift.  

A secondary effect is that, as the footwall block erodes, the isostatic response drives 

further footwall uplift and continues to draw the basin down. 

This model describes several features noted in the Tucson Basin: 1) 

contemporaneous core complex uplift with symmetric basin subsidence; 2) the 

asymmetric transfer of material from beneath the hanging-wall, which differs from 

models requiring inflow of material from all azimuths (Block and Royden 1990); 3) a low 
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effective elastic thickness required to explain the flexural wavelength of the Tucson 

Basin and the adjacent metamorphic core complex; 4) the suggested presence of a plastic 

middle and lower crust in the Basin and Range (Block and Royden 1990; ter Voorde, van 

Balen et al. 1998) easily mobilized and providing a subsurface load driving basin 

subsidence; and 5) an apparently flat Moho noted in our seismic profiles, and also 

observed in the Basin and Range (Klemperer, Hauge et al. 1986; Gans 1987; Block and 

Royden 1990) .  The idea of a viscously deforming middle and lower crust in the Basin 

and Range is not new, but the apparent connection of basin formation to surface uplift, as 

controlled by crustal flow, has not been previously noted in this area.  Given a lack of 

comparable examples, it is unclear whether this is a significant mechanism operating 

during Basin and Range extension, or if it is an isolated occurrence controlled by local 

factors. 

5. Conclusions 
 

Utilizing the basin evolution history discussed in this work combined with 

previous work on metamorphic core complexes, we infer a two-phase exhumation and 

uplift history for the Catalina core complex (Figure 11).  This history involves an initial 

phase of crustal extension involving low-angle detachment faulting and isostatic rock 

uplift and emplacement of the Catalina core complex with little topographic relief.  After 

a significant hiatus during which crustal cooling and reduced tectonic activity result in an 

increase in elastic strength, extension resumes along high angle normal faults and rapid 

surface uplift occurs giving the Catalina core complex its present topographic relief.  In 
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particular, we suggest that late-stage basin subsidence was coupled to, and driven by, 

core complex uplift. 

Early extensional deformation took place along the low-angle Catalina 

detachment between 28-20 Ma.  This extension involved rapid denudation of the 

footwall, bringing mid-crustal material to a level at or near the surface.  Proto-basins 

developed adjacent to the core complex by brittle high-angle faulting in the hanging wall 

of the detachment system.  These proto-basins record syntectonic deposition, with basin 

sediments fanning into the footwall.  These basins served as catchments for footwall-

derived volcanic and pre-mid Tertiary sedimentary units.  However, at this time the 

Catalina core complex had little to no topographic relief; lack of mylonitic clasts in the 

adjacent basins shows that the mylonitic core of the complex had not been breached.   

Late-stage uplift of the Catalina core complex occurred during mid-Miocene to 

Pliocene Basin and Range extension.  Core complex uplift occurred as the result of 

flexural uplift of the footwall in response to high-angle normal faults that formed around 

the flanks of the dome.  Forming simultaneously with uplift, the main Tucson Basin 

began to subside symmetrically along a N-S axis, with maximum subsidence 

concentrated west of the surface trace of the Catalina detachment.  Sediments, composed 

largely of mylonitic granites, filled the basin and gently draped the basin edges.  As the 

basin continued to subside, deeper sediments became progressively more tilted.   

This two-phase evolution for the Catalina core complex differs markedly from 

existing models proposed for metamorphic core complexes.  It is likely that this two-

phase approach is necessary to explain the unusually high topographic relief of the 
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Catalina metamorphic core complex and similar metamorphic core complexes in SE 

Arizona such as the Pinaleño metamorphic core complex.  Indeed this may be a feature 

common to many extensional settings.  Additionally, basin subsidence appears coupled to 

Catalina core complex uplift through the transport of mid or lower crustal material from 

beneath the Tucson Basin towards the uplifting dome. The coupled basin subsidence and 

metamorphic core complex uplift is a surprising feature of this system, and may indeed 

be a fundamental aspect of the structural and topographic development of the Basin and 

Range province of western North America. 
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Figure and Table Captions: 
 
Table 1.  Generalized seismic processing flow for Tucson Basin 2D seismic data. 
 
Figure 1.  Simplified geologic map of the Tucson Basin, Catalina-Rincon metamorphic 
core complex, and surrounding mountain ranges (modified from Hirschberg and Pitts 
2000).   
 
Figure 2.  Simplified stratigraphic column for the Tucson Basin modified from Houser 
and Gettings (2000).   Depth scale applies to the location specified for Exxon State Well 
32-1 located near the center of the Tucson Basin.  Abbreviations: MP1-6, Miocene to 
Pliocene basin-fill sequences; TP1-2, Synextensional Oligocene to mid-Miocene 
sequences; Tv, Tertiary volcanics.   A major unconformity indicated by wavy line exists 
between sequences TP1-2 and MP1.   
 
Figure 3.  Isochron map of (a) base of Miocene-Pliocene basin fill and (b) Oligocene-
Miocene Pantano formation using all seismic lines in Tucson Basin for control (see 
Figure 1 for line locations).  Contour interval is 250 ms and contours are dashed where 
inferred. 
 
Figure 4.  (above) Upper 3 s from uninterpreted stacked and migrated time section of 
Line 2.  See Figure 1 for location. (below) Interpreted section.  The Catalina detachment 
extends from the eastern side of the section down towards the west.  Two major 
generations of basin sedimentation are recorded, separated by a mid-Miocene 
unconformity surface (MMU).   
 
Figure 5. Isochron map of (a) Catalina detachment surface and (b) Santa Rita fault.  
Contour interval is 500 ms and contours are dashed where inferred.  Dotted line in (b) 
indicates the intersection of the Santa Rita fault with the Catalina detachment, which cuts 
the Santa Rita fault beneath the central Tucson Basin. 
 

Figure 6.  (above) Upper 3 s from uninterpreted stacked and migrated time section of 
Line 3.  (below) Interpreted section.  See Figure 1 for location.  The low-angle Santa Rita 
normal fault is evident extending from the eastern side of the section down towards the 
west.  Tilted (East-dipping) Tertiary volcanics are evident in the hanging-wall block of 
this fault system.  MMU: mid-Miocene unconformity. 
 
Figure 7.  (above) Enlarged view of basin sequences from uninterpreted stacked and 
migrated time section of Line 2.   (below) Interpreted section.  Sequence boundaries are 
indicated by black lines.   See Figure 2 for explanation of abbreviations. 
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Figure 8.  (above) Upper 2.5 s from uninterpreted stacked and migrated time section of 
north-south-oriented Line 4.  (below) Interpreted section.  See Figure 2 for explanation of 
abbreviations. 
 
Figure 9.  (above) Upper 3 s from uninterpreted stacked and migrated time section of 
Line D2.  (below) Interpreted section.  See Figure 2 for explanation of abbreviations. 
 
Figure 10.  Basin evolution diagram for the Tucson Basin.  (a) Unextended block model 
with the Catalina detachment dipping to the left (west-southwest).  (b) After extension 
initiated on the Catalina detachment, a series of proto-basins formed in the hanging wall.  
Sediments derived from the adjacent footwall blocks fan into adjacent high-angle faults.  
(c and d) Basin-and-Range-style extension begins in the mid-Miocene.  The main basin 
uniformly subsides with the greatest subsidence in the center.  Subsidence and 
sedimentation continue to deepen the basin and tilt older strata along the basin margins.   
 
Figure 11.  Schematic representation of two-phase metamorphic core complex uplift and 
coupled basin subsidence.  (a) After active detachment faulting: the low-relief Catalina 
core complex is to the right side of the figure.  (b) During and following Basin and Range 
extension.  The Catalina core complex uplifts along high-angle faults while the basin 
subsides.  Lower or middle crustal flow from beneath the basin towards the Catalina core 
complex is indicated by arrows.  
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1. SEGY in 
2. vibroseis correlation (prewhitened 

with 1000ms windowed agc)* 
3. apply geometry 
4. trace edit 
5. mute by offset 
6. datum statics averaged over 50 

CDPs for vel analysis 
7. velocity analysis (every 25 cmps) 
8. NMO 
9. surface consistent statics (max 

power) 
10. DMO and vel. repick 
11. stack 
12. finite difference migration 
13. bandpass filter (10-40 Hz) 
14. datum adjustment 
15. AGC (1500 ms) 

* Exxon data only 
 
Table 1.  Generalized seismic processing flow for Tucson Basin 2D seismic data. 
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Figure 1.  Simplified geologic map of the Tucson Basin, Catalina-Rincon metamorphic 
core complex, and surrounding mountain ranges (modified from Hirschberg and Pitts 
2000).   
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Figure 2.  Simplified stratigraphic column for the Tucson Basin modified from Houser 
and Gettings (2000).   Depth scale applies to the location specified for Exxon State Well 
32-1 located near the center of the Tucson Basin.  Abbreviations: MP1-6, Miocene to 
Pliocene basin-fill sequences; TP1-2, Synextensional Oligocene to mid-Miocene 
sequences; Tv, Tertiary volcanics.   A major unconformity indicated by wavy line exists 
between sequences TP1-2 and MP1.   



68

Figure 3.  Isochron map of (a) base of Miocene-Pliocene basin fill and (b) Oligocene-
Miocene Pantano formation using all seismic lines in Tucson Basin for control (see 
Figure 1 for line locations).  Contour interval is 250 ms and contours are dashed where 
inferred. 
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Figure 4.  (above) Upper 3 s from uninterpreted stacked and migrated time section of 
Line 2.  See Figure 1 for location. (below) Interpreted section.  The Catalina detachment 
extends from the eastern side of the section down towards the west.  Two major 
generations of basin sedimentation are recorded, separated by a mid-Miocene 
unconformity surface (MMU).   
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Figure 5. Isochron map of (a) Catalina detachment surface and (b) Santa Rita fault.  
Contour interval is 500 ms and contours are dashed where inferred.  Dotted line in (b) 
indicates the intersection of the Santa Rita fault with the Catalina detachment, which cuts 
the Santa Rita fault beneath the central Tucson Basin.
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Figure 6.  (above) Upper 3 s from uninterpreted stacked and migrated time section of 
Line 3.  (below) Interpreted section.  See Figure 1 for location.  The low-angle Santa Rita 
normal fault is evident extending from the eastern side of the section down towards the 
west.  Tilted (East-dipping) Tertiary volcanics are evident in the hanging-wall block of 
this fault system.  MMU: mid-Miocene unconformity. 
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Figure 7.  (above) Enlarged view of basin sequences from uninterpreted stacked and 
migrated time section of Line 2.   (below) Interpreted section.  Sequence boundaries are 
indicated by black lines.   See Figure 2 for explanation of abbreviations. 
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Figure 8.  (above) Upper 2.5 s from uninterpreted stacked and migrated time section of 
north-south-oriented Line 4.  (below) Interpreted section.  See Figure 2 for explanation of 
abbreviations.
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Figure 9.  (above) Upper 3 s from uninterpreted stacked and migrated time section of 
Line D2.  (below) Interpreted section.  See Figure 2 for explanation of abbreviations. 
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Figure 10.  Basin evolution diagram for the Tucson Basin.  (a) Unextended block model 
with the Catalina detachment dipping to the left (west-southwest).  (b) After extension 
initiated on the Catalina detachment, a series of proto-basins formed in the hanging wall.  
Sediments derived from the adjacent footwall blocks fan into adjacent high-angle faults.  
(c and d) Basin-and-Range-style extension begins in the mid-Miocene.  The main basin 
uniformly subsides with the greatest subsidence in the center.  Subsidence and 
sedimentation continue to deepen the basin and tilt older strata along the basin margins.  
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Figure 11.  Schematic representation of two-phase metamorphic core complex uplift and 
coupled basin subsidence.  (a) After active detachment faulting: the low-relief Catalina 
core complex is to the right side of the figure.  (b) During and following Basin and Range 
extension.  The Catalina core complex uplifts along high-angle faults while the basin 
subsides.  Lower or middle crustal flow from beneath the basin towards the Catalina core 
complex is indicated by arrows.  
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APPENDIX B: ALONG-STRIKE UPPER-PLATE DEFORMATION IN 
RESPONSE TO METAMORPHIC CORE COMPLEX EMPLACEMENT, SE 
ARIZONA 
 
Frank H. Wagner, III (Trey) and Roy A. Johnson, Department of Geosciences, University 
of Arizona, Tucson, AZ 85721; Email: fwagner@geo.arizona.edu
Abstract 

Metamorphic core complexes represent concentrated zones of crustal extension; 

universally, the hanging walls of these systems are extensively fractured, attesting to the 

significant horizontal extension above the evolving detachment zone.  Recent analysis of 

a large grid of 2-D seismic reflection lines within the Tucson Basin of southeastern 

Arizona have facilitated a nearly three-dimensional interpretation of subsurface features 

related to Cenozoic crustal extension.  Within the northern Tucson Basin, the Catalina 

detachment fault dips 23-35 degrees to the southwest from the western flank of the 

Catalina-Rincon Metamorphic Core Complex.  In the southern portion of the basin, the 

NE-trending Santa Rita normal fault dips 15-20 degrees to the northwest from the 

western flank of the Santa Rita Mountains and is cut by the Catalina detachment beneath 

the central Tucson Basin.  The orientation of the Santa Rita fault is problematical in that 

its orientation is nearly perpendicular to extension directions in the region, while geologic 

and seismic reflection evidence indicates that the Catalina detachment and Santa Rita 

fault were active synchronously.  One possible explanation is that the Santa Rita fault is 

accommodating along-strike upper-plate deformation in response to core-complex 

emplacement.  To test this, we employed a finite-element modeling approach.  A two-

dimensional model consisting of a homogenous elastic material undergoing uniform 
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extension is used to study changes in stresses and displacements in proximity to a zone of 

weakness representing a detachment fault in the upper crust.  Away from the detachment 

fault, primary principal stresses are oriented parallel to the regional extension direction as 

expected. Near the detachment, extension in the system produces a rotation of the 

primary principal stresses of nearly 60 degrees with respect to the regional stress field 

around the end of the fault.  Additionally, the model predicts mechanical failure of the 

upper-plate of the detachment system to the south of the Catalina core complex.  This 

model supports our interpretation that the orientation and early displacement noted on the 

Santa Rita fault is the result of a perturbation in the regional stress field caused by the 

Catalina detachment and the associated brittle failure of the upper plate from the extreme 

crustal extension associated with core-complex emplacement.  

1.0 Introduction 
 

Metamorphic core complexes represent concentrated zones of extreme crustal 

extension.  Within the Basin and Range province of western North America, 

metamorphic core complexes can be found in a discontinuous belt from southern Canada 

to northwestern Mexico [Coney, 1980; Crittenden et al., 1980].  These ranges, primarily 

mid-Tertiary in age, expose metamorphosed mid-crustal rock in the footwall of low-angle 

detachments systems [Davis, 1980; Coney and Harms, 1984].  In these systems the 

hanging-wall rocks are comprised of upper crustal rocks (at the time of extension) and 

bear little resemblance to the metamorphic rocks within the lower plate of the core 

complex [Davis, 1980].  Universally, the hanging wall of these systems are extensively 

fractured, attesting to the significant horizontal extension above the evolving detachment 
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zone [Lister and Davis, 1989].  These upper-plate units are variably tilted, but 

predominately dip toward the core complex with strikes perpendicular to the main 

extension direction [Spencer and Reynolds, 1989].  High-angle normal faults break the 

units into numerous fault-bounded blocks.   

A number of models have been proposed to describe the evolution of metamorphic 

core complexes [Crittenden et al., 1980; Davis, 1980; Wernicke, 1985; Wernicke and 

Axen, 1988; Lister and Davis, 1989; Spencer and Chase, 1989; Block and Royden, 1990;

Buck, 1991; Scott and Lister, 1992; Kruger and Johnson, 1994; Nourse et al., 1994;

Lavier et al., 1999; Davis et al., 2004; Rosenbaum et al., 2005].  Many of the models 

make predictions for the types of hanging-wall deformation expected.  Typically, these 

models have been described in a purely two-dimensional fashion, that is, parallel to the 

direction of extension (orthogonal to strike) as a cross-section through the crust.  

However, upper-plate deformation must terminate along strike as well.  This can logically 

be accomplished by transferring extension to adjacent structural features, via 

accommodation zones [Faulds and Varga, 1998], or at the terminus of the system 

through distributed deformation. 

The Santa Catalina-Rincon metamorphic core complex lies adjacent to the Tucson 

Basin of southern Arizona (Figure 1).  Recent analysis of a large grid of 2-D seismic 

reflection lines within the Tucson Basin facilitated a nearly three-dimensional 

interpretation of the subsurface relationships of the Catalina detachment fault and other 

structures within the basin.  Along the southeastern margin of the basin is the Santa Rita 

fault, a range-bounding low-angle normal fault orientated parallel to the predominant 
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extension direction.  The Santa Rita fault lies in a transition zone between areas of 

differing amounts of crustal extension, with a zone to the north of extreme crustal 

extension, on the order of 100% or more across the Catalina / Rincon metamorphic core 

complex, transitioning to a zone immediately south that has experienced only moderate 

crustal extension.  Seismic profiles reveal that the Santa Rita fault merges with the 

Catalina detachment beneath the central Tucson Basin and has accommodated oblique-

slip in the upper-plate of the detachment system.  Finite-element modeling undertaken for 

this work suggests this is the result of stress rotations around the edges of the Catalina 

core complex with the Santa Rita fault accommodating distributed deformation between 

zones with differing magnitudes of crustal extension. 

2.0 Geological and Geophysical Background 
 

Data from various sources, including surface geology, seismic reflection profiles, 

and subsurface well control, are presented here to constrain the geologic and structural 

characteristics of the Catalina detachment system, the Catalina metamorphic core 

complex and the Santa Rita fault.  The data are used to constrain the structural 

relationship of the Santa Rita fault system to the Catalina detachment and provide the 

groundwork for finite-element modeling of this system. 

2.1 Geology 
 

The Tucson Basin lies within the zone of highly extended terranes of the southern 

Basin and Range province of North America.  The Tucson Basin is bounded to the 

northeast by the Santa Catalina / Rincon metamorphic core complex [locally referred to 
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as the "Catalina core complex" after Rehrig and Reynolds, 1980], to the west by the 

Tucson Mountains, to the south and southeast by the Santa Rita Mountains and to the 

southwest by the Sierrita Mountains (Figure 1).  Two distinct assemblages of Tertiary 

sedimentary sequences are deposited in the basin [Wagner and Johnson, in press].  Units 

of the oldest sequence range in age from mid-Oligocene to mid-Miocene and overlie a 

thick package of mid-Oligocene volcanic units [Eberly and Stanley, 1978].  These older 

sedimentary sequences are exposed along the flanks of the core complex in a series of 

mini-basins formed in the hanging wall of the detachment system during structural 

evolution of the Catalina core complex and are cut by numerous antithetic normal faults 

that merge downward into the master detachment [Dickinson, 1991].  Capping these units 

is a regionally extensive unconformity characterized by erosional unconformities and 

areas of paleosol formation.  Stratigraphically above are up to 2,000 m of relatively 

undeformed Miocene to Pleistocene alluvial and fluvial sedimentary basin fill [Eberly 

and Stanley, 1978; Houser and Gettings, 2000]. 

The Catalina core complex forms a broad dome with a peak elevation nearly 2 km 

above the Tucson Basin and displays aspects similar to other Cordilleran metamorphic 

core complexes in the Basin and Range [for example Coney, 1980; Crittenden et al.,

1980; Davis, 1980; Rehrig and Reynolds, 1980; Coney and Harms, 1984; Lister and 

Davis, 1989; Kruger and Johnson, 1994; Nourse et al., 1994; Kruger et al., 1995].  It is 

composed mainly of Tertiary mylonitic gneiss, Tertiary granite and Precambrian granite.  

Mylonitic fabrics occur in a belt about 10 km wide in map view along the southwestern 

flank of the core complex (Figure 1).  Metamorphic fabrics indicate top-to-WSW 
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displacement [Davis, 1980; Dickinson, 1991] and grade into undeformed granites 

structurally downward.  Precambrian granites are found on the northeastern flank of the 

Catalina core complex in fault contact with Paleozoic, Mesozoic and Tertiary units. 

The Catalina detachment fault bounds the extent of mylonitic gneiss exposures to 

the southwest and separates metamorphosed mid-crustal footwall rock from shallow 

brittlely-deformed hanging wall rocks and sedimentary deposits. The Catalina 

detachment is inferred to have a minimum net displacement of 20 to 30 km based on the 

distribution of pre-extensional sedimentary and igneous rock units [Dickinson, 1991].  

Fission-track dating of footwall mylonites indicates a period of rapid denudation between 

approximately 30 and 20 Ma [Fayon et al., 2000].  The detachment fault dips 25-35 

degrees towards the southwest from the southwestern flank of the Catalina core complex 

and projects beneath the Tucson Basin.  The detachment fault is exposed on the southern 

end of the Santa Catalina mountains and is marked by a 1-meter thick resistant layer of 

cataclasite directly overlying a thick (10s of meters) chloritic breccia [Davis, 1980; 

Rehrig and Reynolds, 1980; Dickinson, 1991].   

On the northwestern and southeastern flanks of  the Catalina core complex are a 

series of younger high-angle normal faults including the Pirate fault and the Martinez 

Ranch fault respectively (Figure 1).  Displacement on these faults is inferred to have 

occurred between 12 and 6 Ma based on ages of associated sedimentary-rock units [Davis 

et al., 2004].  These faults are interpreted to have controlled the late-stage topographic 

uplift of the Catalina core complex, allowing flexural isostatic uplift of the core complex 

[Davis et al., 2004; Wagner and Johnson, in press]. 
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The Santa Rita Mountains, bounding the southern portion of the Tucson Basin, 

are composed largely of Paleozoic and Mesozoic sedimentary and volcanic units 

[Drewes, 1972; Hardy, 1997].  These units are heavily folded and faulted, resulting from 

northeast-directed compressional deformation during the Laramide orogeny from Late 

Cretaceous to Eocene in this area.  These Laramide reverse faults have reactivated 

Jurassic to Early Cretaceous normal faults.  Middle Tertiary extension in the Santa Rita 

Mountains resulted in a southeastward tilting of the Paleozoic through Tertiary strata.  

This extension was likely accommodated on the Santa Rita fault or related structures 

bounding the northwestern flank of the Santa Rita.  The Santa Rita fault was first 

identified through a series of fault scarps, offsetting late Quaternary alluvial fan deposits, 

with offsets that range from 1 to 7 m [Pearthree, 1983; Pearthree and Calvo, 1987].   

Shallow refraction data indicate fault offsets of 15-20 meters in the near subsurface 

[Rutledge, 1984].   

Hardy [1997] identified a low-angle detachment fault, which he termed the Santa 

Rita fault, in the adjacent foothills of the Santa Rita Mountains.  Hardy [1997] assigned a 

mid-Tertiary age to this fault surface based on “the presence of chloritic breccia and 

protomylonite, rocks characteristic of mid-Tertiary low-angle normal faults.”  Kinematic 

indicators on the fault surface indicate top to the west movement, with a minimum of 4 

km of extension based on structural reconstructions. 

2.2 Seismic data  
 

The seismic datasets in the Tucson Basin consist of grids of two-dimensional 

reflection profiles originally acquired as separate surveys by Exxon and Phillips 



84

Petroleum in the 1970’s and early 1980’s; these datasets were reprocessed by the 

University of Arizona Reflection Seismology group.  Data were processed following 

common 2-D techniques using Promax™ 2-D seismic processing software.  Significant 

improvements in final stacks (compared to the original data) were made through closely 

spaced, careful velocity picks and the application of modern surface-consistent static 

corrections.  Additionally, dip-moveout correction (DMO) and post-stack finite-

difference time migrations were applied and a post-stack lateral coherency filter was also 

applied to remove residual noise in the final stack.  The time sections were converted to 

depth utilizing smoothed stacking velocities and compared to well logs, where available, 

to ensure accuracy.  A final automatic gain (AGC) was applied over a 1500 ms window 

for interpretation.   

Interpretations of the seismic data were constrained through well control available 

from the Exxon State 32-1 deep exploration well located in the central Tucson Basin and 

the Phillips Petroleum Co. Mountain View State A-1 wildcat well located adjacent the 

Santa Rita Mountains.  Synthetic seismograms, based on sonic and density logs, were 

created for these wells and correlated to depositional-system interpretations by Eberly 

and Stanley [1978] and Houser and Gettings [2000].   

Seismic reflection profiles image the Catalina detachment as a zone of reflectivity 

extending from the fault trace near the surface dipping down towards the southwest to a 

depth of at least 9 km (Figures 2 and 3).  Shallow reflectivity results from the 

juxtaposition of mylonitic lower-plate rocks against brittlely deformed upper-plate 

Paleozoic and Mesozoic units and syntectonic sedimentary deposits.  Deeper reflections 
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from the fault zone likely occur due to juxtaposition of upper-plate unmetamorphosed 

rocks above mylonitized lower-plate rocks.  Broad corrugations on the detachment 

surface [Davis, 1980], parallel to the extension direction, can be traced down into the 

subsurface to several kilometers depth.   Imaged in Line 2 (Figure 2) is an incisement 

nappe on the detachment surface, which represents a fault-bounded sliver of upper or 

lower-plate material. Towards the eastern end of the basin, immediately above the 

detachment surface in the upper-plate, is a large hanging-wall rollover-block [Schlische,

1995] that dips into the detachment surface.  Seismic profiles reveal that the upper-plate 

of the detachment system is extensively faulted.  Numerous synthetic and antithetic faults 

dissect the hanging wall, creating a series of basins that served as catchments for 

syntectonic sedimentation.   

The Santa Rita fault is imaged in seismic profiles dipping towards the northwest 

at 15-20 degrees [Johnson and Loy, 1992] striking nearly perpendicular to the Catalina 

detachment (Figure 4).  Up-dip projections of the fault surface in the seismic data are 

coincident at the surface with the Quaternary fault scarps noted by Pearthree [1983] and 

Pearthree and Calvo [1987].  The low-angle detachment noted by Hardy [1997] in the 

foothills of the Santa Rita Mountains is along strike with the Santa Rita fault, but is 5-7 

km south of the seismic profiles.  A minimum down-dip offset towards the northwest of 

several kilometers is evident by the offset of a large slide-block in the hanging-wall 

(Figure 4).  This fault block also tilts a series of parallel reflections towards the east in a 

rollover structure.  Well control reveals that these units are a thick sequence (>1200 m) of 

interbedded volcanic and sedimentary units in fault contact with granitic rocks.  The 
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Santa Rita fault is clearly imaged down to approximately 6 km beneath the southern 

Tucson Basin [Johnson and Loy, 1992] (Figure 3).  Seismic reflection profiles indicate 

that the Santa Rita fault intersects the Catalina detachment obliquely along a west 

plunging line from a depth of approximately 2 km in the east to approximately 5 km on 

the west (Figures 3 and 5).   These profiles indicate, however, that the Santa Rita fault 

does not extend through or offset the Catalina detachment at depth.  North-south-oriented 

reflection profiles suggest that the Santa Rita fault merges with the Catalina detachment 

beneath the central basin.  

Seismic sequence analysis of the Tucson Basin data reveals two main phases of 

sedimentation within the Tucson Basin.  Synextensional sedimentation records faulted, 

tilted units in small-scale proto-basins found in the deepest part of the Tucson Basin 

(Figures 2 and 3), underlain by voluminous volcanic units.  K-Ar dates from a tuff unit 

near the top of the volcanic sequences reveal an age of ~27 Ma [Eberly and Stanley,

1978].  Synextensional units show fanning dips, from steeply dipping at the base to 

subhorizontal at the top.  Additionally, these units are truncated by high-angle normal 

faults along their edges.  These units are interpreted as Oligocene to Miocene 

synextensional sedimentary rocks deposited in the hanging wall of the evolving Catalina 

detachment.  Well control from Exxon State 32-1 in the central basin indicates clast 

compositions to be mostly of locally derived volcanics and Mesozoic sedimentary units.  

Bounding the top of these units is a major regional unconformity that is evident 

throughout the basin in the reflection profiles.  This unconformity separates the highly 

disturbed units below from relatively undisturbed units above.  It is likely that this 
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unconformity represents a period of time from 20 Ma, the cessation of active detachment 

faulting on the Catalina detachment, to 10-14 Ma based on K-Ar radiometric ages 

associated with a volcanic sequence in close proximity to this surface in various southern 

Arizona locales [Eberly and Stanley, 1978; Menges and Pearthree, 1989; Dickinson,

1991; Kruger et al., 1995].  

Miocene sedimentation involved generally continuous, relatively undisturbed 

sedimentary sequences that symmetrically drape the basin.  These sedimentary deposits 

signify the end of major extension associated with the Catalina detachment and record the 

gentle subsidence and filling of the central Tucson Basin beginning after 10-14 Ma 

associated with the local onset of Basin and Range extension [Wagner and Johnson, in 

press].  These sedimentary rocks are comprised of largely mylonitic granite clasts derived 

from the adjacent Catalina core complex.  Thickest in the middle of the basin, these units 

onlap the basin edges, and are progressively tilted with increasing depth attesting to the 

overall structural depression of the central basin.  The deepest units are constrained to the 

basin’s center, with progressively shallower units covering an increasingly larger aerial 

extent.   

3.0 Finite Element Modeling 
 

Seismic profiles indicate that the Santa Rita fault merges with the Catalina 

detachment beneath the central basin.  Additionally, the distribution of relatively 

undisturbed mid-Miocene and younger sedimentary sequences within the basin above the 

Catalina detachment and Santa Rita fault suggests that major motion on these two 

systems occurred prior to the mid-Miocene.  These constraints place the two fault 
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systems active approximately synchronously.  The difference in extension directions 

between the Catalina detachment and Santa Rita fault is problematical, however, given 

that the strike of Santa Rita fault is nearly parallel to major extension directions in the 

area, strike-slip motion would be expected on the fault.  Of importance, however, is the 

location of the Santa Rita fault, in an area that borders zones of differing amounts of 

crustal extension and strength, with a zone to the north of extreme crustal extension and 

weakened crust across the Catalina / Rincon metamorphic core complex, and an area to 

the immediate south that has experienced only moderate crustal extension.  

 In order to understand how the Santa Rita fault could be accommodating oblique 

strain from the Catalina detachment system, a finite element approach was adopted. As 

described below, this approach provides constraints on regional stress field orientations 

associated with differential extension.  From this, an explanation for the unusual 

orientation of the Santa Rita fault is that it is the result of a perturbation of the regional 

stress field in response to large extension and decoupled crust across the Catalina 

metamorphic core complex. The Santa Rita fault acts to accommodate the large strain 

around the southern end of the Catalina metamorphic core complex, diffusing the strain 

by rotating material in from the west and south.    

3.1 Model construction 
 

Finite-element analysis allows the modeling of the behavior of a complicated 

system by breaking it up into a mesh of many simple shapes each assigned realistic 

physical properties and rules for interaction.  Evaluation of the changes in mesh geometry 

and in associated physical properties provides insights to actual deformation processes. 
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The approach used here is to model in map-view how a two-dimensional elastic material 

under extreme extensional stresses deforms and how the state of stress is perturbed when 

a broad zone of weakness, representing the Catalina detachment, is introduced.  As this 

model is constructed in map view the vertical state of stress is assumed to be constant. 

In our analysis we utilized the ABAQUS suite of general-purpose nonlinear 

finite-element analysis and visualization programs [Hibbit and Sorenson, 2003].  A two-

dimensional model consisting of a homogenous elastic material undergoing uniform 

extension was used to study changes in stresses and displacements in proximity to a zone 

of weakness representing a detachment fault in the upper crust.  While an 

oversimplification of actual crustal properties, an elastic rheology is sufficient for 

understanding the first order distribution of stresses in this system, especially prior to 

major deformation. An elastoplastic rheology is also employed to study the location and 

geometry of failure expected in a brittle material; the material undergoes elastic 

deformation until a defined elastic limit is reached, at which point failure in the system 

occurs.   

For simplicity in model construction, the map-view finite-element grid was 

rotated approximately 30 degrees clockwise, with respect to the actual geometry of the 

Catalina core complex, to allow the modeling of regional extension as purely left-right 

(Figure 6).  The finite-element grid extends 560 km left to right (corresponding to NE-

SW) and 320 km top to bottom (corresponding to NW-SE); the area of primary interest is 

only 100 km by 60 km. This is sufficiently large to ensure that any stress perturbations 

around the area of interest have equalized by the model’s edges and also ensures no far-
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field boundary conditions affect the center of the model.  The grid includes 

approximately 2800 nodes and 5300 triangular elements, with an increased mesh density 

near and within the area of interest.  Both triangular and rectangular mesh elements were 

tested, and both produced similar model results. Triangular elements were ultimately 

used, as they proved more adaptable to generating varying mesh densities across the 

model. 

Constant-displacement boundary conditions were applied to the edges of the 

model.  The top and bottom edges of the model are allowed to move in the horizontal 

direction, parallel to extension, but prevented from moving vertically.  This produces 

symmetry about the top and bottoms of the model, creating, in effect, a mirror image of 

stresses across these boundaries.  Constant-velocity displacements are applied to the left 

and right edges of the model, directed in the negative and positive directions, 

respectively, to simulate regional extension.  Typical continental crust values [Turcotte,

2002] used for material parameters in the model are a Young’s modulus of 70 GPa and 

Poisson’s ratio of 0.3.  A plastic failure of 4 MPa, similar to that of granite, is assigned to 

selected models to allow material failure in these systems [Brace and Kohlstedt, 1980;

Bott, 1997].  As this model does not attempt to account for any gravitational or inertial 

forces, defining a density for this material was not necessary.   

The interpretations and conclusions in this study are based on the orientation and 

magnitudes of principal stresses and failure is predicted using von Mises stresses [Hibbit 

and Sorenson, 2003].  Principal stress orientations prove useful in understanding how the 

regional stress field is perturbed in response to the introduction of a feature representing a 
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detachment fault.  The von Mises stress, also called the equivalent or effective stress or 

the maximum distortion energy criterion, combines the modeled deviatoric stresses in 

two or three dimensions and expresses them as a scalar.  Higher von Mises stresses are 

predictors of localized failure in a model as determined by the set plastic failure criterion.   

Several different model geometries were tested to determine an appropriate 

method for modeling an extensional system in map view (Figure 7).  Our goal was to 

select a model that represents the first-order tectonic features and stresses in the area 

without creating instabilities in the model.  One approach was to model the Catalina 

detachment as a physical break in the crust.  This is commonly done for modeling 

extensional systems in cross-section [Melosh and Williams, 1989; Bott, 1997; Mohapatra 

and Johnson, 1998].  This approach proved to be inappropriate for map view because 

extension produced a gap in the model leading to extreme stresses at the tip of the fault.  

An alternate approach was to model the detachment as a broad zone of weaker 

material representing exhumed lower-plate material. Stresses are still transmitted across 

the fault zone, but at a much lower magnitude than in the surrounding medium. This 

alleviated the problems of gaps being created in the model and also lessened stress 

concentrations at tip points.  This is a plausible way to model a detachment, as some 

stresses would be expected to transmit across a fault plane.  Varying the width of the 

zone of weakness did not show any significant qualitative change in model behavior 

around the area of interest.  Indeed, all models involving some inherent weakness across 

an extensional setting produced similar stress field changes around that weakness.  A 
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final refinement was to round the sharp coner of the fault zone to alleviate stress 

concentrations (Figure 7d). 

3.2 Model results 
 

Elastic solutions for the model represent the state of the model after 3 km of 

extension has occurred across the detachment fault.  This represents the early stages of 

extension in the system. While a significant displacememt, this only represents 10% of 

the total extension across the Catalina detachment.  Attempts to represent the total 

estimated 30 km of extension across this system produce unstable results.   

As the grid undergoes extension, stresses build nearly uniformly across the model.  

The elastic model shows that elastic stresses are highest around the bend in the weakened 

area representing the footwall of the detachment system (Figure 8). This may be due 

partly to model geometry effects, but is most likely a real feature of the system as this is 

in the area of transition from weak to strong material in line with the regional stresses.  

Stresses are also high in the area immediately to the left and downward of the fault bend 

and also in the area below the zone of weakness.  The footwall of the system, represented 

by weaker material, readily deforms and therefore has much lower elastic stress build-up.  

Away from the detachment fault, primary principal stresses are oriented parallel to the 

extension direction as expected, but near the detachment, extension in the system 

produces a rotation of the primary principal stresses around the end of the fault (Figure 

9).  To the right side of the detachment zone the stress field begins to deflect from the 

regional stresses.  Progressing around the bend in the fault, extensional stresses are 

deflected by nearly 60 degrees clockwise.   The deflected stress field continues around 
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the front of the zone of weakness and gradually returns to normal approximately 50 km 

from the front of the fault zone.   

With plastic failure incorporated into the elastic model, failure under extension in 

the system occurs very early (Figure 10).  The plastic failure criterion is met within the 

first 50 m of extension in the model.  Not unexpectedly, plastic failure occurs first in the 

area near the bend in the weak zone, where elastic stresses build up most rapidly.  Zones 

of failure also form to the right of and below the zone of weakness.  Two lobes of high 

stress extend out from the zone of failure, one towards the bottom left of the model and 

the other towards the bottom right.  

4.0 Interpretation and Discussion 
 

By combining seismic reflection data, well control, surface geologic information 

and integrating these with finite element model results we can describe the tectonic 

evolution of the Catalina core complex and also the along-strike deformation of the upper 

plate and the role of the Santa Rita fault system in accommodating the transfer of 

localized strain into a lesser deformed region (Figure 11). 

From geologic control, extension in the area began around 30 Ma, with a middle-

to-late Oligocene pulse of arc magmatism preceding detachment faulting, which 

blanketed the region in lava flows and ash-fall units [Eberly and Stanley, 1978; Spencer 

and Reynolds, 1989; Dickinson, 1991].  At around this time, crustal extension became 

focused around the evolving Catalina detachment system.  Synextensional sediments 

record the brittle deformation of the hanging wall above the detachment system, 

dissecting the newly deposited volcanics along a series of high-angle normal faults and 
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creating a series of small proto-basins.  Concurrent with extension was the uplift and 

emplacement of the Catalina core complex into the upper crust as indicated by 

thermochronological analysis.   

South of the Catalina detachment and core complex, along strike of the system, 

upper plate deformation was accommodated by the newly active Santa Rita fault.  

Although there are no absolute age constraints on the timing of motion on the Santa Rita 

fault, several factors indicate that activity began around this time: (1) the maximum age 

of faulting can be constrained by the faulted and subsequently tilted volcanic sequences 

imaged in the seismic and sampled through well control.  These volcanics are consistent 

with voluminous Tertiary volcanic sequences noted beneath the Tucson Basin and in 

various locales around southern Arizona that immediately precede detachment faulting 

[Eberly and Stanley, 1978; Spencer and Reynolds, 1989; Dickinson, 1991].  (2) Although 

evidence suggests the Santa Rita fault may still be active, major motion on the Santa Rita 

fault is likely not younger than that of the Catalina detachment, given that seismic 

profiles indicate the Santa Rita fault merges with the Catalina detachment and does not 

offset it beneath the basin.  (3) Finite-element modeling predicts that extension on the 

Catalina detachment and associated core complex emplacement would have created 

increased stresses in the upper-plate of the detachment system to the south (Figure 11) 

and modeled plastic failure suggests that early failure in the hanging wall block was 

likely.   

Extension on the Catalina detachment was directed mainly NE-SW [Dickinson,

1991; Davis et al., 2004], consistent with extension directions in the area.  Motion on the 
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Santa Rita fault was directed obliquely to the Catalina detachment.  From seismic profiles 

the strike of the Santa Rita fault is nearly perpendicular to that of the Catalina 

detachment.  The exact direction of motion on the Santa Rita fault cannot be determined 

from the seismic profiles (i.e., purely dip-slip or strike-slip or some component of the 

two), however the presence of a large rollover anticline in the hanging wall suggest that a 

significant component of movement was down-dip, or towards the WNW.  Hardy [1997] 

noted top-to-the-west movement on the mid-Tertiary detachment he mapped just to the 

south of the main seismic profiles.  Finite-element models confirm that the stress field 

would have been perturbed such that a large component of normal slip would have been 

favorable in the region of the Santa Rita fault, even given the almost parallel orientation 

of the Santa Rita fault to the regional stress field.  Modeled primary principal stress 

orientations in the area of the Santa Rita fault match closely with kinematic indicators on 

Santa Rita fault exposures. 

Upper-plate deformation continued on the Catalina detachment system until ~20 

Ma. and motion on the Santa Rita fault had also ceased by this time.  Miocene 

sedimentation begins, after a significant tectonic hiatus, at approximately 10-14 Ma.  This 

sedimentation attests to a significant change in tectonic style, with low-angle, large-

magnitude detachment faulting giving way to high-angle, low-magnitude Basin-and-

Range-style faulting [Wagner and Johnson, in press].  These sediments record that the 

main Tucson Basin began to subside symmetrically along a N-S axis, with maximum 

subsidence concentrated west of the surface trace of the Catalina detachment and 

northwest of the Santa Rita fault.   
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5.0 Conclusions 
 

In this study, analysis of a grid of 2-D seismic reflection profiles in the Tucson 

Basin, coupled with well control and geological information from the Santa Catalina-

Rincon Mountains and the Santa Rita Mountains helped to constrain the along-strike 

deformation and timing of the upper-plate of a low-angle detachment system and 

associated metamorphic core complex.  Early extension in the area, beginning in the 

middle-to-late Oligocene, focused on the Catalina detachment.  Brittle deformation of the 

upper-plate of the detachment system was concurrent with core complex uplift and 

emplacement.   

Immediately south of the Catalina detachment, along strike of the system and in 

the upper plate, is the Santa Rita fault.  Seismic profiles reveal that the Santa Rita fault is 

linked to Catalina detachment beneath the central Tucson Basin and basin 

sedimentological evidence requires nearly synchronous movement on these faults.  Finite 

element models predict early mechanical failure of the upper-plate of the detachment 

system to the south of the Catalina core complex.  Additionally, modeled principal 

stresses around the detachment show a nearly 60-degree rotation of the stress field from 

the regional stresses.  This is consistent with the oblique orientation of the Santa Rita 

fault to the regional stress field.   

These models suggest that the oblique motion on the Santa Rita fault is the result 

of a perturbation in the regional stress field by the Catalina detachment and the associated 

failure of the upper-plate from the extreme crustal extension resulting from core complex 

emplacement.  Additionally, the Santa Rita fault is acting to partition strain between 
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zones of differing crustal extension, with a zone to the north of extreme crustal extension, 

on the order of 100% or more across the Catalina / Rincon metamorphic core complex, 

transitioning to a zone immediately south that has experienced only moderate crustal 

extension.  This along-strike upper-plate deformation would seem to be a necessary 

component of concentrated crustal extension. 
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Figure Captions 
 
Figure 1. Simplified geologic map of the Tucson Basin, Santa Catalina Mts. and Santa 

Rita Mts. Modified from Hirschberg and Pitts [2000].  Included are seismic line 
locations, well locations and also Cenozoic dominant extension directions. 

 
Figure 2. Seismic depth profile Line 2 with interpretations.  The Catalina detachment dips 

towards the west beneath the basin and is dashed where inferred.  Two phases of 
basin sedimentation are evident: synextensional sediments were deposited during 
active detachment faulting, Miocene basin fill was deposited after core complex 
emplacement.  Separating the two packages is the mid-Miocene unconformity 
(MMU) surface.  See Figure 1 for line location.  Intersections with crossing 
seismic profiles are noted along top of section. 

 
Figure 3. Seismic depth profile Line 4 with interpretations.  The Santa Rita fault extends 

from the southern end of the section dipping towards the north where it terminates 
against the Catalina detachment beneath the center of the Tucson Basin.  See 
Figure 2 for explanation of abbreviations.  See Figure 1 for line location.  
Intersections with crossing seismic profiles are noted along top of section. 

 
Figure 4. Seismic depth profile Line 3 with interpretations.  The Santa Rita fault is 

evident extending from the eastern side of the profile dipping down towards the 
west.  East dipping Tertiary volcanics are imaged in the hanging wall of the fault 
system. See Figure 1 for line location.  Intersections with crossing seismic profiles 
are noted along top of section.   

 
Figure 5. Seismic depth profile Line D5 with interpretation. The Santa Rita fault and 

Catalina detachment merge beneath the central Tucson Basin.  The Catalina 
detachment flattens out and continues towards the south where it begins to dip 
southward again along the edge of the profile.  The flat section imaged on the 
Catalina detachment is due to this line obliquely cutting part of a broad 
corrugation feature on the detachment surface.  See Figure 1 for line location.  
Intersections with crossing seismic profiles are noted along top of section.   

 
Figure 6. Complete finite element grid with the region of interest shown zoomed in on the 

bottom grid.  Note that the entire region was rotated approximately 30 degrees 
clockwise to allow for ease of modeling along “natural” axes.  Horizontal arrows 
represent a constant-displacement boundary condition, rollers on the top and 
bottom indicate the boundary is fixed in the top-to-bottom direction but allowed 
to move freely left-to-right.  The detachment fault is modeled as either a physical 
break in the model or as a zone of weaker material. 
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Figure 7.  Principal stress plots used in testing four different model geometries for 
stability.  a) Modeling the detachment as a physical break in the crust with no 
initial width.  Extension produced undesirable concentrated stresses at the tip of 
the fault.  b) Modeling the detachment as a zone of weakness with finite width.  
This helped to alleviate concentrated stresses.  c) Modeling the detachment as a 
zone of weakness extending to the edge of the model.  This produced very similar 
results to the previous model after extension, but proved easier to manipulate in 
ABAQUS.  d) Refinement of the previous model by rounding over the corner on 
the detachment.  This helped to lower stress concentrations around the corner, 
while still giving similar principal stress orientations to all three of the previous 
models. 

 
Figure 8. Von Mises stresses due to extension on the system.  Note that highest stresses 

build up around the bend in the detachment and also below the zone of weakness 
representing the detachment.  The Catalina detachment and Santa Rita fault 
approximate locations are plotted on this figure for reference.  

 
Figure 9. Principal stress plots after extension.  Primary principal stress orientations 

should be oriented nearly horizontal (left-to-right) due to stretching but become 
progressively more distorted around the zone of weakened material representing 
the detachment fault and core complex.  Extensional stresses become rotated such 
that a significant normal component of slip would be possible across the Santa 
Rita fault zone even given its oblique orientation to the regional stress field. 

 
Figure 10. Von Mises stress map with plastic failure criterion applied.  Plastic failure 

occurs first in area around corner in detachment system.  Two lobes of high initial 
failure extend out from the corner, one down and towards the right and a smaller 
lobe down and to the left.  The orientation of this smaller lobe suggests that 
failure on the Santa Rita fault may have been the result of this perturbed stress 
field. 

 
Figure 11. Schematic model of fault interactions overlaid with stress vectors derived from 

finite element models.  Beneath the central Tucson Basin the Santa Rita fault 
merges with the Catalina detachment.  Normal motion occurs on the Santa Rita 
fault because of the deviation of the regional stress field around the Catalina 
detachment. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 



113

Figure 8. 
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APPENDIX C: CENOZOIC CRUSTAL EXTENSION AND FAULT 
INTERACTIONS IN SOUTHERN ARIZONA REVEALED THROUGH REGIONAL 
SEISMIC REFLECTION PROFILES 
 
Frank H. Wagner, III (Trey) and Roy A. Johnson, Department of Geosciences, University 
of Arizona, Tucson, AZ 85721; Email: fwagner@geo.arizona.edu
Abstract 
 

The Basin and Range province of western North America represents a broad zone 

of Cenozoic crustal extension characterized by various styles of extensional deformation 

across this region ranging from low-angle, large-displacement detachment faults, to high-

angle, relatively small-displacement domino-style faults.  Perplexingly, these different 

structural styles can occur geographically and temporally together in many locations.  

Recent reprocessing and interpretation of a regional suite of industry seismic reflection 

profiles around southern Arizona, in the Basin and Range province of southwestern North 

America, illuminate subsurface features related to Cenozoic crustal extension and show a 

detailed view of extensional processes in the southern Basin and Range.  These profiles, 

coupled with geologic and well control, indicate that the southwest dipping Catalina 

detachment, the northwest dipping Santa Rita fault, the east-dipping Altar Valley fault, 

and the brittlely dissected Sierrita Mountains are all aspects of the same regional 

extensional event in the middle-Tertiary.  These structures appear to merge with a broad 

zone of mid-crustal deformation and likely represent heterogeneous upper-crustal 

deformation, in response to middle- to lower-crustal homogeneous deformation.  

Additionally, the presence of a flat reflection Moho in the area, coupled with depression 

of the mid-crustal anastomosing fault zones beneath the Sierrita Mountains suggests that 
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isostatic compensation for at least some of the mountain ranges may be taking place 

within the ductilely deformed middle-crust. 

Introduction 
 

The Basin and Range province of western North America represents a broad zone 

of Cenozoic crustal extension characterized by various styles of extensional deformation 

across this region [Hamilton and Myers, 1966; Stewart, 1978; Gans, 1987].  At one 

extreme is concentrated crustal extension along low-angle detachment faults, which can 

have extensional strains as high as 100% or more and uplift and expose midcrustal 

material in the footwall of the system, placing it adjacent to upper-crustal material.  At 

the other extreme is imbricate extension along series of strike-parallel, domino-style 

normal faults.  These domino-style faults typically are high-angle, regularly spaced and 

have similar tilt directions.  They juxtapose material of similar crustal depths, usually 

shallow, against one another across the fault.  These systems exhibit much less extension 

across individual faults, but, with total strain summed up over the imbricate series, do 

accommodate moderate extension in a region [Stewart, 1978].  Intriguingly, low-angle 

detachment faults and imbricated faults occur in close proximity in many areas.  In 

southern Arizona, these systems appear to have been active nearly simultaneously [Titley,

1982; Dickinson, 1991; Davis et al., 2004], raising the question as to how these 

dramatically different faulting styles interrelate.   

Recent reprocessing and interpretation of a regional suite of industry seismic 

reflection profiles around southern Arizona, in the Basin and Range province of 

southwestern North America, have illuminated subsurface features related to Cenozoic 
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crustal extension.  These profiles extend over two adjacent basins, and span nearly 80 km 

parallel to regional extension, with numerous crossing lines extending 10’s of km to 

either side.  The seismic reflection data, coupled with detailed well control and surface 

geological constraints, show a detailed view of extensional processes in the southern 

Basin and Range.   

In particular, these profiles expose the Catalina detachment system, situated in the 

northwestern Tucson Basin, dipping gently towards the southwest off the flank of the 

Catalina/Rincon core complex, to mid-crustal depths.  In the southern Tucson Basin, the 

Santa Rita normal fault is imaged dipping towards the northwest and merging with the 

Catalina detachment beneath the central Tucson Basin.  At the western end of the survey 

area, a major range-bounding fault is imaged flanking the eastern side of the Baboquivari 

Mts., and dips towards the east under Altar Valley to mid-crustal levels. Between Altar 

Valley and the Tucson basin is the Sierrita Mountains, which are shown to be dissected 

along a series of north-south striking normal faults [Cooper, 1971; Titley, 1982; West and 

Aiken, 1982].  These systems all appear to merge at mid-crustal depths into anastomosing 

zones of deformation that may represent a transition from brittle to ductile deformation in 

the crust. This suggests a two-layer model for crustal extension in this area, with 

heterogeneous upper-crustal brittle extension taking place over a more uniformaly, 

ductily extending middle and lower crust [ for example Gans, 1987; Block and Royden,

1990; Kruger and Johnson, 1994; Kruger et al., 1998; McKenzie et al., 2000]   
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Geologic Setting 
Regional Geology 
 

The Santa Catalina, Rincon, Santa Rita, Sierrita and Baboquivari Mountains 

(Figure 1) lie within a zone of highly extended terranes of the southern Basin and Range 

province of North America.  Large-magnitude extension, related to the formation of the 

Santa Catalina metamorphic core complex and other core complexes in this region is 

inferred to have taken place in between approximately 28 to 17 Ma [Dickinson, 1991].  

This extension was directed mainly NE-SW and took place along low-angle detachment 

faults [Spencer and Reynolds, 1989; Dickinson, 1991; Spencer and Reynolds, 1991].  The 

detachment faults juxtapose different crustal levels and styles of deformation.  The 

footwall of the detachment system consists of metamorphosed plutonic rocks that have 

been at least partially isostatically uplifted and antiformally warped during extension 

[Wagner and Johnson, in press].  A mid-Tertiary mylonitic fabric that dips gently in the 

direction of extension overprints these rocks. The hanging wall of these detachment 

systems are extensively fractured and faulted, with numerous tilt blocks of upper-plate 

material placed directly against the detachment.  These tilted fault blocks produce 

numerous half-grabens that serve as catchments for detritus from the adjacent upper-plate 

rocks. 

A transition in faulting styles occurs beginning at about 15 to 10 Ma, with 

extension being accommodated through high-angle Basin-and-Range style block faulting 

[Eberly and Stanley, 1978; Menges and Pearthree, 1989; Spencer and Reynolds, 1989;

Dickinson, 1991; Spencer and Reynolds, 1991].  These high-angle faults are shown to cut 
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earlier, low-angle detachment faults in several locales [Dickinson, 1991; Spencer and 

Reynolds, 1991; Davis et al., 2004].  However, evidence suggests that this later faulting 

accommodated only relatively minor amounts of extension in southern Arizona, with the 

majority of extension having been accomplished through mid-Tertiary low-angle 

extension [Spencer and Reynolds, 1991].  

Sedimentary assemblages record these extensional processes in southern Arizona.  

Of particular importance are two distinct mid-Cenozoic to Holocene sedimentary 

assemblages [Eberly and Stanley, 1978; Scarborough, 1989].  The older assemblage is 

associated with mid-Tertiary extension and, in some locations, core complex 

emplacement.  Rocks of this older assemblage are widely exposed as tilted strata that 

were deposited in basins that evolved and filled rapidly with fluvial and lucustrine 

deposits. Their lithology reflects locally derived clasts, sourced from adjacent eroding tilt 

blocks.  Eberly and Stanley [1978] divide the older assemblage into three subunits: a 

lower unit comprised mainly of fluvial sedimentary deposits, a middle unit consisting 

predominately of volcanic rocks with interbedded sedimentary units deposited during 

mid-Tertiary extension (28-17 Ma), and an upper unit of extrusive volcanics and 

interbedded sediments. 

The younger assemblage is associated with Basin and Range extension, with ages 

ranging from Miocene to Pliocene.  Rocks of the younger assemblage are generally 

alluvial and fluvial in origin [Eberly and Stanley, 1978; Dickinson, 1991; Houser and 

Gettings, 2000] and “have facies relationships relative to present valley geometry and 

mountainward lapout characteristics indicative of deposition totally within the confines of 
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the present-day physiography” [Scarborough, 1989].  In contrast to the underlying tilted, 

faulted, mid-Tertiary units, these sedimentary units are relatively flat-lying and 

undeformed.   

Separating the two sedimentary assemblages is an early-to-mid Miocene 

depositional hiatus, which forms a regional unconformity.  Age control for this surface is 

difficult to establish, but tuffs immediately underlying the unconformity in adjacent 

basins have yielded ages of ~20 Ma [Dickinson, 1991].  The duration or time represented 

across this surface is likely considerable given the formation of paleosols on this 

boundary.   

Catalina Core Complex 
 

The Catalina core complex (Figure 1) forms a broad dome with a peak elevation 

nearly 2 km above the Tucson Basin and displays aspects similar to other Cordilleran 

metamorphic core complexes in the Basin and Range [for example: Coney, 1980; 

Crittenden et al., 1980; Davis, 1980; Rehrig and Reynolds, 1980; Coney and Harms,

1984; Lister and Davis, 1989; Kruger and Johnson, 1994; Nourse et al., 1994; Kruger et 

al., 1995].  It is composed mainly of Tertiary mylonitic gneisses, Tertiary granites and 

Precambrian granites.  Mylonitic fabrics occur in a belt about 10 km wide along the 

southwest flank of the core complex (Figure 1).  Metamorphic fabrics indicate top-to-

WSW displacement [Dickinson, 1991].  Mylonites grade into undeformed granites 

structurally downward.  Precambrian granites are found on the northeastern flank of the 

Catalina core complex in fault contact with Paleozoic, Mesozoic and Tertiary units. 
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The Catalina detachment fault bounds the extent of mylonitic gneiss exposures to 

the southwest and separates metamorphosed mid-crustal footwall rocks from shallow 

brittlely-deformed hanging wall rocks and sedimentary deposits. The detachment fault is 

exposed on the southern end of the Santa Catalina mountains and is marked by a 1 m- 

thick resistant layer of cataclasite directly overlying a thick chloritic breccia [Davis,

1980; Rehrig and Reynolds, 1980; Dickinson, 1991].  The detachment dips 25-35 degrees 

towards the southwest from the southwestern flank of the Catalina core complex and 

projects beneath the Tucson Basin. A minimum net displacement of 20 to 30 km is 

inferred across the detachment based on the distribution of pre-extensional sedimentary 

and igneous rock units [Dickinson, 1991].  Age of faulting is constrained by fission-track 

dating of footwall mylonites which indicate a period of rapid denudation between 

approximately 30 and 20 Ma [Fayon et al., 2000].   

Cross-cutting the Catalina core complex are a series of younger, north-striking, 

high-angle normal faults including the Pirate fault, in the west, and the Martinez Ranch 

fault in the east.  Displacement on these faults is inferred to have occurred between 12 

and 6 Ma based on ages of associated sedimentary-rock units [Davis et al., 2004].  These 

faults are interpreted to have controlled the late-stage topographic uplift of the Catalina 

core complex, allowing flexural isostatic uplift of the core complex [Davis et al., 2004;

Wagner and Johnson, in press]. 

Santa Rita Mts. 
 

The Santa Rita Mountains bound the southern portion of the Tucson Basin (Figure 

1) and are composed of largely Paleozoic and Mesozoic sedimentary and volcanic units 
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[Drewes, 1972; Hardy, 1997].  These units are heavily folded and faulted, resulting from 

north east-directed compressional deformation during the Laramide orogeny from the 

Late Cretaceous to Eocene in this area.  Middle Tertiary extension in the Santa Rita 

Mountains resulted in a southeastward tilting of the Paleozoic through Tertiary strata.  

This extension was likely accommodated on the Santa Rita fault or related structures 

bounding the northwestern flank of the Santa Rita.  The Santa Rita fault was first 

identified through a series of fault scarps, offsetting late Quaternary alluvial fan deposits, 

with offsets that range from 1 to 7 m [Pearthree, 1983; Pearthree and Calvo, 1987].   

Hardy [1997] identified a low-angle detachment fault, which he termed the Santa Rita 

fault, in the adjacent foothills of the Santa Rita Mountains.  Hardy [1997] assigned a mid-

Tertiary age to this fault surface based on “the presence of chloritic breccia and 

protomylonite, rocks characteristic of mid-Tertiary low-angle normal faults.”  The fault 

exhibits top to the west kinematic indicators and is interpreted to accommodate a 

minimum of 4 km of extension from structural reconstructions.   

Sierrita Mts. 
 

The Sierrita Mountains, located between the Tucson Basin and Altar Valley 

(Figure 1), form a broad, low mountain range with an elevation of around 1 km above the 

surrounding basins and does not reveal the typical N-S elongation typical of Basin and 

Range land forms [Titley, 1982].  This is in stark contrast to the adjacent ranges that have 

elevations above the basins as high as 2 km and well-defined elongations. The Sierritas 

are comprised largely of Paleozoic sedimentary rocks and Mesozoic volcanic and 

sedimentary rocks [Cooper, 1971; Titley, 1982].  Late-Mesozoic to early-Cenozoic 
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plutons [Shafiqullah and Langlois, 1978] in the Pima Mining District of the northeastern 

Sierrita Mountains are responsible for rich porphyry copper deposits.  The Sierritas are 

dissected along a series of high-angle normal faults, striking north-south with down to the 

east displacement [Titley, 1982].  Additionally, a recently identified earlier set of east-

west-striking faults, with down to the north displacement are cut by the north-south faults 

[Stavast et al., 2005].  Associated with these high-angle faults is a thick assemblage of 

mid-Oliogocene to early-Miocene alluvial deposits, which can be found in several 

locations along the eastern flank of the Sierritas.  These deposits, referred to as the 

Helmet fanglomerates, are characterized by conglomerates, landslide blocks and 

interbedded volcanics, and are highly faulted and tilted.  These deposits are equivalent to 

Eberly and Stanley’s [1978] and Scarborough’s [1989] mid-Tertiary units. 

Baboquivari Mts. 
 

The Baboquivari Mountains, bounding the western side of the study area (Figure 

1), define the western edge of Altar Valley.  The Baboquivari range is composed 

predominately of Mesozoic metasedimentary units [Haxel et al., 1984; Davis et al., 1987;

Goodwin and Haxel, 1990] except on the northern and southern ends where significant 

exposures of early-Tertiary granites occur.  Low-angle detachment faults occur along the 

northern and southern margins of the Baboquivari Mountains [Davis et al., 1987; 

Goodwin and Haxel, 1990]; these detachments are underlain by mylonitic gneisses 

derived from the early-Tertiary granites.  These mylonites are unique in the southern 

Arizona area in that they show a marked difference in sense-of-shear direction and timing 

from the WSW-ENE extension inferred in many areas.  The detachment at the northern 
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end of the range, termed the Coyote detachment, shows top-to-the-north-directed 

extension with a loosely bracket age of mylonitization from between 58 and 28 Ma 

[Davis et al., 1987].  The southern Baboquivari detachment fault records middle-Tertiary 

extension that occured around 24 Ma and that was oriented roughly NNE-SSW [Goodwin 

and Haxel, 1990] with upper plate material moving towards the south relative to the 

footwall.   

Acquisition and processing of seismic reflection data  
 

The seismic reflection data sets utilized in this study were originally acquired as 

separate surveys by Exxon and Phillips Petroleum in the late 1970’s to early 1980’s and 

were reprocessed recently by the University of Arizona Reflection Seismology group. 

Acquisition parameters are described in Table 1.  The data were processed following 

common 2-D techniques using Promax™ 2-D seismic processing software.  Both datasets 

were acquired with Vibroseis® sources.  The Exxon seismic records were provided as 

pre-Vibroseis® correlation data, which allowed the use of extended Vibroseis® 

correlation [Okaya and Jarchow, 1989] for the Exxon data to lengthen the usable seismic 

reflection profiles to ~12 seconds, making imaging of the crust-mantle boundary in this 

area possible.  The Phillips data were received with Vibroseis® correlations already 

applied resulting in a maximum data length of 6 seconds.  Significant improvements in 

final stacks (compared to the original data) were made through closely spaced, careful 

velocity picks and the application of modern surface-consistent static corrections (See 

Table 2 for a complete processing flow).  Additionally, dip-moveout correction (DMO) 

and post-stack finite-difference time migrations were applied.  Post-stack lateral 
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coherency filtering was also applied to remove residual noise in the final stack.  The time 

sections were converted to depth utilizing smoothed stacking velocities and were 

compared to synthetic seismograms from well logs, where available, to ensure accuracy.  

A final automatic gain (AGC) was applied over a 1500 ms window for interpretation.  

For display, automatic line drawings were created for regional lines by applying a dip-

scan filter followed by a trace bias adjustment to the final stacked data. 

 For subsurface control, the seismic profiles were compared with available well 

data.  In the Tucson Basin, well control was available from the Exxon State 32-1 deep 

exploration well, located in the central Tucson Basin along seismic profile Line 2 (see 

Figure 1), and the Phillips Petroleum Co. Mountain View State A-1 wildcat well located 

adjacent to the northern Santa Rita Mountains along seismic profile Line 3.  In Altar 

Valley well control is available from the Phillips Petroleum Co. Redondo State A-1 

wildcat well, located along seismic profile D-42.  Well curves available for analysis 

included interval transit time, density, porosity, resistivity and gamma ray. Synthetic 

seismograms were created for comparison to the seismic data from interval transit time  

and density curves using the Landmark Graphics Inc. synthetic generation software 

Syntool™. 

Interpretation of seismic reflection profiles 
Catalina Detachment and Santa Rita fault 
 

The Catalina detachment is exposed along the western flank of the Catalina core 

complex.  On its western end, seismic reflection profile Line 2 extends to within several 

km of the southern exposure of the Catalina detachment (Figure 1).  The Catalina 
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detachment can be seen coming in from the eastern end of the profile and dipping gently 

beneath the central basin (Figures 2 and 3).  The interpretation of the Catalina detachment 

on Line 2 was aided by the extensive grid of seismic profiles in the Tucson Basin, which 

was used to constrain the detachment geometry in a nearly three-dimensional sense.  

Coherent fault-plane reflections can be traced down to at least 9 km depth, where the 

detachment is interpreted to merge into a series of horizontal, parallel reflections.  

Shallow reflectivity on the fault surface is likely due to the juxtaposition of shallow, 

brittlely deformed upper-plate rocks and sedimentary units against mylonitizied lower-

plate rocks.  Deeper fault-plane reflections may be in part due to a broad zone of 

mylonitization associated with metamorphic deformation [Smithson et al., 1978;

Fountain et al., 1984; Wang et al., 1989].  The dip on the imaged fault plane varies with 

depth in the seismic profile.  This is partly due to the oblique orientation of the seismic 

profile to the true detachment dip.  Broad, km-scale corrugations, with axes parallel to 

extension, are noted from surface exposures of the Catalina detachment [Davis, 1980].  

Due to this oblique orientation of the profile, these corrugations in the fault surface are 

imaged in the subsurface as well.  Additionally, post-detachment basin formation has 

deformed the detachment surface, warping it downward beneath the central Tucson 

Basin[Wagner and Johnson, in press]. Also imaged in Line 2 (Figure 3) is an incisement 

nappe on the detachment surface, which bounds a sliver of upper or lower-plate rocks. 

The upper plate of the detachment system is imaged as extensively fractured, with 

numerous synthetic and antithetic faults dissecting the hanging wall, creating a series of 

half-grabens that serve as catchments for syntectonic sedimentation.  The eastern most 
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edge of the hanging wall exhibits a rollover anticline geometry directly above the 

detachment.  Between km markers 5 and 15 on Line 2, the deepest portion of the Tucson 

Basin is imaged.  This area is bounded by a series of high-angle faults, which have 

opposing dip directions, creating a central graben.  These oppositely dipping faults create 

a unique geometry in that classic models for core complex development typically call for 

unidirectional tilt blocks above the detachment fault [Davis, 1980; Buck, 1988; Wernicke 

and Axen, 1988; Lister and Davis, 1989; Spencer and Reynolds, 1989].   

The base of the crust (reflection Moho) is visible on Line 2 (Figure 2) as a zone of 

more or less laterally continuous reflections, with a slightly increased reflectivity with 

respect to the mid-crustal events.  The Moho occurs at about 30 km below the surface and 

is basically flat on the depth section.  This is comparable to reported Moho depths in the 

area from passive seismic deployments [Myers and Beck, 1994]. There is a slight 

depression of the Moho beneath the central basin, which is likely the effect of inaccurate 

velocity / depth corrections and not actual Moho topography.  In any event, this 

depression is the opposite of what Airy isostasy would predict. 

Above the Moho, the lower and middle crust shows extensive coherent 

reflectivity.  This reflectivity is similar in character to crustal reflectivity encountered in 

various seismic reflection profiles around the southern Basin and Range [Goodwin et al.,

1989; Kruger and Johnson, 1994; Kruger et al., 1995; Kruger et al., 1998; Kruger and 

Johnson, 2001].   Theses reflections can be due to several factors in this area including 

mylonitic reflectivity from ductile strain fabrics [Smithson et al., 1978; Fountain et al.,
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1984; Wang et al., 1989] and mafic intrusions associated with rapid Cenozoic extension 

[Goodwin et al., 1989; Holbrook et al., 1991].   

The Santa Rita fault is imaged in seismic profiles dipping towards the northwest 

at 15-20 degrees [Johnson and Loy, 1992] striking nearly perpendicular to the Catalina 

detachment (Figure 4).  A minimum down-dip offset towards the northwest of several 

kilometers is evident by the offset of a large slide-block in the hanging-wall.  This fault 

block also tilts a series of parallel reflections towards the east in a rollover structure.  

Well control from the Phillips Petroleum Mountain View State A-1 wildcat well reveals 

that these units are a thick sequence (>1200 m) of interbedded volcanic and sedimentary 

units in fault contact with granitic rocks.  The Santa Rita fault is clearly imaged as a 

planar structure to approximately 6 km beneath the southern Tucson Basin [Johnson and 

Loy, 1992].  Seismic reflection profiles indicate that the Santa Rita fault intersects the 

Catalina detachment obliquely beneath the central Tucson Basin along a west plunging 

line from approximately 2 km depth in the east to approximately 5 km depth at the west.   

These profiles indicate, however, that the Santa Rita fault does not extend through or 

offset the Catalina detachment at depth.  North-south-oriented reflection profiles suggest 

that the Santa Rita fault may merge with the Catalina detachment beneath the central 

basin. Recent work by Wagner and Johnson (in preparation) suggests that the Santa Rita 

fault represents contemporaneous, along-strike of the core complex, upper-plate 

deformation in response to the emplacement of the Catalina core complex.    

Control on subsurface sedimentary assemblages and ages were obtained through 

correlation of seismic events with well control available from the Exxon State 32-1 deep 
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exploration well, located in the center, and deepest part, of the Tucson Basin (Figure 5a 

and b).  These were compared with detailed stratigraphic analyses and depositional-

system interpretations made for this well by Eberly and Stanley [1978] and Houser and 

Gettings [2000].  Two distinct assemblages of sedimentary sequences were deposited in 

the basin [Wagner and Johnson, in press].  Units of the older sequence range in age from 

mid-Oligocene to mid-Miocene and overlie a thick package of mid-Oligocene volcanic 

units.  These units are found in the deep central basin and are also exposed along the 

flanks of the core complex in a series of mini-basins formed in the hanging wall of the 

detachment system (Figure 2, 3 and 5b).   Seismic profiles and surface outcrops of these 

units show fanning dips, from steeply dipping at the base to subhorizontal at the top.  

Additionally, these units are truncated by high-angle normal faults along their edges.   

 Well control indicates clast compositions to be mostly from locally derived 

volcanics and Mesozoic sedimentary units.  Bounding the top of these units is a major 

unconformity that is evident throughout the basin in the reflection profiles and evident as   

a major shift in sonic and density curves.  These units are interpreted as synextensional 

sedimentary rocks deposited in the hanging wall of the evolving Catalina detachment, 

comparable to Eberly and Stanley [1978] and Scarborough’s [1989] mid-Tertiary units.   

Younger sedimentary units lie in a thick package (1800 m) above the 

synextensional sediments and regional unconformity.  Miocene to Pliocene sedimentation 

involves generally continuous, relatively undisturbed sedimentary sequences that 

symmetrically drape the basin (Figure 2, 3, 4 and 5b).  These sequences are defined along 

onlap and erosional surfaces that agree well with major erosional surfaces identified in 
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the Exxon State 32-1 well.  Thickest in the middle of the basin, these units onlap the 

basin edges, and are progressively tilted with increasing depth attesting to the overall 

structural depression of the central basin.  The deepest units are constrained to the basin’s 

center, with progressively shallower units covering an increasingly larger aerial extent.  

These sedimentary rocks are comprised largely of mylonitic granite clasts derived from 

the adjacent Catalina core complex and record the gentle subsidence and filling of the 

central Tucson Basin beginning after 10-14 Ma associated with the local onset of Basin 

and Range extension.   

East-dipping fault beneath Altar Valley and the Sierrita Mts. 
 

On the western end of the survey area, an eastwardly-dipping fault is imaged 

beneath Altar Valley (Figure 6).  This fault projects to the surface approximately 1 km 

from the eastern flank of the Baboquivari Mountains through a Quaternary alluvial fan, 

which is undisturbed on the surface. To the best of the authors’ knowledge, this fault has 

not been described or mapped by any previous workers.  We propose this fault be 

referred to as the Altar Valley fault and will refer to it as such in this work.   

 Seismic profile line D42 (Figure 6) images the Altar Valley fault from the western 

end of the profile, dipping towards the east beneath the basin with a listric geometry.  

Near the surface, the fault dips approximately 30 degrees, and becomes nearly horizontal 

by a depth of about 10 km.  A minimum down-dip displacement on this fault of at least 5 

km can be inferred from restoration of the hanging wall back to horizontal. The hanging 

wall block exhibits rollover anticline geometry, with the top of inferred basement dipping 

into the fault.  Adjacent seismic profiles show that the hanging wall is extensively 
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fractured, with synthetic and antithetic high-angle faults merging into the main Altar 

Valley fault.  Evident beneath the main Altar Valley fault is a laterally coherent reflection 

that merges with the main fault around km marker 22 at about 10 km depth.  Continuing 

to the west, this reflection bends upwards beneath the hanging wall block and then bends 

back down and finally warps back upward beneath the Baboquivari Range.   

 Line D42 crosses over the southern Sierrita Mountains between km marker 25 and 

35 (Figure 6).  Data quality is severely degraded in this area.  A possible explanation for 

this is the presence of extensive late-Mesozoic to early-Cenozoic igneous plutons and 

intrusive units [Cooper, 1971; Shafiqullah and Langlois, 1978; Titley, 1982] coupled with 

highly faulted and fractured Mesozoic and Paleozoic metamorphic units [Titley, 1982;

Stavast et al., 2005].  The structures may be simply too complicated to image well given 

the original seismic acquisition parameters.  Close examination of the seismic data, 

coupled with projections of surface geology into the plane of the profile, does allow hints 

of subsurface structure to be discerned.  In the shallowest several km of data, numerous 

westward-dipping reflections can be observed.  These reflections are consistent with the 

dominant dip of surface units, and are also consistent with units being offset by high-

angle normal faults with down-to-the east displacement [Titley, 1982].  While not 

continuous laterally for large distances, breaks in groups of reflections suggest regularly 

spaced disruptions, which can be interpreted as high-angle offsets along normal faults.  In 

Figure 6, these faults are dashed in as suggestions of their position, but without absolute 

certainty.  Also evident beneath the Sierrita Mountians are a weak, laterally continous 

zone of nearly horizonatal reflections around 10-12 km depth.   These reflections appear 
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to be depressed beneath the Sierrita Mountains, possibly by the isostatic load of the 

range. This is suggestive of a continuation of the Altar Valley fault, or a regional 

detachment zone, beneath the range.   

 Basin sedimentation is evident in Figure 6 in a thick wedge, taping to the east, 

along the northwestern edge, making up Altar Valley sedimentation, and in a tapering 

wedge along the extreme easten edge, which is part of the southern Tucson Basin.  

Additionally, a thin wedge of sedimentary rocks, tapering to the east, can be projected 

into the profile from between km markers 32 and 38.  Age control is difficult to establish 

on these sedimentary units, but some inferences can be made from well log character and 

from projection of surface geology.  

 On the western end on line D42, directly adjacent the eastern flank of the 

Baboquivari Mountains, a thick sedimentary rock package is visible.  Well control from 

the Phillips Redondo State A-1 well coupled with the seismic reflection data show a 

sedimentary rock thickness of nearly 2500 m, below which is interpreted to be crystalline 

basement (Figures 7a and b) .  Two distinct sequences of sedimentation can be discerned 

from the seismic data.  A lower sequence consists of high-amplitude reflections that show 

a series of fanning dips into the fault surface.  These reflections truncate against the fault 

and, to the east, pinch out or truncate against small-scale faults.  Well logs for this well 

consisting of sonic, density, resistivity, gamma ray and porosity are consistent with the 

lower interval (between 1000 m and 2500 m) being largely comprised of interbedded 

volcanics and sedimentary sequences.  Based on this, and the fanning nature of the 
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growth strata, we conclude that the lower sedimentary sequence is correlative to mid-

Tertiary sedimentary units found in the Tucson Basin and around southern Arizona.    

 The upper sequence (0-1000 m) has significantly lower amplitude reflections and 

shows little if any dip on bedding surfaces.  Individual surfaces can be traced widely, 

where they eventually lap out against the lower sedimentary sequence or pinch out 

entirely. These units also show very little internal deformation, in contrast to the heavily 

faulted lower unit. Seismically, this upper unit is similar in character to the Miocene-

Pliocene sedimentation that symmetrically drapes the Tucson Basin.  

Additionally, dipping seismic reflections associated with the mid-Tertiary Helmet 

fanglomerate units are inferred from km markers 32-38 (Figure 6).  In this area, mid-

Tertiary units in the southern Sierritas can be projected into the line, underlying a thin 

veneer of Quaternary alluvium.  Weak near-surface reflections indicate a series of west-

dipping horizons up to several hundred meters thick.  These fanning reflections end 

abruptly against what is interpreted to be a high-angle normal fault. 

Discussion 
Kinematic Evolution 
 

The interpretations of seismic profiles across this transect of southern Arizona 

have important implications for the evolution and interaction of several major fault 

systems and the styles of deformation they represent.  An interesting aspect of these 

interpretations is the realization that the Catalina detachment and the Santa Rita fault 

merge beneath the central Tucson Basin and have an average top-to-the-south west 

displacement, dominated by the Catalina detachment, while the Altar Valley fault shows 
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top-to-the-east displacement, creating opposing fault systems.  Intriguingly, these faults 

seem to merge at mid-crustal depths into zones of ductile flow or perhaps concentrated 

anastomosing shear zones (Figure 8).  Also of interest is the location of the Sierrita 

Mountains between these two major fault systems.  This implies that the Sierritas 

represent purely upper-crustal deformation, and that the high-angle extensional faults 

may have been largely in response to bulk pure-shear extension in the middle and lower 

crust, occurring simultaneously with large-magnitude extension on the Catalina 

detachment and to a lesser extent the Santa Rita and Altar Valley faults.   

Mid-Tertiary extension 
 

A schematic model for the evolution of this region that is compatible with the 

available data and interpretations is presented in Figure 9.  From geologic control, 

extension in the area began around 30 Ma, with a middle- to late-Oligocene pulse of arc 

magmatism preceding detachment faulting, which blanketed the region in lava flows and 

ash-fall units [Eberly and Stanley, 1978; Spencer and Reynolds, 1989; Dickinson, 1991].  

At around this time, major crustal extension became focused around the evolving 

Catalina detachment system and the Altar Valley fault, and, to a lesser extent, the Santa 

Rita fault. In the upper-plate of the Catalina detachment, synextensional sediments record 

the brittle deformation of the hanging wall, dissecting the pre-Oligocene units along a 

series of high-angle normal faults and creating a series of small proto-basins.  Syntectonic 

basin fill began filling the adjacent basins with locally derived sedimentary materials and 

periodic (interbedded) volcanics. Concurrent with extension was the uplift and 

emplacement of the Catalina core complex into the upper crust as indicated by 
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thermochronological results.  The lack of mylontic clasts in the mid-Tertiary sedimentary 

sequences suggest, however, little or no topography on the newly emplaced core complex 

[Wagner and Johnson, in press]. 

South of the Catalina detachment and core complex, along strike of the 

detachment system, off-end upper-plate deformation was accommodated by the recently 

active Santa Rita fault (Wagner and Johnson, in preperation). Although there are no 

absolute age constraints on the timing of motion on the Santa Rita fault, several factors 

indicate that activity began around concurrently to major movement on the Catalina 

detachment: (1) the faulted and tilted volcanic sequences imaged in the seismic data and 

sampled through well control indicated motion on the Santa Rita fault after the middle- to 

late-Oligocene pulse of arc magmatism noted in the area [Eberly and Stanley, 1978; 

Spencer and Reynolds, 1989; Dickinson, 1991].  (2) Seismic profiles indicate that the 

Santa Rita fault merges with the Catalina detachment and does not offset it beneath the 

basin, suggesting that major displacement was coeval with displacement on the Catalina 

detachment.   

On the western end of the survey area, concurrent mid-Tertiary extension was 

taking place on the major range-bounding Altar Valley fault.  Hanging wall deposits, 

consistent with mid-Tertiary sedimentary units described by Eberly and Stanley [1978] 

and Scarborough [1989], show fanning dips in a lower package of sedimentary units 

indicating sedimentation was concurrent with extension. Total extension for the Altar 

Valley fault is a minimum of 5 km, but could be larger if deeper, inactive fault splays are 

taken into account. 
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In addition to the listric Altar Valley fault, an intriguing feature in the seismic 

reflection profile D42 is a deeper event that branches off the main Altar Valley fault and 

continues towards the west beneath the Baboquivari Mountains.  A possible explanation 

for this feature is that it represents an older fault splay that has since become inactive and 

isostatically warped due to continued movement of the upper plate [see for example 

Lister and Davis, 1989].  This interpretation would require the deeper, and slightly older, 

splay to outcrop at some location within or behind the Baboquivari Range.  This would 

also imply a larger total extension across the area than that inferred from only the Altar 

Valley fault.  An alternate interpretation for this feature is that it is a continuation of a 

regional detachment or ductile shear zone that underlies the entire range.  This places the 

Baboquivari range within the upper plate of a region detachment system and does not 

require this fault to crop out.  Without further geological or geophysical constraints these 

alternate interpretations cannot be unequivocally resolved.   

Straddling the two opposing fault systems (the southwest-dipping Catalina 

detachment and the east-dipping Altar Valley fault) are the Sierrita Mountains.  

Dissecting the Sierrita Mountains is a series of north-south striking, east dipping high-

angle normal faults.  Deposits of the mid-Tertiary Helmet Fanglomerate in fault contact 

along the eastern flank of the Sierrita Mountains establishing timing of deformation.  

These domino-style faults are inferred to sole into the regional detachment surface or a 

shear zone at depth.  Depression of the detachment surface beneath the Sierrita 

Mountains is suggestive of some component of isostatic compensation for the range.  

Total extension across the range is difficult to establish, but due to the high-angle nature 
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of these faults, total extension is certainly much less than on the Catalina detachment, and 

likely less that that on the Altar Valley fault.  

Miocene to Present  
 

Large magnitude mid-Tertiary deformation ended by approximately 20 Ma.  

Synextensional sediments were capped by a regionally extensive unconformity 

representing several million years of tectonic quiescence.  Beginning in the mid-Miocene, 

high-angle Basin-and-Range-style faulting began in southern Arizona [Dickinson, 1991;

Davis et al., 2004].  Associated with this change in tectonic style is the deposition of 

Miocene sedimentation conformably atop the regional unconformity and mid-Tertiary 

sediments.  Sediments, derived from the adjacent mountain ranges filled the basins and 

gently draped the basin edges.  In the main Tucson Basin, these sediments record that the 

basin began to subside symmetrically along a N-S axis, with maximum subsidence 

concentrated west of the surface trace of the Catalina detachment and west of the Santa 

Rita fault.  In Altar Valley, similar sedimentary assemblages fill the basin from the flank 

of the Baboquivari Mountains to the flank of the Sierrita Mountains and are deepest along 

a north-south axis.   

In the available examples, these sedimentary rocks fill the basins uniformly, with 

little internal deformation and gently onlap the basin edges, conforming to existing 

topographic expression.   This is indicative of a major change in extensional style, with 

large-magnitude mid-Tertiary extension giving way to low-magnitude extension.  

Sedimentation patterns, particularly in the Tucson Basin, suggest that movement on the 

major fault systems (i.e. the Catalina detachment, the Santa Rita fault and the Altar 
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Valley fault) had ceased by this time.  Extension was accommodated on newer range-

bounding high-angle faults, such as the Pirate and Martinez Ranch faults around the 

Catalina core complex.   

Implications 
 

An interesting finding of this study is the interrelationship of strikingly different, 

yet linked, extensional styles across a region of less than 100 km.  This includes the low-

angle Catalina detachment, which represents several 10’s of km of extension, the low-

angle Santa Rita fault, the listric Altar Valley fault, and the Sierrita domino-style faults, 

all apparently active during the mid-Tertiary. This is substantiated by distribution of 

synextensional sedimentary rock packages in the hanging wall of these different fault 

systems.  These systems all seem to merge into an anastomosing zone of mid-crustal 

extension that may represent a zone of transition from brittle to ductile deformation in the 

crust.  This suggests a two-layer model for crustal extension in this area, with 

heterogeneous upper-crustal extension taking place over a more uniformaly, ductily 

extending middle and lower crust [ for example Gans, 1987; Block and Royden, 1990;

Kruger and Johnson, 1994; Kruger et al., 1998; McKenzie et al., 2000].  This implies that 

disparate structural features on the surface are simply a heterogeneous response to the 

same mid- to lower-crustal deformation.  This response ranges from little to no surface 

extension in competent crustal blocks, such as in the Sierrita Mountains, to large-

magnitude extension that “breaks” the upper-crust and allows the isostatic uplift and 

emplacement of middle-crustal material, such as with the Catalina core complex. 
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Additionally, the flat reflection Moho in this area suggests that the upper-crust is entirely 

decoupled from the mantle through a ductile middle- and lower-crust. 

Additionally, the present-day topographic expression of these mountains ranges 

suggests that aspects of mid-crustal isostatic compensation, and also aspects of flexural 

uplift, may be occurring symultaneously.  The Catalina core complex, Santa Rita and 

Baboquivari Mountains all have significant topographic relief over the adjacent basins, 

while the Sierrita Mountains have only modest relief.  This low-relief may be due to the 

Sierrita Mountains being a stranded block of upper-plate material that is being broken 

apart along high-angle faults in response to deeper, ductile pure shear.  This largely intact 

block, in essence, being “rafted” above the extending lower crust in a relationship 

equivalent to that inferred by Kruger and Johnson [1994] for the Galiuro Mountains and 

the Pinelano core complex just to the north east.  The depression of the interpreted 

anastomosing shear zones below the Sierrita Mountains further supports this 

interpretation.  The isostatic support of the Sierrita Mountains would require a density 

contrast with the middle- to lower-crust.   It is unclear whether the lower-crustal 

intrusions noted in the region [Goodwin et al., 1989; Holbrook et al., 1991] would be 

sufficient to allow full isostatic compensation for this range. 

High topographic relief, such as on the Catalina core complex or the Baboquivari 

Mountains, may be in response to flexural uplift of the footwall across range bounding 

normal faults [Buck, 1988; Kusznir et al., 1991; Egan, 1992].  See Wagner and Johnson 

[in press] for a detailed discussion on the role of flexural uplift in this area.  This may 

partly explain the up-warping of the deeper fault splay beneath the Baboquivari 
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Mountains and coherent, up-warped mid-crustal reflections found beneath adjacent core 

complexes in southern Arizona, such as the Pinelaneo core complex [Kruger and 

Johnson, 1994; Kruger et al., 1995].   

Conclusions 
 

Regional seismic profiles, coupled with geologic and well control, indicate that 

the southwest-dipping Catalina detachment, the northwest-dipping Santa Rita fault, the 

east-dipping Altar Valley fault, and the brittlely dissected Sierrita Mountains are all 

aspects of the same extensional system in the middle-Tertiary.  These features all seem to 

merge with a broad zone of middle-crustal deformation, and likely represent 

heterogeneous simple-shear-dominated upper-crustal deformation, in response to 

relatively homogeneous bulk pure-shear deformation in the middle to lower crust. 

Additionally, the presence of a flat reflection Moho in the area, coupled with the 

depression of mid-crustal anastomosing shear zones beneath the Sierrita Mountains, may 

be visual evidence that isostatic compensation may have taken place within the ductile 

crust. 
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Tables and Figures 
 

Table 1. Acquisition Parameters for Seismic Reflection Profiles 
Acquisition  
Parameters 

Exxon Lines Phillips Lines 

Source Vibroseis® 8-32 Hz, 11s  Vibroseis® 10-48 Hz, 14s 
Source interval 100.5 m 67 m 
Receiver interval 100.5 m 67 m 
Receiver pattern 48 channels, split-spread 48 channels, split spread 
Maximum offset 2.5 km 1.8 km 
Nominal fold 24 24 
Recording interval 4 ms 4 ms 
Record length 16 s 20 s 
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Table 2. Generalized Seismic Processing Flow 
Exxon Lines Phillips Lines 

• SEGY in • SEGY in 
• Extended Vibroseis® 

correlation to 12 sec records 
(prewhitened with 1000ms 
windowed agc)* 

• N/A, data on tape already 
correlated 

• Apply geometry • Apply geometry 
• Trace edit • Trace edit 
• Mute by offset • Mute by offset 
• Datum statics averaged over 50 

CMPs for velocity analysis 
• Datum statics averaged over 50 

CMPs for velocity analysis 
• Velocity analysis (every 25 

CMPs) 
• Velocity analysis (every 25 

CMPs) 
• NMO correction • NMO correction 
• Surface consistent statics (max 

power) 
• Surface consistent statics (max 

power) 
• DMO  • DMO  
• Velocity analysis after DMO • Velocity analysis after DMO 
• Bandpass filter (10-32 Hz) • Bandpass filter (10-40 Hz) 
• Stack • Stack 
• Flat datum correction • Flat datum correction 
• Finite difference migration • Finite difference migration 
• Lateral coherency filter • Lateral coherency filter 
• Time-to-depth conversion, 

smoothed RMS velocities 
• Time-to-depth conversion, 

smoothed RMS velocities 
• AGC (1500 ms) for display • AGC (1500 ms) for display 
• Dip-scan filter for automatic 

line drawing (7 trace wide, +/- 8 
ms dip) 

• Dip-scan filter for automatic 
line drawing (7 trace wide, +/- 
8 ms dip) 
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Figure 1.  Simplified geologic map of the Tucson Basin and Altar Valley, and the Santa 
Catalina, Santa Rita, Sierrita, and Baboquivari Mountains.  Seismic profile 
locations (gray and black dashed lines) are overlaid on the map, with associated 
line numbers [modified from Hirschberg and Pitts, 2000]. 

 
Figure 2.  Automatic line drawing of stacked and migrated data along Line 2.  (a) 

Uninterpreted. (b) Interpreted. Horizontal and vertical scales are in kilometers.  
These kilometer markers are used for horizontal referencing in the text.  Solid 
lines represent interpreted faults and boundaries between geologic units, dashed 
lines are inferred.  The Moho is inferred around 30 km depth. Moho picks are 
based on unmigrated sections with no AGC applied and show a much more 
dramatic Moho reflection than is apparent in this section. Exxon Well 32-1 
borehole location and depth is indicated on figure.  Abbreviations are as follows: 
CDF, Catalina detachment fault; Tv, Tertiary volcanics; Ts, mid-Tertiary 
sedimentary deposits; MP, Miocene to Pliocene sedimentary deposits.   

 
Figure 3. Zoom in on stacked, migrated Line 2 with interpretations.  Exxon Well 32-1 

borehole location and depth is indicated on figure.  See Figure 2 for abbreviations; 
MMU, Mid-Miocene unconformity. 

 
Figure 4.  Stacked, migrated Line 3.  Santa Rita fault (SRF) is evident on the eastern side 

of the profile dipping out to the west.  See Figure 2 for abbreviations.   
 
Figure 5. (a) Velocity and density logs and synthetic seismic trace for the Exxon State 32-

1 deep exploration well in the Tucson Basin.  Formation boundaries based on 
Houser and Gettings (2000).  (b) Seismic-stratigraphic correlation for Exxon State 
32-1 well log.  See Figure 2 for list of abbreviations. 

 
Figure 6. Automatic line drawing of stacked and migrated data along Line 2.  (a) 

Uninterpreted. (b) Interpreted.  The Altar Valley fault (AVF) is evident on the left 
side of this profile, dipping towards the east and becoming more horizontal with 
depth.  Numerous, anastomosing features are apparent in the lower part of the 
section, and may merge with the Altar Valley fault.  High-angle faults are inferred 
in the Sierrita Mountains (km marker 20-40) from surface geology.   

 
Figure 7. (a) Velocity and density logs and synthetic seismic trace for the Phillips 

Petroleum Co. Redondo State A-1 wildcat well in western Altar Valley.  
Formation boundaries based on comparison with seismic and well log character 
from the adjacent Tucson Basin.  (b) Seismic-stratigraphic correlation for Phillips 
Petroleum Co. Redondo State A-1 wildcat well log.  AVF= Altar Valley fault; see 
Figure 2 for complete list of abbreviations. 
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Figure 8.  3D schematic view of major mountain ranges and range bounding faults in the 
study area.  Range bounding faults are shaded to suggest depth with arrows 
indicating direction of transport of hanging wall. 

 
Figure 9. Schematic kinematic model. (a) Initial stage, pre-Oligocene, with no extension.  

Future fault locations are listed for the Altar Valley fault and the Catalina 
detachment.  (b) After large-magnitude mid-Tertiary extension.  Extensive upper-
plate deformation has occurred above the Catalina detachment and the low-relief 
Catalina core complex has been emplaced in the upper crust.  Fanning sediments 
have developed in the hanging wall of the Altar Valley fault.  The Sierrita 
Mountains have been dissected along a series of high-angle, domino-style faults, 
and the middle-crust beneath that range has been isostatically depressed.  (c) mid-
Miocene to present deformation includes the initiation of high-angle, low-
magnitude extension.  Concurrent is the development of uniform basin 
sedimentation packages. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5a. 
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Figure 5b. 
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Figure 6. 
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Figure 7a. 
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Figure 7b. 
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Figure 8.
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Figure 9. 
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APPENDIX D: SEISMIC PROFILES PROCESSING HISTORY* 
Line Name QC Geometry 

applied 
Brute 
stack 

Final stack 
w/ DMO 

Migrated Depth 
converted 

CX12A X
CX12C X X X
CX16 X X X
CX20 X
CX9 X
D1 X X
D2 X X X X X X
D4  X X X X X X
D5 X X X X X X
D6 X X
D7 X X
D8 X X
D9 X X
D9N X X X X
D10 X X
D11 X X X X X
D14 X X X X
D15 X X X X
D16 X X
D17  X X X
D31 X X X X X X
D32 X X
D33 X X
D36 X X X X X X
D37 X X X X X X
D42 X X X X X X
D43 X X
D44 X X X X X X
DD1 X X X
Line 2 X X X X X X
Line 3 X X X X X X
Line 4 X X X X X X
PW19 X X X
WA2 X X X X X X
WA3 X X X
WA4 X X X
WA5 X X X
*See digital file and printouts for complete processing history, line locations and velocity 
functions for each line, on file with Dr. Roy A. Johnson. 
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APPENDIX E: LANDMARK INTERPRETATION FILES 
SEGY files: 
 
Survey | Common Line Name       
------------------------------- 
defaultSurvey | D11_mig    
defaultSurvey | D11_unmig  
defaultSurvey | D14_unmig  
defaultSurvey | D14_unmig2 
defaultSurvey | D15_unmig  
defaultSurvey | D15_unmig2 
defaultSurvey | D2_mig     
defaultSurvey | D2_unmig   
defaultSurvey | D31_mig    
defaultSurvey | D31_unmig  
defaultSurvey | D36_mig    
defaultSurvey | D36_unmig  
defaultSurvey | D37_mig    
defaultSurvey | D37_unmig  
defaultSurvey | D42_mig    
defaultSurvey | D42_unmig  
defaultSurvey | D44_mig    
defaultSurvey | D44_unmig  
defaultSurvey | D4_mig     
defaultSurvey | D4_unmig   
defaultSurvey | D5_mig     
defaultSurvey | D5_unmig   
defaultSurvey | D9N_brute  
defaultSurvey | EX_2_mig   
defaultSurvey | EX_2_unmig 
defaultSurvey | EX_3_mig   
defaultSurvey | EX_3_unmig 
defaultSurvey | EX_4_mig   
defaultSurvey | EX_4_unmig 
defaultSurvey | WA2_mig    
defaultSurvey | WA2_unmig  
 
Seismic Horizon Files of Interest: 
 
Tucson Basin: 
 
/v1/owproj/lgc_master/Mid-Miocene_Unconformity 
/v1/owproj/lgc_master/base_pantano 
/v1/owproj/lgc_master/base_volcanics 
/v1/owproj/lgc_master/pantano_base_of_alluvial_fanx 
/v1/owproj/lgc_master/top_fault_blocks 
/v1/owproj/lgc_master/tucson_LBF_to_unit_D 
/v1/owproj/lgc_master/tucson_LBF_top_unit_C 
/v1/owproj/lgc_master/tucson_LBF_unit_D_seq1 
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/v1/owproj/lgc_master/tucson_LBF_unit_D_seq1_b 
/v1/owproj/lgc_master/tucson_LBF_unit_D_seq2 
/v1/owproj/lgc_master/tucson_UBF_top_unit_B 
/v1/owproj/lgc_master/tucson_UBF_unit_B_seq1 
 
Altar Valley: 
 
/v1/owproj/lgc_master/altar_fault_block_top 
/v1/owproj/lgc_master/altar_unconf 
/v1/owproj/lgc_master/altar_valley_fault_block 
/v1/owproj/lgc_master/avra_tucson_mts_uncf_base 
 

Well List: 
 
Common Well Name     
--------------------------------------- 
MTN VIEW STATE #A-1                       
REDONDO STATE A#1              
STATE 32 #1                               
 
MTN VIEW STATE #A-1 
============= 
Log Curve: 
 Wellid: 2                               
 Log Crv Name: DT                        
 Log Run No: 1          
 Log Crv Version: 1          
 Framework Obs No: 1          
 Creating Anal Id: NULL VALUE 
 Logging Job No: 1          
 Tool Code: UNKNOWN      
 Tool Position Seq No: NULL VALUE 
 Log Pass Id: 0001 
 Service Name: UNKNOWN                        
 Data Source: TREY  
 Original Data Source: NULL VALUE 
 Storage Id: NULL VALUE 
 Trace Storage Type: INTERNAL     
 Trace Online Ind: Y 
 Section: NULL VALUE 
 Block: NULL VALUE 
 Sub Block: NULL VALUE 
 External Crv Name: NULL VALUE 
 External Well Name: NULL VALUE 
 Total Samples: 15761      
 Storage Depth Units: ft  
 Storage Depth Mode: md  
 Log Crv Unit Meas: us/ft                          
 Access Mode: W 
 Top Depth: 450.00000    
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 Base Depth: 8330.00000   
 Crv Increm: 0.50000      
 Min Value: 18.76880     
 Max Value: 217.74120    
 Storage Znon: -999.25000   
 Log Quality: NULL VALUE 
 Api Code: UNKNOWN      
 Storage Data Type: FLOAT32          
 Char Data Ind: N 
 Value Storage Direction: TOP DOWN    
 Start Framework Sample No: 0          
 End Framework Sample No: 15760      
 Resampling Scheme: CONTINUOUS           
 Number Of Dimensions: 1          
 Second Dimension Npts: 1          
 Second Dimension Start: NULL VALUE 
 Second Dimension Stop: NULL VALUE 
 Second Dimension Increment: NULL VALUE 
 Second Dimension Ouom: NULL VALUE 
 Second Dimension Unit Desc: NULL VALUE 
 Third Dimension Npts: 1          
 Third Dimension Start: NULL VALUE 
 Third Dimension Stop: NULL VALUE 
 Third Dimension Increment: NULL VALUE 
 Third Dimension Ouom: NULL VALUE 
 Third Dimension Unit Desc: NULL VALUE 
 Remark: DT             

Remarks Ind: 0          
 Value Working Uom: us/ft        
 Value Storage Uom: us/ft        
 Create Date: 2005-08-17 12:28:44        
 Create User Id: FWAGNER                          
 Creation Routine: crvldr     
 Update Date: NULL VALUE 
 Update User Id: NULL VALUE 
 Update Routine: UNKNOWN    
 

Wellid: 2                               
 Log Crv Name: RHOB                      
 Log Run No: 1          
 Log Crv Version: 1          
 Framework Obs No: 1          
 Creating Anal Id: NULL VALUE 
 Logging Job No: 1          
 Tool Code: UNKNOWN      
 Tool Position Seq No: NULL VALUE 
 Log Pass Id: 0001 
 Service Name: UNKNOWN                        
 Data Source: TREY  
 Original Data Source: NULL VALUE 
 Storage Id: NULL VALUE 
 Trace Storage Type: INTERNAL     
 Trace Online Ind: Y 
 Section: NULL VALUE 
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 Block: NULL VALUE 
 Sub Block: NULL VALUE 
 External Crv Name: NULL VALUE 
 External Well Name: NULL VALUE 
 Total Samples: 14461      
 Storage Depth Units: ft  
 Storage Depth Mode: md  
 Log Crv Unit Meas: g/cm3                          
 Access Mode: W 
 Top Depth: 1100.00000   
 Base Depth: 8330.00000   
 Crv Increm: 0.50000      
 Min Value: 1.53380      
 Max Value: 2.84550      
 Storage Znon: -999.25000   
 Log Quality: NULL VALUE 
 Api Code: UNKNOWN      
 Storage Data Type: FLOAT32          
 Char Data Ind: N 
 Value Storage Direction: TOP DOWN    
 Start Framework Sample No: 1300       
 End Framework Sample No: 15760      
 Resampling Scheme: CONTINUOUS           
 Number Of Dimensions: 1          
 Second Dimension Npts: 1          
 Second Dimension Start: NULL VALUE 
 Second Dimension Stop: NULL VALUE 
 Second Dimension Increment: NULL VALUE 
 Second Dimension Ouom: NULL VALUE 
 Second Dimension Unit Desc: NULL VALUE 
 Third Dimension Npts: 1          
 Third Dimension Start: NULL VALUE 
 Third Dimension Stop: NULL VALUE 
 Third Dimension Increment: NULL VALUE 
 Third Dimension Ouom: NULL VALUE 
 Third Dimension Unit Desc: NULL VALUE 

Remark: RHOB                                                                            
Remarks Ind: 0          

 Value Working Uom: g/cm3        
 Value Storage Uom: g/cm3        
 Create Date: 2005-08-17 12:28:45        
 Create User Id: FWAGNER                          
 Creation Routine: crvldr     
 Update Date: NULL VALUE 
 Update User Id: NULL VALUE 
 Update Routine: UNKNOWN    
 
REDONDO STATE A#1 
============= 
Log Curve: 
 Wellid: 1                               
 Log Crv Name: DT                        
 Log Run No: 1          
 Log Crv Version: 1          
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 Framework Obs No: 1          
 Creating Anal Id: NULL VALUE 
 Logging Job No: 1          
 Tool Code: UNKNOWN      
 Tool Position Seq No: NULL VALUE 
 Log Pass Id: 0001 
 Service Name: UNKNOWN                        
 Data Source: TREY  
 Original Data Source: NULL VALUE 
 Storage Id: NULL VALUE 
 Trace Storage Type: INTERNAL     
 Trace Online Ind: Y 
 Section: NULL VALUE 
 Block: NULL VALUE 
 Sub Block: NULL VALUE 
 External Crv Name: NULL VALUE 
 External Well Name: NULL VALUE 
 Total Samples: 17101      
 Storage Depth Units: ft  
 Storage Depth Mode: md  
 Log Crv Unit Meas: us/ft                          
 Access Mode: W 
 Top Depth: 450.00000    
 Base Depth: 9000.00000   
 Crv Increm: 0.50000      
 Min Value: 49.03280     
 Max Value: 239.73970    
 Storage Znon: -999.25000   
 Log Quality: NULL VALUE 
 Api Code: UNKNOWN      
 Storage Data Type: FLOAT32          
 Char Data Ind: N 
 Value Storage Direction: TOP DOWN    
 Start Framework Sample No: 0          
 End Framework Sample No: 17100      
 Resampling Scheme: CONTINUOUS           
 Number Of Dimensions: 1          
 Second Dimension Npts: 1          
 Second Dimension Start: NULL VALUE 
 Second Dimension Stop: NULL VALUE 
 Second Dimension Increment: NULL VALUE 
 Second Dimension Ouom: NULL VALUE 
 Second Dimension Unit Desc: NULL VALUE 
 Third Dimension Npts: 1          
 Third Dimension Start: NULL VALUE 
 Third Dimension Stop: NULL VALUE 
 Third Dimension Increment: NULL VALUE 
 Third Dimension Ouom: NULL VALUE 
 Third Dimension Unit Desc: NULL VALUE 

Remark: DT                                                                              
Remarks Ind: 0          

 Value Working Uom: us/ft        
 Value Storage Uom: us/ft        
 Create Date: 2005-07-04 13:45:05        
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 Create User Id: FWAGNER                          
 Creation Routine: crvldr     
 Update Date: NULL VALUE 
 Update User Id: NULL VALUE 
 Update Routine: UNKNOWN    
 

Wellid: 1                               
 Log Crv Name: RHOB                      
 Log Run No: 1          
 Log Crv Version: 1          
 Framework Obs No: 1          
 Creating Anal Id: NULL VALUE 
 Logging Job No: 1          
 Tool Code: UNKNOWN      
 Tool Position Seq No: NULL VALUE 
 Log Pass Id: 0001 
 Service Name: UNKNOWN                        
 Data Source: TREY  
 Original Data Source: NULL VALUE 
 Storage Id: NULL VALUE 
 Trace Storage Type: INTERNAL     
 Trace Online Ind: Y 
 Section: NULL VALUE 
 Block: NULL VALUE 
 Sub Block: NULL VALUE 
 External Crv Name: NULL VALUE 
 External Well Name: NULL VALUE 
 Total Samples: 15902      
 Storage Depth Units: ft  
 Storage Depth Mode: md  
 Log Crv Unit Meas: g/cm3                          
 Access Mode: W 
 Top Depth: 1049.50000   
 Base Depth: 9000.00000   
 Crv Increm: 0.50000      
 Min Value: 1.80800      
 Max Value: 2.78600      
 Storage Znon: -999.25000   
 Log Quality: NULL VALUE 
 Api Code: UNKNOWN      
 Storage Data Type: FLOAT32          
 Char Data Ind: N 
 Value Storage Direction: TOP DOWN    
 Start Framework Sample No: 1199       
 End Framework Sample No: 17100      
 Resampling Scheme: CONTINUOUS           
 Number Of Dimensions: 1          
 Second Dimension Npts: 1          
 Second Dimension Start: NULL VALUE 
 Second Dimension Stop: NULL VALUE 
 Second Dimension Increment: NULL VALUE 
 Second Dimension Ouom: NULL VALUE 
 Second Dimension Unit Desc: NULL VALUE 
 Third Dimension Npts: 1          
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 Third Dimension Start: NULL VALUE 
 Third Dimension Stop: NULL VALUE 
 Third Dimension Increment: NULL VALUE 
 Third Dimension Ouom: NULL VALUE 
 Third Dimension Unit Desc: NULL VALUE 

Remark: RHOB                                                                            
Remarks Ind: 0          

 Value Working Uom: g/cm3        
 Value Storage Uom: g/cm3        
 Create Date: 2005-07-04 13:45:05        
 Create User Id: FWAGNER                          
 Creation Routine: crvldr     
 Update Date: NULL VALUE 
 Update User Id: NULL VALUE 
 Update Routine: UNKNOWN    
 

Wellid: 1                               
 Log Crv Name: RHOB                      
 Log Run No: -1         
 Log Crv Version: 1          
 Framework Obs No: 1          
 Creating Anal Id: NULL VALUE 
 Logging Job No: 1          
 Tool Code: UNKNOWN      
 Tool Position Seq No: NULL VALUE 
 Log Pass Id: 0001 
 Service Name: UNKNOWN                        
 Data Source: TREY  
 Original Data Source: NULL VALUE 
 Storage Id: NULL VALUE 
 Trace Storage Type: INTERNAL     
 Trace Online Ind: Y 
 Section: NULL VALUE 
 Block: NULL VALUE 
 Sub Block: NULL VALUE 
 External Crv Name: NULL VALUE 
 External Well Name: NULL VALUE 
 Total Samples: 17101      
 Storage Depth Units: ft  
 Storage Depth Mode: tvd 
 Log Crv Unit Meas: g/cm3                          
 Access Mode: W 
 Top Depth: 450.00000    
 Base Depth: 9000.00000   
 Crv Increm: 0.50000      
 Min Value: 1.80800      
 Max Value: 2.78600      
 Storage Znon: -999.25000   
 Log Quality: NULL VALUE 
 Api Code: UNKNOWN      
 Storage Data Type: FLOAT32          
 Char Data Ind: N 
 Value Storage Direction: TOP DOWN    
 Start Framework Sample No: 0          
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 End Framework Sample No: 17100      
 Resampling Scheme: CONTINUOUS           
 Number Of Dimensions: 1          
 Second Dimension Npts: 1          
 Second Dimension Start: NULL VALUE 
 Second Dimension Stop: NULL VALUE 
 Second Dimension Increment: NULL VALUE 
 Second Dimension Ouom: NULL VALUE 
 Second Dimension Unit Desc: NULL VALUE 
 Third Dimension Npts: 1          
 Third Dimension Start: NULL VALUE 
 Third Dimension Stop: NULL VALUE 
 Third Dimension Increment: NULL VALUE 
 Third Dimension Ouom: NULL VALUE 
 Third Dimension Unit Desc: NULL VALUE 
 Remark: RHOB                                                                            

Remarks Ind: 0          
 Value Working Uom: g/cm3        
 Value Storage Uom: g/cm3        
 Create Date: 2005-08-02 11:19:04        
 Create User Id: FWAGNER                          
 Creation Routine: SynTool    
 Update Date: NULL VALUE 
 Update User Id: NULL VALUE 
 Update Routine: SynTool    
 

Wellid: 1                               
 Log Crv Name: 1D SYN                    
 Log Run No: -1         
 Log Crv Version: 1          
 Framework Obs No: 1          
 Creating Anal Id: NULL VALUE 
 Logging Job No: 1          
 Tool Code: UNKNOWN      
 Tool Position Seq No: NULL VALUE 
 Log Pass Id: 0001 
 Service Name: UNKNOWN                        
 Data Source: TREY  
 Original Data Source: NULL VALUE 
 Storage Id: NULL VALUE 
 Trace Storage Type: INTERNAL     
 Trace Online Ind: Y 
 Section: NULL VALUE 
 Block: NULL VALUE 
 Sub Block: NULL VALUE 
 External Crv Name: NULL VALUE 
 External Well Name: NULL VALUE 
 Total Samples: 19416      
 Storage Depth Units: ft  
 Storage Depth Mode: tvd 
 Log Crv Unit Meas: unitless                       
 Access Mode: W 
 Top Depth: 450.00000    
 Base Depth: 10157.50000  
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 Crv Increm: 0.50000      
 Min Value: -0.19819     
 Max Value: 0.14427      
 Storage Znon: -999.25000   
 Log Quality: NULL VALUE 
 Api Code: UNKNOWN      
 Storage Data Type: FLOAT32          
 Char Data Ind: N 
 Value Storage Direction: TOP DOWN    
 Start Framework Sample No: 0          
 End Framework Sample No: 19415      
 Resampling Scheme: CONTINUOUS           
 Number Of Dimensions: 1          
 Second Dimension Npts: 1          
 Second Dimension Start: NULL VALUE 
 Second Dimension Stop: NULL VALUE 
 Second Dimension Increment: NULL VALUE 
 Second Dimension Ouom: NULL VALUE 
 Second Dimension Unit Desc: NULL VALUE 
 Third Dimension Npts: 1          
 Third Dimension Start: NULL VALUE 
 Third Dimension Stop: NULL VALUE 
 Third Dimension Increment: NULL VALUE 
 Third Dimension Ouom: NULL VALUE 
 Third Dimension Unit Desc: NULL VALUE 
 Remark: DT                                       

Remarks Ind: 0          
 Value Working Uom: unitless     
 Value Storage Uom: unitless     
 Create Date: 2005-08-26 09:37:41        
 Create User Id: FWAGNER                          
 Creation Routine: SynTool    
 Update Date: NULL VALUE 
 Update User Id: NULL VALUE 
 Update Routine: SynTool    
 

Wellid: 1                               
 Log Crv Name: 1D SYN                    
 Log Run No: -1         
 Log Crv Version: 2          
 Framework Obs No: 1          
 Creating Anal Id: NULL VALUE 
 Logging Job No: 1          
 Tool Code: UNKNOWN      
 Tool Position Seq No: NULL VALUE 
 Log Pass Id: 0001 
 Service Name: UNKNOWN                        
 Data Source: TREY  
 Original Data Source: NULL VALUE 
 Storage Id: NULL VALUE 
 Trace Storage Type: INTERNAL     
 Trace Online Ind: Y 
 Section: NULL VALUE 
 Block: NULL VALUE 
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 Sub Block: NULL VALUE 
 External Crv Name: NULL VALUE 
 External Well Name: NULL VALUE 
 Total Samples: 19416      
 Storage Depth Units: ft  
 Storage Depth Mode: tvd 
 Log Crv Unit Meas: unitless                       
 Access Mode: W 
 Top Depth: 450.00000    
 Base Depth: 10157.50000  
 Crv Increm: 0.50000      
 Min Value: -0.13739     
 Max Value: 0.13545      
 Storage Znon: -999.25000   
 Log Quality: NULL VALUE 
 Api Code: UNKNOWN      
 Storage Data Type: FLOAT32          
 Char Data Ind: N 
 Value Storage Direction: TOP DOWN    
 Start Framework Sample No: 0          
 End Framework Sample No: 19415      
 Resampling Scheme: CONTINUOUS           
 Number Of Dimensions: 1          
 Second Dimension Npts: 1          
 Second Dimension Start: NULL VALUE 
 Second Dimension Stop: NULL VALUE 
 Second Dimension Increment: NULL VALUE 
 Second Dimension Ouom: NULL VALUE 
 Second Dimension Unit Desc: NULL VALUE 
 Third Dimension Npts: 1          
 Third Dimension Start: NULL VALUE 
 Third Dimension Stop: NULL VALUE 
 Third Dimension Increment: NULL VALUE 
 Third Dimension Ouom: NULL VALUE 
 Third Dimension Unit Desc: NULL VALUE 

Remark: DT                                                                              
Remarks Ind: 0          

 Value Working Uom: unitless     
 Value Storage Uom: unitless     
 Create Date: 2005-08-26 10:07:36        
 Create User Id: FWAGNER                          
 Creation Routine: SynTool    
 Update Date: NULL VALUE 
 Update User Id: NULL VALUE 
 Update Routine: SynTool    
 

Wellid: 1                               
 Log Crv Name: DT_2                      
 Log Run No: -1         
 Log Crv Version: 1          
 Framework Obs No: 1          
 Creating Anal Id: NULL VALUE 
 Logging Job No: 1          
 Tool Code: UNKNOWN      
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 Tool Position Seq No: NULL VALUE 
 Log Pass Id: 0001 
 Service Name: UNKNOWN                        
 Data Source: TREY  
 Original Data Source: NULL VALUE 
 Storage Id: NULL VALUE 
 Trace Storage Type: INTERNAL     
 Trace Online Ind: Y 
 Section: NULL VALUE 
 Block: NULL VALUE 
 Sub Block: NULL VALUE 
 External Crv Name: NULL VALUE 
 External Well Name: NULL VALUE 
 Total Samples: 17101      
 Storage Depth Units: ft  
 Storage Depth Mode: tvd 
 Log Crv Unit Meas: us/ft                          
 Access Mode: W 
 Top Depth: 450.00000    
 Base Depth: 9000.00000   
 Crv Increm: 0.50000      
 Min Value: 49.03280     
 Max Value: 131.86813    
 Storage Znon: -999.25000   
 Log Quality: NULL VALUE 
 Api Code: UNKNOWN      
 Storage Data Type: FLOAT32          
 Char Data Ind: N 
 Value Storage Direction: TOP DOWN    
 Start Framework Sample No: 0          
 End Framework Sample No: 17100      
 Resampling Scheme: CONTINUOUS           
 Number Of Dimensions: 1          
 Second Dimension Npts: 1          
 Second Dimension Start: NULL VALUE 
 Second Dimension Stop: NULL VALUE 
 Second Dimension Increment: NULL VALUE 
 Second Dimension Ouom: NULL VALUE 
 Second Dimension Unit Desc: NULL VALUE 
 Third Dimension Npts: 1          
 Third Dimension Start: NULL VALUE 
 Third Dimension Stop: NULL VALUE 
 Third Dimension Increment: NULL VALUE 
 Third Dimension Ouom: NULL VALUE 
 Third Dimension Unit Desc: NULL VALUE 

Remark: DT                                                                              
Remarks Ind: 0          

 Value Working Uom: us/ft        
 Value Storage Uom: us/ft        
 Create Date: 2005-08-02 11:19:16        
 Create User Id: FWAGNER                          
 Creation Routine: SynTool    
 Update Date: NULL VALUE 
 Update User Id: NULL VALUE 
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 Update Routine: SynTool    
 

STATE 32 #1 
============= 
Log Curve: 
 Wellid: 3                               
 Log Crv Name: DT                        
 Log Run No: 1          
 Log Crv Version: 1          
 Framework Obs No: 1          
 Creating Anal Id: NULL VALUE 
 Logging Job No: 1          
 Tool Code: UNKNOWN      
 Tool Position Seq No: NULL VALUE 
 Log Pass Id: 0001 
 Service Name: UNKNOWN                        
 Data Source: TREY  
 Original Data Source: NULL VALUE 
 Storage Id: NULL VALUE 
 Trace Storage Type: INTERNAL     
 Trace Online Ind: Y 
 Section: NULL VALUE 
 Block: NULL VALUE 
 Sub Block: NULL VALUE 
 External Crv Name: NULL VALUE 
 External Well Name: NULL VALUE 
 Total Samples: 24560      
 Storage Depth Units: ft  
 Storage Depth Mode: md  
 Log Crv Unit Meas: MICS/FT                        
 Access Mode: W 
 Top Depth: 300.50000    
 Base Depth: 12580.00000  
 Crv Increm: 0.50000      
 Min Value: 40.14250     
 Max Value: 160.70770    
 Storage Znon: -999.25000   
 Log Quality: NULL VALUE 
 Api Code: UNKNOWN      
 Storage Data Type: FLOAT32          
 Char Data Ind: N 
 Value Storage Direction: TOP DOWN    
 Start Framework Sample No: 0          
 End Framework Sample No: 24559      
 Resampling Scheme: CONTINUOUS           
 Number Of Dimensions: 1          
 Second Dimension Npts: 1          
 Second Dimension Start: NULL VALUE 
 Second Dimension Stop: NULL VALUE 
 Second Dimension Increment: NULL VALUE 
 Second Dimension Ouom: NULL VALUE 
 Second Dimension Unit Desc: NULL VALUE 
 Third Dimension Npts: 1          
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 Third Dimension Start: NULL VALUE 
 Third Dimension Stop: NULL VALUE 
 Third Dimension Increment: NULL VALUE 
 Third Dimension Ouom: NULL VALUE 
 Third Dimension Unit Desc: NULL VALUE 

Remark: DT                                                                              
Remarks Ind: 0          

 Value Working Uom: NULL VALUE 
 Value Storage Uom: NULL VALUE 
 Create Date: 2005-08-17 12:29:22        
 Create User Id: FWAGNER                          
 Creation Routine: crvldr     
 Update Date: NULL VALUE 
 Update User Id: NULL VALUE 
 Update Routine: UNKNOWN    
 

Wellid: 3                               
 Log Crv Name: RHOB                      
 Log Run No: 1          
 Log Crv Version: 1          
 Framework Obs No: 1          
 Creating Anal Id: NULL VALUE 
 Logging Job No: 1          
 Tool Code: UNKNOWN      
 Tool Position Seq No: NULL VALUE 
 Log Pass Id: 0001 
 Service Name: UNKNOWN                        
 Data Source: TREY  
 Original Data Source: NULL VALUE 
 Storage Id: NULL VALUE 
 Trace Storage Type: INTERNAL     
 Trace Online Ind: Y 
 Section: NULL VALUE 
 Block: NULL VALUE 
 Sub Block: NULL VALUE 
 External Crv Name: NULL VALUE 
 External Well Name: NULL VALUE 
 Total Samples: 24560      
 Storage Depth Units: ft  
 Storage Depth Mode: md  
 Log Crv Unit Meas: g/cm3                          
 Access Mode: W 
 Top Depth: 300.50000    
 Base Depth: 12580.00000  
 Crv Increm: 0.50000      
 Min Value: 1.73100      
 Max Value: 2.91500      
 Storage Znon: -999.25000   
 Log Quality: NULL VALUE 
 Api Code: UNKNOWN      
 Storage Data Type: FLOAT32          
 Char Data Ind: N 
 Value Storage Direction: TOP DOWN    
 Start Framework Sample No: 0          
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 End Framework Sample No: 24559      
 Resampling Scheme: CONTINUOUS           
 Number Of Dimensions: 1          
 Second Dimension Npts: 1          
 Second Dimension Start: NULL VALUE 
 Second Dimension Stop: NULL VALUE 
 Second Dimension Increment: NULL VALUE 
 Second Dimension Ouom: NULL VALUE 
 Second Dimension Unit Desc: NULL VALUE 
 Third Dimension Npts: 1          
 Third Dimension Start: NULL VALUE 
 Third Dimension Stop: NULL VALUE 
 Third Dimension Increment: NULL VALUE 
 Third Dimension Ouom: NULL VALUE 
 Third Dimension Unit Desc: NULL VALUE 
 Remark: RHOB       

Remarks Ind: 0          
 Value Working Uom: g/cm3        
 Value Storage Uom: g/cm3        
 Create Date: 2005-08-17 12:29:23        
 Create User Id: FWAGNER                          
 Creation Routine: crvldr     
 Update Date: NULL VALUE 
 Update User Id: NULL VALUE 
 Update Routine: UNKNOWN    
 

Wellid: 3                               
 Log Crv Name: 1D SYN                    
 Log Run No: -1         
 Log Crv Version: 1          
 Framework Obs No: 1          
 Creating Anal Id: NULL VALUE 
 Logging Job No: 1          
 Tool Code: UNKNOWN      
 Tool Position Seq No: NULL VALUE 
 Log Pass Id: 0001 
 Service Name: UNKNOWN                        
 Data Source: TREY  
 Original Data Source: NULL VALUE 
 Storage Id: NULL VALUE 
 Trace Storage Type: INTERNAL     
 Trace Online Ind: Y 
 Section: NULL VALUE 
 Block: NULL VALUE 
 Sub Block: NULL VALUE 
 External Crv Name: NULL VALUE 
 External Well Name: NULL VALUE 
 Total Samples: 26610      
 Storage Depth Units: ft  
 Storage Depth Mode: tvd 
 Log Crv Unit Meas: unitless                       
 Access Mode: W 
 Top Depth: 300.50006    
 Base Depth: 13605.00000  
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 Crv Increm: 0.50000      
 Min Value: -0.23384     
 Max Value: 0.27214      
 Storage Znon: -999.25000   
 Log Quality: NULL VALUE 
 Api Code: UNKNOWN      
 Storage Data Type: FLOAT32          
 Char Data Ind: N 
 Value Storage Direction: TOP DOWN    
 Start Framework Sample No: 0          
 End Framework Sample No: 26609      
 Resampling Scheme: CONTINUOUS           
 Number Of Dimensions: 1          
 Second Dimension Npts: 1          
 Second Dimension Start: NULL VALUE 
 Second Dimension Stop: NULL VALUE 
 Second Dimension Increment: NULL VALUE 
 Second Dimension Ouom: NULL VALUE 
 Second Dimension Unit Desc: NULL VALUE 
 Third Dimension Npts: 1          
 Third Dimension Start: NULL VALUE 
 Third Dimension Stop: NULL VALUE 
 Third Dimension Increment: NULL VALUE 
 Third Dimension Ouom: NULL VALUE 
 Third Dimension Unit Desc: NULL VALUE 

Remark: syntetic in depth                                                           
Remarks Ind: 0          

 Value Working Uom: unitless     
 Value Storage Uom: unitless     
 Create Date: 2005-08-26 09:20:28        
 Create User Id: FWAGNER                          
 Creation Routine: SynTool    
 Update Date: NULL VALUE 
 Update User Id: NULL VALUE 
 Update Routine: SynTool    
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APPENDIX F: ARC GIS IMPORTANT FILES  
 
Located on Rift: 
 
ESRI Arcmap Document:  Whole_az_large_with_lines 
 
(map of southern Arizona with seismic lines, geology, well locations, and shaded 
topography) 
 
Layer files that make up this map: 
 
Layer 
 

Location 

OilAndGasWells C:\ARC_GIS\DI-33(AzOGWells)\shapefiles\ 
OilAndGasWells.shp 

Geology C:\ARC_GIS\AZ_ARC\azgeol.e00 
Township and range block C:\ARC_GIC\AZ_ARC\tandr 
Phillips lines C:\ARC_GIC\AZ_ARC\requested_lines.lyr 
Exxon Line 2 C:\ARC_GIC\AZ_ARC\Exxonline2.lyr 
Exxon Line 3 C:\ARC_GIC\AZ_ARC\Exxonline3.lyr 
Exxon Line 4 C:\ARC_GIC\AZ_ARC\Exxonline4.lyr 
Cities C:\ARC_GIC\ARC_USA\cities 
Roads C:\ARC_GIC\ARC_USA\roads 
Shaded topography C:\ARC_GIC\AZ_ARC\shadows 
DEM C:\ARC_GIC\AZ_ARC\demaz 


