
Faulting evidence of isostatic uplift in the Rincon Mountains
metamorphic core complex: An image processing analysis

Item Type text; Dissertation-Reproduction (electronic)

Authors Rodriguez-Guerra, Edna Patricia

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:35:52

Link to Item http://hdl.handle.net/10150/284275

http://hdl.handle.net/10150/284275


INFORMATION TO USERS 

This manuscnpt has been reproduced from the microfilm master. UMI films 

the text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter face, while others may be from any type of 

computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, cotored or poor quality illustrations 

and photographs, print k>leedthrough, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author dkl not send UMI a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to t>e removed, a note will indicate the deletion. 

Oversize materiais (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, t>eginning at the upper left-hand comer and contirHJing 

from left to right in equal sections with small overfaps. 

Photographs included in the original marujscript have been reproduced 

xerographically in this copy. Higher quality 6' x 9' black and white 

photographic prints are available for any photographs or illustrations appearing 

in this copy for an additional charge. Contact UMI directly to order. 

Bell & Howell lnformatk>n aryJ Leaming 
300 North Zeeb Road, Ann Artor. Ml 48106-1346 USA 

800-521-0600 





FAULTING EVIDENCE OF ISOSTATIC UPLIFT 

IN THE RINCON MOUNTAINS MET AMORPHIC CORE COMPLEX; 

AN IMAGE PROCESSING ANALYSIS 

by 

Edna Patricia Rodriguez-Guerra 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF MINING AND GEOLOGICAL ENGINEERING 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

WITH A MAJOR IN GEOLOGICAL AND GEOPHYSICAL ENGINEERING 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2000 



UMI Number: 9992098 

UMI 
UMI Microform 9992098 

Copyright 2001 by Bell & Howell Information and Learning Company. 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

Bell & Howell Information and Leaming Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor. Ml 48106-1346 



2 

THE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared bv E^na Patricia Rodriguez-Guerra 

entitled FAULTING EVIDENCE OF ISOSTATIC UPLIFT IN THE RINCON 

MOUNTAINS METAMORPHIC CORE COMPLEX: AN IMAGE PROCESSING 

ANALYSIS 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

9̂ ysjj.3.SS Dan 

Dr. Stuart E. Marsh 

OV 
Date 

Dr. Spencer R. Titley Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and reconmend that it be accepted as fulfilling the dissertation 
requirement. 

tation 
Charles 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library to 
be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when in 
his or her judgment the proposed use of the material is in the interests of scholarship. In 
all other instances, however, permission must be obtained from the author. 

SIGNED: 



4 

ACKNOWLEDGMENTS 

This dissertation would not have been possible without the support from the Institute 
of Geology of the National University of Mexico (UNAM) and the Direccion General de 
Asuntos del Personal Academico (DGAPA) of UNAM. I wish to thank M.S. Jaime 
Roldan-Quintana, ex-director of the Institute of Geology, Northwestern Regional Station 
(ERNO), and Dr. Fernando Ortega-Gutierrez for making sure that I got the support I 
needed from UNAM. 

1 wish to thank my family for all the support and encouragement they provided 
throughout my studies, which would have not been possible without them, especially my 
mother, my sister Maria Elena, and my brother Javier. Ramon Omelas encouraged me to 
pursue my degree. My daughter, Edna Alicia, has been my constant source of inspiration, 
and has given me her love, patience, understanding, and long hours of waiting. Paul 
Thompson provided loving support, constant encouragement, and patiently sufiered 
through many long hours of field work. 

1 owe many thanks to friends and coUegues for their valuable help. Kevin Horstman 
provided me with most of my digital imagery, as well as his insightful comments and 
discussions. My fiiends at the Arizona Remote Sensing Center, provided help with image 
processing, map generation, and many enthusiastic conversations on a wide variety of 
subjects, thanks for the professional support, personal advice and encouragement. Thanks 
to all the students in Dr. George Davis' class, for their field assistance and contributions 
on structural geology discussions. And thanks to Elsie Nonaka and the administrative 
staff at the Mining and Geological Engineering Department, for their help and orientation. 

I would like to thank Dr. Satya Harpalani and Dr. Spencer Titley for serving on my 
dissertation committee. 

Dr. George Davis and Dr. Stuart Marsh, served in my committee. Both were 
generous with their time, their facilities, and their advice. Their many excellent comments 
and suggestions greatly assisted my research. They openly accepted my ideas and 
invariably improved them. On both a personal and intellectual level, their involvement far 
exceeded their mentoring responsibilities. 

I would especially like to thank my advisor. Dr. Charles Glass, for all the time, energy 
and enthusiasm he gave me throughout these years. He patiently and accurately guided 
me during my research to see this work get to the end. He offered valuable and 
encouraging comments as a fiiend and as a mentor. Thanks for your time, for comforting 
advice, and for always saving a smile for me in my most desperate moments. 



5 

To 

Ediia Alicia 



6 

TABLE OF CONTENTS 

LIST OF FIGURES 8 

LIST OF TABLES 9 

ABSTRACT 10 

CHAPTER 1 - INTRODUCTION 12 

1.1 Problem Statement 15 
1.2 Overview of the Rincon Mountains 16 
L3 Objectives 22 
1.4 Methodology and Approach 23 
1.5 Data Description 24 
1.6 Dissertation Organization 26 

CHAPTER 2 - GEOLOGIC MODELS 27 

2.1 Geometric Model 27 
2.1.1 Footwall 27 
2.1.2 Detachment Fault 28 
2.1.3 Hanging-Wall 29 

2.2 Kinematic Model 29 
2.2.1 Isostatic Uplift Along a Listric Surface 31 
2.2.2 Isostatic Uplift - Rolling Hinge Model 31 

2.3 Stating the Evidence 35 
2.4 Previous Works in the Rincon Core Complex and Surrounding Areas 38 

2.4.1 Structures - The Evidence 39 
2.4.1.1 Faults 40 
2.4.1.2 Folds 40 

2.4.1.2.1 Folds Perpendicular to Extension 41 
2.4.1.2.2 Folds Parallel to Extension 42 

2.4.1.3 Fractures 43 
2.4.1.4 Drainage 44 

2.5 Conclusions 46 

CHAPTER 3 - IMAGE PROCESSING 47 

3.1 Introduction 47 
3.2 Landsat TM - Image Pre-processing 49 

3.2.1 Background 49 
3.2.2 Radiometric and Atmospheric Correction 51 
3.2.3 Geometric Correction 54 

3.3 Image Processing 56 



7 

3.3.1 Landsat TM - Textural Analysis 56 
3.3.2 Methodology 57 

3.4 Digital Elevation Model 61 
3.4.1 Background 61 
3.4.2 Shaded ReUef 62 
3.4.3 Slope and Aspect 68 

3.5 Digital Orthophoto Quadrangle Quads 70 
3.5.1 Background 71 
3.5.2 Image Merging 72 

3.6 Statistical Analysis of Structural Trends 72 
3.7 Data Analysis and Results 74 

CHAPTER 4 - FIELD INVESTIGATION 77 
4.1 Tanque Verde Area 77 

4.1.1 NNW Structures 79 
4.1.2 ENE Structures 82 

4.2 Cow Head Saddle Area 82 
4 .3  Resu l t s  85  

CHAPTER 5 - DISCUSSION AND CONCLUSION 88 

5.1 Results 89 
5.1.1 N10°-30°W Faults 90 
5.1.2 N60°-75°E Structures 91 

5.2 Conclusions 91 

APENDIX A 93 

REFERENCES 95 



8 

LIST OF FIGURES 

FIGURE 1.1 Map of western United States snowing the location of the Rincon core 
complex in relation to other Cordilleran metamorphic core complexes 13 

FIGURE 1.2 Idealized cross-section of a metamorphic core complex 14 
FIGURE 1.3 Generalized geologic map of the Catalina-Rincon core complex 

a) Geologic map 17 
b) Major structural futures in the area 18 
c) Main locations in the Rincon Mountains 18 

FIGURE 1.4 Major geologic history episodes of the Catalina-Rincon core complex 20 

FIGURE 2.1 Model of the development of detachment faults 32 
FIGURE 2.2 Schematic diagram of the end member models of rolling hinge 34 
FIGURE 2.3 A block diagram showing key features of the Brenner Line detachment 

fault 36 
FIGURE 2.4 A block diagram showing cross section of typical core complex 37 
FIGURE 2.5 Drainage pattern of the Rincon Mountains 45 

FIGURE 3.1 Digital images used 48 
FIGURE 3.2 Two orthogonal directional high pass filters known as Roberts filters 58 
FIGURE 3.3 Images used to map lineaments derived from Landsat TM data 59 
FIGURE 3.4 Lineaments derived from Landsat TM data; 

a) detailed, and b) regional lineaments 60 
FIGURE 3.5 Shaded relief images derived from Digital Elevation Model data. 'Sun' 

elevation is constant for all the images (30 degrees) with different 
orthogonal azimuth angles. Direction of illumination indicated by the 
arrows 64 

FIGURE 3.6 Lineaments derived from DEM data; 
a) detailed, and b) regional lineaments 65 

FIGURE 3.7 Shaded relief images and location of topographic depression 
a) Shaded relief image showing probable location of graben 66 
b) Tanque Verde Ridge - Mica Mountain topographic cross-section 67 
c) Topographic cross-section across Tanque Verde Ridge 67 

FIGURE 3.8 Images derived from DEM data 69 
FIGURE 3.9 Rose diagrams depicting linear features enhanced from digital data 73 

FIGURE 4.1 Location of sites selected for field verification of structures 78 
FIGURE 4.2 Expresion of faults in sites visited 80 
FIGURE 4.3 Expresion of the Cabeza de Vaca fault in the Cow Head Saddle area 84 
FIGURE 4.4 Topographic cross-section of Tanque Verde Ridge - Mica Mountain 

showing graben structure 86 



LIST OF TABLES 

TABLE 1.1 Description of digital images 



10 

ABSTRACT 

This study focuses on the applications of remote sensing techniques and digital 

analysis to characterizing of tectonic features of the Rincon Mountains metamorphic core 

complex. Data included Landsat Thematic Mapper (TM) images, digital elevation models 

(DEM), and digital orthophoto quadrangle quads (DOQQ). 

The main findings in this study are two nearly orthogonal systems of structures that 

have never been reported in the Rincon Mountains. The first system, a penetrative 

faulting system of the footwall rocks, trends N10-30°W. Similar structures identified in 

other metamorphic core complexes. The second system trends N60-70°E, and has only 

been alluded indirectly in the literature of metamorphic core complexes. 

The structures pervade mylonites in Tanque Verde Mountain, Mica Mountain, and 

the Rincon Peak area. As measured on the imagery, spacing between the N10-30°W 

lineaments ranges fi-om -0.5 to 2 km, and fi-om 0.25 to 1 km for the N60-70°E system. 

Field inspection reveals that the N10-30°W trending system, are high-angle normal 

faults dipping mainly to the west. One of the main faults, named here the Cabeza de Vaca 

fault, has a polished, planar, striated and grooved surface with slickenlines indicating pure 

normal dip-slip movement (N10°W, 83°SW; slickensides rake 85°SW). The Cabeza de 

Vaca fault is the eastern boundary of a 2 km-wide graben, with displacement as great as 

400 meters. 

The N10-30°W faults are syn- to post-mylonitic, high-angle normal faults that formed 

during isostatic uplift of the RuKon core complex during mid-Tertiary time. This 
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interpretation is based on previous works, which report similar fault patterns in other 

metamorphic core complexes. Faults trending N20-30°W, shape the east flank of Mica 

Mountain. These faults, on the back dipping mylonitic zone, dip east and may represent 

late-stage antithetic shear zones. The Cabeza de Vaca fault and the back dipping 

antithetic faults accommodate as much as65% of the extension due to doming of the core 

complex. 

The N60-70°E structures, not verified as a fault system, are a joint system pervading 

the footwall rocks of the metamorphic core complex. This system is less systematic. 

Spacing varies from 0.25 to 1 km. Both systems control the drainage of the mountains. 
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CHAPTER I 

INTRODUCTION 

Cordilleran metamorphic core complexes are distributed along a belt that extends from 

southern Canada to northern Mexico. The Rincon Mountains, in southern Arizona, form 

part of these terrains and are the subject of this study (Figure 1.1). Cordilleran 

metamorphic core complexes are tectonic windows of highly deformed and 

metamorphosed rocks that evolved during early to middle Tertiary time (55 to 15 ni.y.). 

They are evidence of a period of major extension that occurred along brittle-ductile shear 

zones that penetrated mid-crustal levels (Davis, 1983, 1987; Reynolds, 1985; Wernicke, 

1985; Spencer and Reynolds, 1986). 

A metamorphic core complex is controlled by a low-angle detachment fault, which 

accommodates extension, and which places in contact two contrasting structural levels: a 

brittle distended hanging-wall over a brittle-ductile deformed footwall (Figure 1.2) (Davis, 

1977; Coney, 1980). The hanging-wall consists of unmetamorphosed rocks, and 

represents the country rock of the region. The footwall, composed by highly 

metamorphosed rocks, has undergone a brittle-ductile style of deformation. Displacement 

along the detachment fault exposes the footwall rocks, forming domal outcrops of 

catalcasites and mylonites with high topographic relief. These tectonic windows, 

displaying highly deformed rock, are known as metamorphic core complexes (Davis, 

1977; Crittenden et ai, 1978; Davis and Coney, 1979; Crittenden et al., 1980). This 

study describes an application of remote sensing techniques and digital analysis to 
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Figure 1.1 Map of western United States showing the location of the Rincon corc complex in 
relation to other Cordilleran metamorphic core complexes and the Basin and Range 
province. Main direction of crustal extension of no^em, central and southern core 
complex groups indicated by the arrows. Modified fi'om Wust (1986) and Dickinson 
(1991). 
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reveal, for the first time, systematic tectonic features within the fbotwall of the Rincon 

core complex. These features are expressed throughout the Tanque Verde Ridge, Mica 

Mountain and the Rincon Peak area, as penetrative faulting of the fbotwall rocks. 

1.1 Problem Statement 

Detachment faults play an important role in the development of many orogenic belts. 

These gently dipping low-angle normal faults constitute the master fault in extensional 

systems (Crittenden et al., 1980; Wernicke, 1981; and Wernicke and Burchfiel, 1982). 

For several decades, exhaustive studies have been carried out to address the brittle-ductUe 

style of deformation in metamorphic core complexes (Coney 1974, 1979, 1980; 

Crittenden and others, 1980; Davis, 1975, 1977, 1980a, b; Davis and Coney, 1979, 1980; 

and Davis and others, 1979, 1980) in southern Arizona. Results and interpretations, based 

on detailed geologic and structural mapping, have provided a better understanding of the 

geometry, kinematics and dynamics of metamorphic core complexes (Crittenden and 

others, 1980; Ramsey, 1980; Axen el al., 1995, 1998). Regional studies and styles of 

syntectonic deformation of the hanging-wall (sedimentation, brittle deformation, and block 

tilting), with mid-Tertiary extension, support detachment models (Lister et al., 1986; 

Wernicke and Burchfiel, 1982; Crittenden et al., 1980; Davis, 1983). Previous studies, in 

southern Arizona, have sufiBcient information about the brittle-ductile style of deformation 

of metamorphic core complexes, but usually lack an analysis of brittle structures within 

the mylonitic rocks at a regional scale. Until recently, brittle deformation of the hanging-

wall, in metamorphic core complexes, was thought to be greater than brittle deformation 
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on the footwall (Spencer, 1984; Wernicke and BurchfieL, 1982; Gibbs, 1983). Brittle 

deformation experienced on the footwall during unroofing is comparable, however, to the 

extent of deformation on the hanging-wall (Axen et al., 1995, 1998; Spencer, 1984; 

Wernicke and Axen, 1988). Recent studies of the Tauren Window in Austria (Axen et al., 

1995, 1998), have revealed tectonic features, that overprint the mylonitic patterns in 

metamorphic core complexes. These tectonic features are interpreted as an expression of 

the accommodation of the footwall to unroofing. 

One of the advantages that remote sensing offers is a synoptic overview of geologic 

features, features that can be easily overlooked through conventional geologic mapping. 

The importance of remote sensing in regional studies is that the resolution of remotely 

sensed images is consistent with the size of the features analyzed. Mapped structures can 

vary fi-om meters to several kilometers and discontinuous structures can be extrapolated. 

These specific advantages, over conventional proximal geologic mapping methods, can 

provide new structural information. There is, therefore, a need to use a new approach to 

study tectonic features at a regional scale within metamorphic core complexes. This study 

focuses on the application of remote sensing techniques to analyze regional structures 

within the Rincon Mountain metamorphic core complex that may be the expression of 

unroofing of footwall rocks. 

1.2 Overview of the Rincon Mountains 

The Rincon Mountains make up the southeastern part of the Santa-Catalina-Rincon 

metamorphic core complex of southern Arizona (Figure 1.3a). Two major detachment 
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a) Geologic map. 
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Figure 1.3 Generalized geologic map of the Catalina - Rincon core complex. After Bykerk-
Kauffman, 1990, showing a) major geologic units and main mountain range on inset. 
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b) Major structural features in the area 
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Figure 1.3 Continuation, b) major structures in the area. Dashed lines on southwest half of the 
complex indicate pentrative mylonitic fabric (mid-Tertiary). Lineation is nearly 
perpendicular to lines, and c) localities in the area 
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faults, the Catalina and the San Pedro faults, border the complex. Both faults dip gently 

away from the complex, defining antiforms and synforms (with axes either parallel or 

perpendicular to the direction of upper plate transport), characteristic of Cordilleran 

metamorphic core complexes (Figure 1.3b; Cameron and Frost, 1981; Spencer, 1984). 

Northeast trending synforms and antiforms in the Rincon mountains have wavelengths of 

10-20 km. The Catalina fault crops out along the western and southern part of the 

complex, and portions of the San Pedro fault crop out to the east (Figure 1.3). The high 

central portion of the mountains comprises the footwall rocks whereas the surrounding 

foothills are composed mainly of hanging-wall rocks. Footwall rocks display extensive 

metamorphic terranes and mylonitic zones with ubiquitous joints perpendicular to 

mylonitic lineation. Mylonites are largely derived from Precambrian and Tertiary granitic 

plutons, and from Precambrian through Cretaceous metamorphic tectonites. The contact 

between the granites and the mylonites is gradational over a northwest-trending contact 

(Figure 1.3b). The unmetamorphosed equivalent of these lithologies is found in the 

northernmost portion of the footwall within the Santa-Catalina-Rincon metamorphic core 

complex. The detachment fault is a brittle surface marked by fine-grained cataclasites and 

chloritic breccias. The hanging-wall is dominated by Tertiary rocks but includes rocks 

from throughout the southeastern Ari2»na stratigraphic column. Most of the hanging-wall 

has been brittlely fiactured (block tilting) and has not been afifected by the mid-Tertiary 

metamorphism. 

Geologic records of southern Arizona reveal a varied tectonic history (Figure 1. 4). 

Construction of a typical continental crust took place during early to middle Proterozoic. 
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The Pinal Schist, metasediments and metaigneous rocks underwent major metamorphism 

and a later episode of granitic intrusion. These rocks were eroded and this erosion was 

followed by a lengthy period of late Proterozoic to Paleozoic platform sedimentation 

interrupted by intervals of non-deposition and moderate erosion, resulting in several 

lengths of missing section in the stratigraphic column (Figure 1.4). In Mesozoic time, 

subduction along the Cordillera is represented by arc magmatism. Thin volcaniclastic 

sequences are preserved locally, but plutons of that age are not known in the area. In 

mid-Jurassic to mid-Cretaceous, riil sedimentation in the Bisbee Basin was connected to 

the nascent Gulf of Mexico by the Chihuahua Trough. The Laramide orogeny (late-

Cretaceous - early Tertiary) is represented by a period of volcanism, plutonism, and 

orogenic deformation. During late Cretaceous to Paleocene a magmatic arc migrated 

through Arizona, from coastal regions farther east into the continent. This period left the 

most pervasive imprint on local rock assemblages prior to mid-Tertiary magmatism and 

extensional deformation. The Laramide orogeny and the mid-Tertiary taphrogeny are 

separated by two distinct peaks of arc magmatism in southern Arizona (Damon et al.. 

1964). The first magmatic episode, during the Laramide, migrated from coastal regions to 

the east as the angle of the subducting plate along the Pacific margin flattened. Later 

(mid-Tertiary) steepening of the angle of the subducting plate caused the migration of the 

magmatic arc back toward the coast to precede the extension and crustal thinning that 

originated the taphrogenic deformation characterized by low-angle normal faulting. Both 

episodes are a consequence of the inferred behavior of oceanic lithosphere being 

subducted under continental crust in the trench system evolving along the Pacific margin. 



During the Eocene, between the two magmatic pulses, widespread erosion developed. 

Structural analysis shows that, Laramide structures (contraction) and mid-Tertiary dike 

swarms (extension) are both oriented ENE-WSW, reflecting sharply contrasting regimes 

(Rehrig, and Heidrick, 1976). Extensional deformation continued, after mid-Miocene, 

with the Basin and Range province of southern Arizona. The widespread tectonic 

denudation of the mid-Tertiary was supplanted by high-angle normal faulting. Thickness 

of the post-Laramide crust, 40 to 50 km (Sinno et ai, 1981; Hauser and Lundy, 1989), 

was reduced to 25 km within the Basin and Range province. By Miocene time, basin 

filling of the Basin and Range province took place with gently dipping or undeformed 

sediments. In Pliocene time, dissection on structural depressions, including the San Pedro 

trough, began as the Gila River drainage system integrated into the nascent Gulf of 

California. Pleistocene and Holocene alluvial deposits (alluvial fans, pediments, and 

floodplain alluvium) filled the basins and covered the flanks of adjacent uplands, and 

dissected older alluvial deposits. 

1.3 Objectives 

The goal of this study is to incorporate new techniques and digital data to identify 

linear features relevant to the structural and tectonic character of the Rincon Mountains 

metamorphic core complex. This study focuses only on the investigation of brittle 

structures, within the core complex, related to the mid-Tertiary deformation in order to 

gain insight into the brittle evolution of metamorphic core complexes. It is based on the 
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analysis of enhanced data to evaluate the spatial correspondences of linear features on the 

footwall rocks of the Rincon core complex, and interpret their tectonic significance. 

The specific goals of this study are: 

1. Analyze several sets of digital images, to enhance linear features in the Rincon 

Mountains, 

2. Characterize the main structural features associated to the Rincon core complex, and 

3. Evaluate interpretations and implications of structures defined in the Rincon 

Mountains within the context of the metamorphic core complex model. 

1.4 Methodology and Approach 

The methodology employed is characterized as lineament mapping (O'Leary, et al., 

1976). considering the fact that the geologic features, such as faults, joints and fi-actures, 

typically have a linear expression on the ground surface. The approach to achieve the 

stated objectives is relatively straightforward. To accomplish the first objective, three 

different sets of digital images were chosen, because of their unique ability to enhance 

structural features: Landsat Thematic Mapper (TM), Digital Elevation Model (DEM), and 

Digital Orthophoto Quarter Quadrangles (DOQQ). Techniques applied include extraction 

of linear features, edge enhancement and directional filters, for Landsat TM image; shaded 

relief, slope and aspect for DEM; and analysis and visual interpretation of DOQQ of linear 

features obtained fi-om Landsat TM and DEM. To attain the second objective, structural 

maps (on-screen digitizing) were produced fi'om the analyzed images. Linear features 

were ranked according to their recurrence in the processed data sets. The identification of 
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the main structural features associated to the Rincon core complex, is based on literature 

review of brittle structures associated with core complexes and geologic studies of the 

area, and on visual examination of the results obtained from the processed data. 

The third objective is achieved through field inspection, literature review of the 

geology of the area, and review of metamorphic core complex models in southern 

Arizona. 

1.5 Data Description 

Three types of images are used in this investigation: Landsat TM, DEM, and DOQQ 

(Table 1.1). Landsat TM and DOQQ are digital images that depict a discrete 

representation of a physical property being measured by a remote sensing system. The 

Landsat TM image used in this work represents the intensity of the reflected 

electromagnetic radiation as measured by the satellite Landsat 5. The spectral ranges of 

the TM bands are described in Table 1.1. Six of these bands (bands 1-5 and 7), with a 

28.5 X 28.5 m pixel resolution, were used in the analysis, because they measured the same 

type of energy (reflected). Band 6 measures thermal energy and has a 120 x 120 m pixel 

resolution. 

A digital orthophoto is a digital image of an aerial photograph in which displacements 

caused by the camera and the terrain have been removed. Aerial photographs are usually 

acquired in the visible portion of the spectrum. Digital orthophotos contain the 

information depicted by aerial photographs and the geometric accuracy of a topographic 

map. The scanning aperture of the microdensitometer gives the ground sample distance of 
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Table 1.1 Description of digital images 

Digital Image Sensor Scene ID / Acq. 
Date 

Spectral Resolutioa 

Bd Waveiength(uni) 

Pixel Size 

(m) 
Landsat Thematic 
Mapper 

Landsat 5 SCENE ID = 
5112617204 
Path 036/ Row 038 
Acq. Date= 04-01 
1987 

1 
2 
3 
4 
5 
7 

0.45 - 0.52 
0.52- 0.60 
0.63 - 0.69 
0.76 - 0.90 
1.55- 1.75 
2.08 - 2.35 

28.5 X 28.5 

Digital Ortiiophoto 
Quadrangle Quads 

NAPP* See Appendix I Visible I 

Digital Elevation Model - See Appendix I - 3 0 x 3 0  
Digital Raster Graphics - See Appendix 1 - 2.44 X 2.44 
•National Aerial Photography Program (NAPP) 

the digital data, in this case the pixel size is 1 x 1 m. They are produced by the U.S. 

Geological Survey (USGS). 

Although both of the above images are obtained by remote sensing systems, the 

DEM. an example of non-image data, represents elevation. DEM's provide information 

from topographic maps and show variations in a third dimension as elevation, portraying 

the terrain surface. The 7.5-minute DEM's are produce by the USGS. Each 7.5-niinute 

DEM is based on a 30 by 30 meter data spacing and provides the same coverage as a 

standard USGS 7.5-minute topographic quadrangle series, scale 1:24,000. 

Digital Raster Graphics (DRG), 1 ;24,000-scale, were also used in this study. The 

DRG is a scanned image of the USGS topographic map. The image is georeferenced to 

the Universal Transverse Mercator (UTM) grid. DRGs were used as a means to collect, 

review and revise information of the other digital data. DRG data are produced by the 
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USGS through cooperative agreements with private industry and other Federal, State, and 

local agencies. 

The main goal of this investigation is to produce a structural map of a core complex 

based on a digital analysis of the images described above. Most of the image processing 

was done using ERDAS Imagine software, other software employed were PCI, ArcView 

and Arclnfo. 

1.6 Dissertation Organization 

The geology of the area and metamorphic core complex models are discussed in 

Chapter 2. In Chapter 3: Image Processing, analysis of Landsat TM data, pre-processing, 

enhancement techniques, and results are detailed; Digital Elevation Model processing, 

shaded relief, aspect, slope, and results are addressed; and the use and analysis of Digital 

Orthophoto Quadrangles, to support the results obtained from Landsat TM and DEM, are 

discussed. Chapter 4: Field Inspection, observations and results obtained from field 

verification are disclosed. In Chapter 5: Results and Discussions, the resuhs obtained 

fi-om this study are presented to interpret and reveal the implications of new tectonic 

features in the Rincon Mountains. 
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CHAPTER! 

GEOLOGIC MODELS 

2.1 Geometric Model 

Metamorphic core complexes are mainly distinguished by a gently dipping dislocation 

surface, the detachment fault, which marks two contrasting structural styles of 

deformation and metamorphism between the footwall or core rocks below, and the 

hanging-wall or cover rocks above (Figure 1.2). As we move structurally upward in the 

Rincon core complex, we have the following structural units. 

2.1.1 Footwall 

The upper kilometers of the lower plate near the main fault are mylonitized rocks. 

Mylonites generally display a uniform sense and shear direction consistent with slip on the 

detachment fault and with the orientation of extension of the upper plate. Mylonites are 

interpreted to have formed in a normal sense ductile shear zone that constitutes the 

midcrustal continuation of the main detachment fault. Few meters from the main fault, 

breccia, cataclasite, and gouge demonstrate that the fault was active within the brittle 

upper crust. 

Mylonites. Mylonitic fabrics are characteristic of core complexes (Coney, 1979, 1980b, 

1987; Crittenden et al., 1980; Armstrong, 1982; Lister and Davis, 1989). In the studied 

area, the most common lithology is mylonitic augen gneiss (Davis, 1980), derived mainly 

from granitic bodies. Rocks range from Precambrian age (Pinal Schist and Oracle granite) 
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through, at least, early Tertiary (Eocene peraluminous Wilderness granite) (Figure 1.3a). 

Deformed footwall rocks display gently dipping mylonitic fabric, a low dipping foliation, 

and penetrative lineation with extremely consistent plunging orientation (S55° to 65°SW). 

Mylonitic fabrics intensify upwards towards the detachment fault (Figure 1.2) and indicate 

a down dip shear vergence toward the southwest. 

CataclasUes. Upward, close to the detachment fault, mylonites are structurally 

overprinted by intensive microbrecciation and by chloritic alteration (chloritic-iron-

epidote) (Figure 1.2). Mylonitic foliation is chaotically rotated and in the uppermost 

couple of meters, close to the detachment surface, this unit is a massive fine-grained 

microbreccia (DiTuUio, 1983). 

2.1.2 Detachment Fault 

Regional low-angle normal faults are exposed surrounding metamorphic core 

complexes. These low-angle normal faults separate a hanging-wall composed of primarily 

brittlely deformed upper crust from a footwall of brittle-ductile deformed midcrustal to 

lower crustal rocks. The detachment fault, at an outcrop scale, is a sharp and gently 

dipping planar surface, facing away from the complex. A resistant layer of microbreccia 

(cataclasite) with a structurally polished upper surface marks the detachment fault. 

Displacement of hanging-wall rocks relative to footwall rocks has occurred along this 

surface. In the study area, the Catalina fault extends along tectonic strike, N50°W, for 

about 125 km from the southwestern end of the Rincon Mountains to the south end of the 

Picacho Mountains, north west of the Catalina Complex. On a large scale, this surface is 
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broadly folded (wavelength of 10 to 25 km. Figure 1.3). At depth the detachment fault 

becomes a listric fault which penetrates to mid-crustal levels (Figure 1.2 and 2.1) (Davis, 

1983, 1987; Reynolds, 1985; Wernicke, 1985; Spencer and Reynolds, 1986). 

2.13 Hanging-Wall 

The hanging-wall is highly attenuated by normal faults that with few exceptions will cut 

into the main detachment fault. In the Rincon Mountains the hanging-wall consists of 

unmetamorphosed rocks: Phanerozoic strata, Precambrian basement, and syntectonic mid-

Tertiary volcanosedimentary rocks. Hanging-wall rocks are tUted by multiple normal 

faults with variable dips that merge downward with the master detachment fault (Figure 

1.2 and 2.1). Tilted blocks in the area strike N20° to 40°W, at right angles to the trend of 

mid-Tertiary extension in the core complex, and dip to the northeast. 

2.2 Kinematic Model 

Footwall rocks, mylonites and cataclasites, are an assemblage of rocks that reflect a 

continuity of ductile to brittle deformation. Mylonites formed in shear zones at depths of 

10 km and more, while cataclasites at depths shallower than 10 km. Normal-slip simple 

shear within individual shear zones can accommodate several kilometers in differential 

translation. The mylonites thus experienced a progressive deformation (mylonitization 

through cataclasis to faulting along discrete surfaces) occurring under decreasing 

temperatures and confining pressures. 
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There are several models to explain the structural evolution of extensional 

detachment systems and tectonic denudation of midcrustal rocks in metamorphic core 

complexes. The domino-style tilting block model (Miller et al., 1983; Davis, 1983; Miller, 

1991; King and Ellis, 1990; Brun ei al., 1994) assumes that originally steep dipping faults 

can become inactive. Successive rotation of the crustal-size blocks can considerably 

reduce the dip of the faults and accommodate bulk crustal extension. This model can 

explain the existence of low-angle normal faults exposed in areas up to tens of square 

kilometers but not those exposed over hundreds of square kilometers. Other models 

assume that normal displacement can occur along listric surfaces, subsequently deformed 

by isostatic upwarp of the lower plate (Spencer, 1984; Livaccari et al., 1995; Reynolds et 

al., 1988). More recently, the rolling hinge model (Buck, 1988; Wernicke and Axen, 

1988; Hamilton, 1988; Axen et al., 1995, 1998; Axen and Bartley, 1997) proposes that 

the locus of incremental upliil, due to isostatic uplift, migrates through the footwall as the 

hanging-wall is withdrawn. This causes progressive deactivation of the part of the fault 

that is tilted to a lower dip as the footwall is exposed to the surface and abandons the 

active part of the detachment fault. The rolling hinge model has become widely accepted. 

Axen and Bartley (1997) summarize and discuss several studies that applied, and compiled 

several techniques to test the rolling hinge model. Although, there are still some 

unanswered questions, and despite the fact that field test support a geometric evolution 

similar to that envisioned by Spencer (1984) and Axen and Bartley (1997), results seem to 

vary fi-om complex to complex and one model only can not be use to describe their 

evolution. 
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2.2.1 Isostatic Uplift Along a Listric Surface 

Spencer's (1984) model (Spencer and Reynolds, 1989), describes the evolution of 

hypothetical cross sections of the detachment fault-ductile shear and the formation of 

metamorphic core complex (Figure 2.1). In the Figure 2.1a, the detachment fault is 

shown initially as a planar surface below Skm, and listric above. The detachment fault 

projects downward across the brittle-ductile transition to become a ductile shear zone. In 

Figure 2.1b isostatic uplift of the lower plate due to denudation, leads to arching of the 

footwall. This tectonic denudation, begun to fashion the dramatic disharmony between 

rocks of the mylonitic tectonite and rocks above (Davis and Coney, 1979). Rocks that 

originally were mylonitized below the brittle-ductile transition rise through this transition 

and are overprinted by brittle structures adjacent to the detachment fault. At the same 

time syntectonic sediments start to fill the basins. As arching and uplift continue (Figure 

2. Ic) the detachment fault movement to the left terminates and becomes inactive, while a 

formation of a second breakaway to the right forms. Arching and uplifting can continue 

to give rise to the footwall rocks to the surface. 

2.2.2 Isostatic Uplift - Rolling Hinge Model 

In rolling hinge models, as tectonic denudation occurs, a locus of isostatic uplift on 

the warping footwall migrates with the withdrawing hanging-wall. Migration of the 

antiformal uplift induces a deactivation of the up-dip part of the fault, close to the 
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Figure 2.1 Model of the development of detachment faults, brittle hanging-wall normal faults, 
mylonitic zones, and tectonic unroofing of a metamorphic core complex during regional 
crustal extension (Reynolds and others, 1988). 
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breakaway zone, as the footwall is tilted to a lower dip (Figure 2.2). In this model the 

normal fault can be divided into an active steeply dipping part (ramp) that is unroofed 

and rotated to a lower dip as the footwall abandons the antiformal hinge near the surface, 

and an inactive low-angle fault sur&ce. Exposure of only midcrustal rocks and lack of 

significant increase of metamorphic grade in the footwall, suggests that the deeper ductile 

positions of these detachments are subhorizontal in the midcrust. This implies that a 

second synformal hinge could exists at the base of the ramp (Axen and Bartley, 1997). 

Two end-member models for rolling hinge evolution exist to explain footwall uplift. 

In the flexural failure model uplift is achieved by flexure of the footwall (Buck, 1988; King 

and Ellis, 1990; Kusznir et ai, 1995), and in the subvertical simple shear model uplift is 

accomplished by simple shear across highly steep fault planes (Figure 2.2a) (Wernicke and 

Axen, 1988; Wdowinski and Axen, 1992). These models are not necessarily mutually 

exclusive. Kinematic and dynamic assumptions for each model differ but they reconstruct, 

with minor structural discrepancies, the general geometry observed in metamorphic core 

complexes (Axen and Bartley, 1997; Axen and Wernicke, 1991; Manning and Bartley, 

1994). Since assumptions considered in each model, generally oversimplify the mechanics 

of natural deformation, it is not necessarily clear which model best preserves the essential 

physical characteristics of natural rolling hinges. Mechanism of rolling hinge models, in 

recent studies, include kinematic models based on field observations (Axen et all., 1995; 

Axen and Bartley, 1997; Hamilton, 1988; Wernicke and Axen, 1988; Wernicke, 1992;), 

and numerical simulations (Buck, 1988, 1993; King and Ellis, 1990; Wdowinsky and 

Axen, 1992; Kusznir e/a/., 1995). 
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a) Schematic diagram of the end member models of rolling hinge. 
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b) Rolling hinge model of the Brenner line footwall in Austria. 
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Figure 2.2 Schematic diagram of the end member models of rolling hinge, a) Flexural failure and 
subvertical simple shear. Flexural failure model predicts overprinting histories of 
extension and shortening as the footwall passes through the hinges. Subvertical 
simple shear model predicts steep structures that lengthen the foliation as the footwall 
passes through the lower hinge, b) Evolution of structures related to rolling hinges at 
the top and bottom of the ramp in the Brenner line foot\^'all in Austria (After 
A.\enetal., 1995). 



For the rolling hinge model, Axen et al. (1995) described a sequence of structures, 

perpendicular to extension, that overprint mylonites in the Tauren Window (Figure 2.3). 

The authors interpret these structures as evidence of the passage of the footwall through 

two rolling hinges, at the top and bottom of a ramp in the shear zone. The structures 

comprise two events of deformation, one set of west down brittle and brittle-ductile 

structures, and another set of east down brittle structures (Figure 2.2b). In results 

obtained from analysis of oriented fluid inclusions, Axen et al. (1995), determined that the 

Pressure-Temperature (PT) conditions of formation indicate that west down structures 

formed at greater depths and temperatures than the east down structures. Structures 

related to the hinge at the base of the ramp formed at depths of 12-25 km. The two 

discrete sets of structures with opposite shear senses, formed in the temporal sequence 

indicated by the PT data, are consistent with subvertical simple shear models of rolling-

hinge strain. The flexural-failure model for rolling hinges does not predict the opposite 

sense of the structures. 

2.3 Stating the Evidence 

As described above, there are brittle geologic structures within the footwall rocks of 

metamorphic core complexes (Figure 2.3). These features are characterized as high-angle 

normal faults that trend perpendicular to the direction of extension and overprint the 

mylonitic rocks (Axen et al. 1995, 1998). Another type of brittle structures reported on 

the footwall, correspond to late stage antithetic shear zones on the back-dipping (Figure 

2.4) mylonitic zone. These structures are also high-angle normal faults, perpendicular to 
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Figure 2,3 A block diagram showing key features of the Brenner Line detachment fault and Tauren Window, a metamorphic core complex. 
Syn- to postmylonitic, high angle normal faults within the footwall probably formed in response to bouyancy forces during 
unroofing of the Tauren Window during Tertiarj' deformation. Arrows indicate eastward extension and N-S shortening 
(Axenetal,, 1998) 
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Figure 2.4 A block diagram showing cross scction of t>'pical corc complcx, and late stage antithetic shear structures along the 
back-dipping mjlonitic /one (Kruger et al., 1998) 

U) 



38 

extension, facing towards the inactive portion of the detachment fault. These type of 

faults, trending perpendicular to extension, have not been previously reported on the 

Rincon Mountains. These set of faults are the brittle structures addressed on this study, 

together with a nearly orthogonal set of linear features evident from the digital data used 

on the present work. 

In southern Arizona mid-Tertiary extension occurred along a NE-SW direction, 

ranging from 50°-60° NE-SW. Lineation bears about N60°E and dip of foliation of the 

domes rarely exceeds 20° to 30° (Davis, 1980). Enhancement and analysis of digital 

images are based on these structural trends. 

2.4 Previous Works in the Rincon Core Complex and Surrounding Areas 

The Santa Catalina-Rincon metamorphic core complex has been the subject of many 

geologic studies. The most prominent structural features of the area include a major low-

angle normal fault, asymmetric antiforms and synforms, and metamorphic tectonites with 

subhorizontal foliations and lineations. The feature most recognized, and the feature that 

has attracted the attention of all geologist, is the low angle fault. The interest lies in the 

tectonic implications demanded by these structures. The low angle fault was probably 

first mapped by C.F. Tolman in 1910 and 1911. Models for the structural evolution of 

low angle faulting in the area suggest, thrusting (Tohnan in Moore and others, 1949; 

Darton, 1925; Moore and others, 1938; Pashley, 1966; Drewes, 1974, 1977, 1981; Keith, 

1983; Keith and Wilt, 1985, 1986), regional extension (Davis, 1980, 1983; Rehrig and 

Reynolds, 1980, Davis and others, 1981, Lingrey, 1982, Krantz, 1983), vertical rising of 
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gneiss domes (Peirce, 1958; and McCuUough, 1963), and intrusion related deformation 

(McCoUy. 1961; Pilkington, 1962; Mayo, 1964, Arnold, 1971; Schloderer, 1974; Davis, 

1975; Frost, 1977). 

Pioneer works contributed with general and detailed geologic maps of the area 

(Moore e/a/., 1949;Darton, 1925, Wilson e/a/., 1969, McColly, 1961; Pashley, 1966). 

Damon et al. (1963), through radiometric dating, determined that the 'emplacement' of 

the Rincon Mountain occurred during the mid-Tertiary. Radiometric studies of this region 

are summarized by Keith et al. (1980). Drewes (1974, 1977, 1981) presented a geologic 

map of the Rincon Mountains, as weU as a regional map of the area. Several structural 

studies have been carried out in the Rincon Mountains (McCoUy, 1961; Leger. 1967: 

Liming, 1974; Davis, 1975; Crittenden and others, 1980; DiTullio, 1983), and some 

compile and reinterpret the geologic evolution of the region (Dickinson, 1991, 1998; 

Bykerk-Kauf&nan, 1990). 

2.4.1 Structures - The Evidence 

As discuss previously, the most distinctive structure in the study area is the Catalina 

detachment fault to the west and south of the area. To the east, the study area is bounded 

by the Martinez Ranch Fault (Basin and Rang faulting) (Figure 1.3b). Structures describe 

below refer to those encompassed mainly within the footwall rocks of the Rincon core 

complex and confined by the Catalina and Martinez Ranch faults. 
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2.4.1.1 Faults 

The first detailed geologic mapping in the Saguaro National Monument area was 

carried out by McCoUy (1961). Based on photo interpretation of aerial photographs, size 

and length (>1.5 km) of the features, McCoUy (1961) reported a set of N20-35° W faults, 

dipping nearly vertical. These faults, at right angles to the axis of the Tanque Verde 

Ridge, were associated to tension fractures formed as a product of the ridge uplifted. 

McColly (1961) elucidates this set as the largest set of features found in the area. 

McColly (1961) reports another set, trending N55-75°W. This set is more erratic and 

random in their distribution, dips are uncertain but probably are nearly vertical. The 

former set crosses the NW set, with possible minor oflfsetting. Leger (1967) finds no 

evidence of the N20-35°W faulting reported by McColly (1961), and classifies them as 

joints. 

2.4.1.2 Folds 

One of the structures related to detachment faults is the arching or flexure of the 

footwall associated with unroofing. Folds of two orientations, axes approximately parallel 

and perpendicular to the direction of detachment transport, have been reported (Figure 

1.3b) (Crittenden et ai, 1980; Frost, 1981; Spencer, 1984; Wernicke and Axen, 1988). 

Folds perpendicular to the transport direction are believed to have formed by buoyancy 

forces (Spencer 1984), or as a response of the footwall to unroofing while passing 

through a 'rolling hinge' (Buck, 1988; Hamilton, 1988; and Wernicke and Axen, 1988). 
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Folds parallel to the transport direction are interpreted as due to coeval extension-

perpendicular shortening (Frost, 1981; Flecher and Bartley, 1994; Mancktelow and Pavlis, 

1994). 

Frost (1981) presented a simple model (homogeneous plastic footwall) (Fig. 3) to 

explain the formation of antiforms and synforms with the formation on the coeval 

detachment fault. Folds have characteristic long axis lengths compared to their 

wavelengths, are doubly plunging, may be asymmetric due to a component of lateral 

motion acting during extension, and transport is parallel to the lengths of the antiforms. 

Folds are interpreted to form during contemporaneous extension-perpendicular shortening 

(Flecher and Bartley, 1994; Mancktelow and Pavlis, 1994; Frost, 1981). 

During unroofing, deformation of the footwall is expressed by folds with two 

orientations: parallel and perpendicular to the direction of transport. In detachment faults, 

the amount of deformation taking place on the footwall and the hanging-waU are of 

comparable magnitudes (Spencer, 1984; Wernicke and Axen, 1988). Folds perpendicular 

to the transport direction have been assumed to form by buoyancy forces (Spencer 1984). 

Lately a 'rolling hinge' mechanism, in which rotation migrates through the footwall, as it 

is unroofed, has been proposed for the origin of these folds (Buck, 1988; Hamilton, 1988; 

and Wernicke and Axen, 1988). 

2.4.1.2.1 Folds Perpendicular to Extension 

The Rincon Peak anticline (Figure 1.3b), perpendicular to the direction of detachment 

transport, runs along the Rincon core complex. It trends N-NW and plunges gently to the 
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S-SE. The antifbmi extends from the southern portion of Mica Mountain to the area 

north of the Martinez Ranch (Drewes, 1974; Spencer 1984). 

2.4.1.2.2 Folds Parallel to Extension 

An alternating sequence of gently dipping (<20°) antiforms and synforms shape the 

western portion of the Rincon core complex., the Tanque Verde anticline, the Rincon 

Creek sync line and the Posta Quemada anticline, gently plunge to the southwest. Pashley 

(1966) discussed the synformal nature of Rincon Valley and the antiformal configuration 

of Rincon Peak ridge (Figure 1.3b). Both axes plunge gently to the W-SW, suggesting a 

system of subparallel W-SW trending alternating antiforms and synforms. Leger (1967) 

defined the Tanque Verde Ridge anticline as a structure trending S70°W and plunging 19° 

to the SW, with a strong mineral lineation (S50°-60°W or N50°-60°E and plunges 

respectively to the SW or NE). Leger, as McColly (1961), determined vertical uplift for 

the Tanque Verde area. One of the most recent studies tries to explain the corrugated 

surface, parallel to extension in metamorphic core complexes, as a result of continuous 

casting during exhumation of the plastic footwall of core complexes (Spencer. 1999). 

Spencer (1999), interprets the antiformal/synformal structures of a core complex as the 

casting of a plastic and weaker footwall block, molded to suit the irregularities of a rigid 

upper plate during normal faulting, that eventually exposes the corrugated footwall rocks. 
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2.4.1.3 Fractures 

Leger (1967) described a well developed cross-joint set N30°W almost perpendicular 

to the Tanque Verde anticline axes. A less developed set striking N42°E nearly parallel to 

the trend of lineatioa, and three sets of diagonal joints. The first set strikes N5°-15°E, a 

second one N60°W, and the third one strikes N70°-80°E. Dips of all sets are generally 

very steep. Spacing of the joints varies fi-om centimeters to meters. 

In the Martinez Ranch area. Liming (1974) mapped well developed fi^ctures 

controlling the drainage. In the northern portion of his study area, fractures strike nearly 

N-NW and become coincident with the N20°-30°W fracture set observed by Leger (1967) 

in the Tanque Verde ridge area. The nearly N-S fractures, curve to a NE-SW orientation 

toward the SW comer of the area. A second set, not as well developed, but noted 

through the area strikes N83°W and dips 83°NE. 

Martins(1984) studied the southeastern base of the Tanque Verde Mountains, known 

as the Flatrocks. In the area she reports, as one of the most striking features, many 

steeply dipping vein-like seams that cut across the mylonite perpendicular to lineation. 

They extend for more than 30 m without interruption, bending, splaying, and/or 

transferring their displacement to adjacent fractures in en echelon or stepped fashion. 

Microscopically, the veins of quartzo-feldespathic microbreccia are clearly derived from 

the tectonites. Thickness of these veins ranges from < 0.5 cm to more than 4 cm. The 

average strike of the fractures is N30°W, and they are essentially vertical. The surfaces 

are typically striated but the exposed area is minuscule, impeding data collection. The 

steep plunge of striation indicates down-dip movement. At just two localities was 
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separation observable, and both reveal normal displacement. The fact that the trend of the 

fracture traces is orthogonal to the lineation and their vein-like nature, suggest they are 

extensional features (Martins, 1984). 

Miksa (1993) categorized joints in the Tanque Verde Ridge following Leger's (1967) 

classification as; cross joints, a set of conjugate joints, and longitudinal joints. Cross joints 

are continuous (<10 m), and break into smooth, vertical high steps with sharp edges. 

Longitudinal joints have an "open joint" pattern, where joints are continuous to depths of 

a meter or more, and spacing varies from one to several meters, and also widely spaced 

(>10 m). Drainage in the Tanque Verde Ridge shows features of trellis and rectangular 

nets, suggesting control by both foliation and jointing (Miksa, 1993). 

2.4.1.4 Drainage 

Pain (1985) described the origin and patterns of drainage in core complexes of 

southern Arizona, as being generally radial, with some major exceptions. (1) In the 

Whipple Mountains (Whipple Wash) and the Catalina Mountains (Sabino Canyon) 

drainage basins have enlarge at the expense of others. (2) Many streams flow parallel to 

the lineation direction. The most outstanding examples are found in the South Mountains, 

near Phoenix, and in the Rincon Mountains. In both mountains the streams flow down the 

axes of the major antiformal ridges. The most striking examples are found in the Rincon 

Mountains on the streams flowing down the Tanque Verde Ridge and Posta Quemada 

Canyon (Figure 2.5). Pain (1985) suggests that drainage parallel to lineation developed 
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Mountain front Dctachmcnt fault 

Figure 2.5 Drainage pattern of the Rincon Mountains running parallel to the lineation direction. 
Streams flow down major antiformal axes along Tan que Verde Ridge and Posta Quemada 
Canyon (After Pain, 1985). 
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on a gentle slope of the exposed brecciated zone of the footwall, and channels left on the 

crests of anticlines were able to maintain their initial direction during tectonic denudation. 

Miksa (1993) analyzed the structural control of weathering on the Tanque Verde 

Ridge in the Rincon Mountains. In her study she describes that minor drainage runs 

directly downslope, but larger drainages, subparallel to contour lines, follow major joint 

trends. Miksa (1993) concludes that the rectangular drainage system in the Tanque Verde 

Ridge area is strongly controlled by structures. 

Spencer's (1998) hypothesis proposed that extension-parallel drainage only formed 

when hanging-wall blocks incise canyons on footwall rocks, and that water flowing down 

emptied onto newly denudated footwall and then found its way to hanging-wall canyons. 

2.5 Conclusions 

Most of the discussed studies in the area support the results obtained in the present 

work. Joints and penetrative brittle structures are documented by different types of 

analysis and concur with the data extracted from the set of images. The penetrative 

character of these structures contradicts the hypothesis presented by Spencer (1999, 

1998). Kinematic models predict structures perpendicular to extension, and attribute 

exhumation of the footwall rocks as isostatic uplift through difierent mechanism. 



47 

CHAPTER 3 

IMAGE PROCESSING 

3.1 Introduction 

The specific goal of remote sensing in this study is to analyze tectonic features of a 

metamorphic core complex at a regional scale, in the Rincon Mountains. Three difierent 

sets of digital images were used in this study: Landsat TM, IX)QQ, and DEM (Table l.I, 

Figure 3.1). Landsat TM was selected for its spectral and spatial information and for its 

usefulness to enhance linear features. DOQQ was selected for its spatial resolution and 

spatial information. DEM was selected for its textural informatioa, its capability to 

analyze geomorphic features, and for its spatial resolution. The techniques applied 

included, edge enhancement and directional filters, for the Landsat TM image; shaded 

relief; slope and aspect for DEM; and analysis and visual inspection of DOQQ data. 

Lineament mapping was done fi'om on-screen digitizing of linear features. Linear features 

were ranked according to their recurrence in the processed data sets. The selection of 

features, in the final lineament map, was based on visual examination of the results 

obtained from the enhanced data. 

Fracture traces have been mapped on aerial photographs and topographic maps for 

several decades. These natural occurring features are expressed as alignments of 

vegetation, contrasting soil tones, streams and topographic depressions. The objective of 

this remote sensing study is to identify faults or other linear geologic features that may 

have significant bearing on the structural and tectonic character of the Rincon Mountains. 

The principal products are lineament maps that are designed to support existing geologic 



a) Landsat TM, Band 4. b) Digital elevation model (DEM) 

c) Digital orthophoto quadrangle quad. 

Figure 3.1 Digital images used, a) Landsat TM, Band 4, resolution 30 by 30 meters; b) Digital 
Elevation Model, 30 by 30 meter pixel resolution; and c) Digital Orthophoto 
Quadrangle Quads. Image covers area in box on images a and b. Original pixel 
resolution 1I meter. 



mapping and kinematic models. The study consists mainly of visual interpretations and 

analysis of the images descnbed below. The methodology employed is characterized as 

lineament mapping, considering the fact that the geologic features, such as faults, joints 

and frawctures, typically have a linear expression on the ground surface. 

3.2 Landsat TM - Image Pre-processing 

The most important characteristics of any image are totuil and textural information. 

Tone (brightness, amplitude, spectral content) is a measure of reflected energy from the 

surface and represents the mineralogy of the surface. Texture refers to the spatial 

frequency of tone changes throughout the image. In Landsat TM, morphology, 

topography, culture, and drainage patterns produce most of the image texture. High 

frequency textural components represent abrupt changes of tones over a relatively small 

number of pixels, and defines the "rough" areas or the detail of the image (e.g. slope, 

attitude contrasts, lithologic contacts, drainage networks, lineaments, and cultural linear 

features) (Avery and Berlin, 1992). Low frequency textural components represent 

gradual changes in gray levels over a relatively large number of pbiels, i.e., it defines the 

"smooth" areas of the image. 

3.2.1 Background 

Texture analysis has been utilized extensively in image processing. The produced 

image can be studied by itself or combined with other techniques for further analysis. 

Textural analysis used as input for classification has proved to contribute significantly. 



50 

Shih and Schowengerdt (1983) derived textural features from Landsat MSS data, and 

added them to the original data for classification, to study the geomorphology of natural 

arid terrain. Discrimination among classes that have large spectral overlap but are 

texturally distinct (darkly varnished bedrock slopes and desert pavement surfaces as 

compared with lightly colored bedrock and alluvial fans) were the areas mostly improved. 

Carr, J. (1996) combined the classification of texture with spectral information when 

working with radar images. 

Several automated techniques to extract lineaments have been proposed (Bums et ai, 

1976; Kamieli et ai, 1996) and usually involve complicated algorithms. In most cases the 

data have to be spatially enhanced before applying these techniques. Resultir^ images can 

at times be more confusing to interpret than the filtered image, or it has to be re

interpreted to account for only 'true' lineaments. Huang and Speck (1988) applied digital 

image scanning and processing to study rock samples deformed in a laboratory. Various 

directions of illuminations supplied information in relation to the degree of joint 

roughness. Image ratios identified asperities and mineral distribution of the sample. 

Filtering techniques allowed them to identify existing fractures and further estimate the 

shearing paths of rocks under load. Franklin et al. (1996) studied semivariograms to 

generate geographic windows which are customized to the scale and shape of the feature 

observed, in order to improve texture analysis, filtering and classification. 

Babcock, E.A. (1974) presents a statistical analysis of photo lineaments and joints 

measured on air photos. Hardcastle, K. (1995) describes a computerized method to 

process lineaments and provide a rapid quantitative ranking. Mah et al. (1995) applied 
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different edge enhancement filters to TM bands 4, 5, and 7 to highlight lineaments in 

Australia. Peiren et al. (1991) used several computerized methods to extract spatial 

information fi'om MSS images and geophysical data in a geologic structural study in 

China. 

3.2.2 Radiometric and Atmospheric Correction 

Radiance values, derived from high altitude sensors, are influenced by atmospheric 

conditions: scattering, absorption, and refraction. Atmospheric efifects are wavelength 

dependent, and additive and multiplicative in nature (Sabins, 1978; Slater et al., 1983). 

Atmospheric scattering adds brightness values in the visible and near infixed spectral 

region, and has little efifect on the mid-infrared spectral region. In contrast, atmospheric 

absorption subtracts brightness, and affects wavelengths throughout the electromagnetic 

(EM) spectrum. 

To approximate the true spectral reflectance of the surface being imaged, atmospheric 

and radiometric correction models should be applied. Several models and techniques have 

been developed (Cracknell and Hayes, 1993). Certain methods involve: measurements 

during sensor overflight and computation of radiative transfer codes (RTC); RTC and 

atmospheric modeling; and application of image based techniques. 

In situ measurements at the time of data acquisition account for the relationship between 

surface reflectance and radiance reaching the sensor (Jensen et ai, 1993). This procedure 

has been proved to be accurate (Moran et al., 1990) but can be very expensive, time-

consuming, and can not be used for existing images since sensor calibration and 
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atmospheric properties are difficult to acquire for historical images at the time of the 

overflight (Hall et ai, 1991). Other models employ algorithms to account for atmospheric 

effects and satellite attenuation. 

Atmospheric modeling assumes a given atmosphere based on time and location of 

sensor during data collection. Input parameters include time of the year, altitude, latitude 

and longitude of sensed area. This method may be successful when atmospheric 

interference is low relative to the ground signal. 

Image-based methods derive atmospheric information from the image itself, 

consequently on-site measurements and atmospheric conditions are not necessary. Image-

based techniques assume that without atmospheric scattering, each band of the scene 

contains shadows where the brightness is zero. Hence, any brightness within shadowed 

areas is due to atmosphere. Since atmospheric scattering is wavelength dependent, 

corrections for each band are necessary. The correction procedure involves identifying 

the brightness added by the atmospheric effect to each band, and subtracting that amount 

from each pixel for that given spectral band. This technique is commonly referred to as 

haze removal (Richards, 1993) and corrects only for the additive scattering component. A 

similar technique, the dark-object-subtraction (DOS) (Vincent, 1972; Chavez, 1975) 

extracts path radiance information from the scene, using the darkest object in the image, 

but ignores atmospheric transmittance. To extract the multiplicative effect of the 

atmosphere from a scene, frequently requires in situ field measurements of atmospheric 

optical depth (Slater, 1985; Slater, 1988). 
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Chavez (1996) has impleinented an image-based method that accounts for 

atmospheric efifects, and at the same time converts digital counts to at-satellite reflectance. 

He has found that this method is as accurate as the models using in-situ measurements and 

radiative transfer codes. Maingi (1998) derives and discusses in detail the spectral 

reflectance equation given by Slater (1980), Markham and Barker (1986), Moran et al. 

(1992), and Chavez (1996), and get to the following equation, which corrects for all 

radiometric and atmospheric factors: 

Pg>, = :t ( Ls;. - Ld;.) / ( Eoi. * cos'Gz ) (I) 

where 

Pgj. = spectral reflectance of the surface 

Lv. = spectral radiance at-satellite 

Ld>. = path radiance 

Eo/. = solar spectral irradiance 

0^ = solar zenith angle 

and 

Ld>. Lhistomin/. ~ A 

Lhiaominx = minimum histogram DN to radiance (mWm'" s"' (im"') 

A = DN^ value of the haze set to correspond to a minimum reflectance 

value of 0.1 (Moran et al., 1992) 

Eo/. Esun>_ / d 
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Eox = Mean solar exoatmospheric irradiance (mWm'" s"' ^m"') 

d" = Earth-sun distance in astronomical units 

This method has been selected for this study. In this study a subset larger then the 

area of interest was subtracted from the fiill scene; 1840 lines by 2535 samples. This 

scene was radiometrically and atmospherically corrected using the method described 

above. 

3.2.3 Geometric Correction 

All remotely sensed images contain numerous geometric distortions that can be 

classified as systematic and non-systematic. Systematic distortions can be produced by 

optical and mechanical distortions derived from the system (scan skew, mirror scan 

velocity, panoramic distortion, and platform velocity), the earth rotation, and perspective 

distortions including earth curvature. Systematic distortions are simple to correct because 

they are predictable and constant over time. Generally commercial satellite images have 

most of the systematic distortions removed. 

Non-systematic distortions in a digital image are random distortions caused by 

altitude, attitude variations (roll, pitch, yaw), and changes in topographic elevation. Non-

systematic distortions are unpredictable and must be removed with the aid of control 

points and mathematical distortion models. The first step is to select a set of well 

distributed reference points or ground control points (GCP). These GCP's are physical 

features that can be precisely identified on the scene and on a reference map to establish 
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the geometric transformation required to match image to map. The number of GCP's 

depends on the distortion of the imagery, and the diSerence of topographic relief of the 

area. 

A resampling technique must be applied because the location of the input pixel rarely 

coincides with the location of the output pixel, therefore the digital numbers for the 

transformed pixels must be interpolated from the neighborhood surrounding the input 

pixel. There are three resampling algorithms; nearest neighbor, bilinear interpolation, and 

cubic convolution. In this investigation the algorithm applied was the nearest neighbor. It 

was used because, unlike the other methods, the transformation does not affect the pixel 

brightness value during resampling. 

Rectification of the Landsat TM image, for this study, was done from image-to-map 

and image-to-image on the radiometrically and atmospherically corrected subscene. 28 

ground control points (GCP's) were collected from the image and from the USGS 7.5, 

and 31 GCP's were selected from the EXDQQ, mainly form the high terrain areas. The 

RMS error (x) = 0.39, the RMS error (y) = 0.28, and a total RMSE = 0.48. A first order 

polynomial and the nearest neighbor resampling technique were used to rectify the image. 

The final subscene consists of 1198 lines by 1486 samples, georeferenced to Universal 

Transverse Mercator (UTM) system, with an output pixel size resampled to 30 x 30 

meters. 
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33 Image Processing 

In the following sections (3.3 - 3.5), the goal is to enhance and map linear features of 

the image related to regional geologic structures. Thus, the techniques used were edge 

enhancement and directional filtering for Landsat TM and DOQQ, and shaded relief, slope 

and aspect for DEM data. The techniques used to map the lineaments (on screen 

digitizing), are the same used in photo interpretation. This implies that features seen by 

the author as probable geologic structures (fauhs, joint systems but not geologic contacts) 

were mapped as such. Lineament mapping was done in detail, discuss in section 

Structures were projected where futures seemed to be continuous, but need yet to be 

verified as geologic structures. 

3.3.1 Landsat TM - Textural Analysis 

The use of Landsat Thematic Mapper (TM) image to extract structural features is 

described in this part of the investigation. A lineament is a mappable, simple or composite 

linear feature of a surface that is aligned in a rectilinear or slightly curvilinear relationship 

(O'Leary, et ai, 1976). Lineaments are due either to physiographic features (positive or 

negative) or tonal changes. For this type of analysis one of the most important 

characteristics of the image is tonal and textural information, the spatial aspect of the 

image. The techitiques applied in this study include extraction of linear features applying a 

high-pass filter, directional filters, and edge enhancement. Where an edge is defined as an 

abrupt change fi-om an area of a uniform DN value to a non-uniform area with another DN 

value (Drury, 1993). The high frequency component in the image represents these rapid 
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DN changes over a short space (i.e. large tonal variance). The algorithms that perform 

spatial frequency enhancement are called filters. Convolution, is one process involved in 

spatial filtering, and implies a moving window called the operator or kernel that is 

convoluted with the original image to obtain the output image (Avery and Berlin, 1992). 

High-pass filters were used in this study to emphasize the texture of the image. In 

general, high-pass filters enhance features that are less than half the size of the window 

being used while de-emphasizing features that are more than half the window size (Avery 

and Berliiu 1992). 

3.3.2 Methodology 

The first step was to select the band that should be used for filter analysis. Visual 

inspection of the individual bands was carried out, based on the ability to identify textural 

features, and band 4 (0.7-0.8nm) was selected. Mainly because, at higher elevations, the 

mountains are densely vegetated, and for all the bands, except band four, reflectance 

values are low. Low reflectance values give a dark appearance to the image inhibiting the 

textural information contained within the vegetated areas. Several filters described in the 

literature (Jensen, 1996; Schowengerdt, 1983) were applied. Results were examined and 

one set of orthogonal filters, was selected. The two orthogonal 2 by 2 Roberts filters 

(Figure 3.2) were chosen for the analysis, first, because enhaiKement is nearly 

perpendicular to the features being studied, and second, as mentioned before, features 

enhanced by the high pass filter are less than half the size of the window. The size of the 

filter selected was adequate given the nature, and in occasions the proximity, of the 



features being mapped. The Roberts filters conferred the best results. It was found that 

larger windows, although enhancing the lineaments, shifted the position of the feature, 

according to the window size and directionality of the filter. 

The next step was an on-screen digitizing of lineaments. Four images (Figure 3.3) 

were displayed simultaneously on the screen: Landsat TM - band 4, a high-boost filtered 

image, and two images orthogonally filtered using a 2 by 2 Roberts filters. The filtered 

image was derived fi-om a 3 by 3 high-pass filter integrated in the library of the ERDAS 

Imagine modeler. 

a) 
0 -1 

b) 
-1 0 

1 0 0 1 

Figure 3.2 Two orthogonal directional high pass filters known as Roberts filters. 

Detailed and regional lineaments were mapped fi-om the Landsat TM image and 

derived data (Figure 3.4). The two predominant direction of lineaments trend NNW and 

ENE (Figure 3.4b). If these regional features are confirmed on the field as geologic 

structures, it will reveal the presence of a regional set of systematic joints or faults 

affecting the footwall rocks of the metamorphic core complex in the Rincon Mountains. 

These features are confined by the Catalina detachment fault to the west and south and 



a) Original Landsat TM band 4 

c) Roberts diagonal directional filter G^) d) Roberts diagonal directional filter (NE) 

Figure 3.3 Images used to map lineaments derived firom Landsat TM data. Filters were applied 
to Landsat band 4. a) Landsat TM band 4, b) High-boost filtered image, c) Diagonal 
directional filter - Roberts (NW), and d) Diagonal directional filter - Roberts (NE). 
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Figure 3.4 Linements derived from Landsat TM data; a) Detailed, and b) regional lineaments. 
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the Martinez Ranch fault to the east (Figure 1.3). This implies that the age of the 

structures can be related to the development of the core complex. 

3.4 Digital Elevation Model 

Digital Elevation Models (DEM) provide topographic information and show 

variations in the terrain surface. Topographic attributes can be extracted from digital 

elevation data by applying special computer algorithms. These include slope, aspect and 

shaded relief algorithms. The most widely used is the shaded relief algorithm, because 

perception of depth can be attained and, when combined with other type of images, new 

products can be produced. DEM, unlike Landsat images, represent true map projections 

with no distortion; tonal variations are entirely identified with relief, the 'sun' position can 

be placed anywhere above the terrain sur&ce; and in most cases, DEM has better 

resolution than satellite images (Batson and others, 1975; Schowengerdt and Glass, 

1983). 

3.4.1 Background 

The analysis of DEM in geologic studies has been broadly used. The main technique 

used is shaded-relief. Batson et al., (1975) developed a digital image processing 

technique to create shaded relief images from digitized topography. The produced images 

preserved true map projections containing no relief-induced distortion, and tonal variation 

is strictly associated with relief. Arvidson et al., (1982) showed the applicability of image 

processing techniques to analyze large sets of data, gravity and topography, covering the 
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continental U.S. In the paper they discuss the techniques they applied, and illustrate the 

potential of the method by discussing linear structiu'es that appear in the processed data on 

the eastern part of the country. 

Eliason and Eliason (1991) combined seismic data with the analysis of digital 

topography to map brittle structures based on their topographic imprint and their 

correlation with seismically active fracture sets from the Loma Prieta earthquake (1989) in 

California. McDermid and Franklin (1994) combined spectral, spatial, digital topography, 

and geomorphometric measures to produce a variable set designed for geomorphological 

studies. Boss (1995) integrated Landsat images, high-resolution seismic profiles and field 

observations to generate physiographic shaded reUef images of a carbonate platform. 

Results rendered subtle bathymetric variations associated with depositional patterns of 

inundations. Defibntaines et ai, (1997) studied major structures of the Western Foothills 

of Taiwan based on subsurface data, SPOT images, high-resolution digital elevation 

models, SLAR photographs, and fieldwcrk to confirm the presence of the structures. 

Collet et ai, (2000) integrated literature data in a regional digital elevation model to 

analyze the motion of the Arabian plate with regards to the Arabian and Somalian plates, 

and concluded that the Arabian plate moves independently. 

3.4.2 Shaded ReUef 

Shaded relief images depict variations in illumination and shadowing of the terrain 

due to a source of illumination. The analysis of digital topography in this investigation 

consisted mainly of the creation of shaded relief images (Batson et ai, 1975; Horn, 1981). 
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This technique is widely used in geologic studies. The advantage of this procedure is that 

the investigator can position the source of illumination. Low solar elevation angles 

enhance topographic expressions and highlight geologic structures (Howard and Larsen, 

1972; Schowengerdt and Glass, 1983), and orientation of the illumination source enhances 

features perpendicular to the line of solar illumination (Howard and [.arsen, 1972). As 

mentioned in previous chapters the main geologic structures in the Rincon Mountains 

trend S50° to 65°W for shear direction and mylonitic lineation; and N50°W for the 

orientation of the detachment fault, west of the mountains, and WNW south of the area. 

Based on these trends, four orthogonal directions for the orientation of solar illumination 

were selected 50°, 140°, 230°, and 320°. For each of these orientations several elevation 

angles of illumination were created (10°, 20°, 30°, and 40°), from which the 30° elevation 

angle was selected as the final illumination for lineament mapping. Consequently, four 

shaded relief images (e.g., azimuth 50°, 140°, 230°, and 320° with a 'sun' elevation of 

30°) were used. Figure 3.5 shows how the diflFerent illumination angles emphasis the 

top>ographic detail in the Rincon Mountains. Focusing on the extraction of linear features, 

a lineament map was produced (Figure 3.6). Figure 3.6, like Figure 3.4, also reveals, in a 

more legible way than the Landsat TM image, the two predominant NNW and ENE linear 

trends pervading the study area. One outstanding feature enhanced by the shaded relief 

algorithm, is a 'block' between Tanque Verde Mountain and Mica Mountain (Figure 

3.7a). To illustrate how this feature behaves, a topographic cross sections was extracted 

from the area. This cross section illustrates how the block truncates the characteristic 



Figure 3.5 Shaded relief images derived from Digital Elevation Model data. 'Sun' elevation is 
constant for all the images (30 degrees) with different orthogonal azimuth angles. 
Direction of illumination indicated by the arrows. 
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Figure 3.6 Linements derived from DEM data; a) Detailed, and b) regional lineaments. 
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I- "f Topographic depression Topographic cross-section 

Figure 3.7 Shaded reh'ef image and location of topographic depression, a) Shaded relief image 
showing probable location of graben. Inset displays traces of topographic 
cross-sections in Figure 3.7b. 
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Figure 3.7 Continuation, b) Topographic cross-section, parallel to extension, of Tanque Verde Ridge - Mica Mountain area, showing 
graben location and related structures; c) Topographic cross-section peipendicular to extension, showing expression 
of ENE linear features. 
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domal shape associated to the isostatic upliil of metamorphic core complexes. If one of 

the linear features bordering 

the block can be proven to be a fault, then we can assume that the whole structure 

corresponds to a graben dividing the Tanque Verde Ridge and Mica Mountain. As 

measured from the topographic section (Figure 3.7b, cross section A-A'), the graben 

could have a undergone a vertical displacement as high as 400 meters. 

3.4.3 Slope and Aspect 

Slope and aspect analysis of digital topography, are generally used on geographic 

information systems and modeling analysis in other fields. Most of these models are 

concern with landslide mapping (Massari and Atkinson, 1999; Dhakal el al., 1999), 

identifying the relationship between terrain an characteristics of soil cover or vegetation 

(King, el al.. 1999; McMahon, 1998; Dempsey and Kenny, 1996), and rock slope stability 

(DeYoung, 1996). They are not, however, commonly used in structural studies. 

Slope and aspect were computed in degrees based on a 3 x 3 neighborhood around 

each pixel (elevation value), using ERDAS Imagine soflware. Slope angles correspond to 

the slope on the terrain. Aspect angle values for 0 are due north with degrees increasing 

clockwise. Output value 90,180, and 270 are due east, south, and west respectively. 

Output value 361 is flat. 

These techniques were used for two reasons. First, slope reproduces an image that 

shows changes of elevation over distance. It enhances inflection points in topography, 

accentuating drainage pattern and crests. In the study area drainage is highly controlled 
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a) Slope image b) Aspect image 

c) Slope image with inverse strctch d) Added slope and aspect image (a and b) 

Figure 3.8 Images derived from DEM data, a) Slope image, dark areas represent inflection points 
in topography (crcsts and drainage); b) Aspect image, shows orientation of surfacc faces; 
d) Inverse stretch of slope image and added a) and b) help to visualize the linear features 
in the area. 
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by geologic structures (Miksa, 1993). Second, an aspect image displays the dominant 

direction that slopes face, and since a very systematic pattern of linear features has been 

observed on the previous sections (Figure 3.4 and 3.6), the aspect image may reflect a 

prevailing orientation of the slope faces controlled by the systematic structures. Arrows in 

Figure 3.8 point to linear drainage controlled by structures. To visually enhance the 

information derived with these techniques the slope image was linearly stretched (Figure 

3.8c) and the original slope image was added to the aspect image (Figure 3.8d). 

Structures control over the morphology of the Rincon Mountains are clearly seen in 

these analysis. Arrows in Figure 3.8 show main trends of linear features that are 

expressions of rectangular drainage. Dark areas represent inflection points in topography, 

to assure that we are looking at the drainage system, the drainage was overlaid on the 

slope image. The slope and aspect image emphasized ENE-WSW features, and a more 

subtle NNW trending set of linear features within the Rincon Mountains. The eastern

most, NNE facing slope (Figiore 3.8b) is bounded to the E by the Martinez Ranch Fault. 

The aspect image also enhanced the graben, discussed above, that separates Tanque Verde 

Ridge from Mica Mountain. 

3.5 Digital Orthophoto Quadrangle Quads 

Digital orthophotos provide very high spatial resolution (pixel size 1 x 1 m). Data 

used were acquired in the visible portion of the spectrum. DOQQ's are high resolution 

images (1 by 1 meter) with the geometric precision of a topographic map (Figure 3.1). 

Digital orthophotos were used to visually verify the linear features mapped from the 



Landsat TM image and the DEM. DOQQ's were also resampled (degraded) to a pixel 

resolution of 10 by 10 m pixel size. This image degrading was performed to merged the 

resampled 10 by 10 meter DOQQ with the Landsat TM image (30x30m), and produce a 

final image with a 10 by 10 m pixel size. This new merged image contains some of the 

textural detailed from the digital orthophoto and the regional infomiation rendered by the 

Landsat image. 

3.5.1 Background 

McNinch (1996) carried on a paleontologic and geologic reconnaissance in Kansas, 

based on an integrated GIS database. The GIS database was constructed with digital data 

layers, digital orthophotos, digitized data, and filed work data. The final products, soil 

and a geologic maps, showed that there is a correlation between soil and geologic units, in 

an area were surface geology is dominated by Quaternary dune sands, alluvium, and loess. 

Williams (1997) describes an approach of how the USGS is integrating the use of GPS 

and DOQ's, and laptop computes, to speed production and increase accuracy of digital 

geologic mapping. Bamhhardt and Luman (1997) used Digital Orthophoto Quadrangle 

(DOQ), and other digital USGS data, as one layer in a GIS study to obtain a base soil map 

(1:24,000) in areas were rapid urbanization is occurring. Environmental impact can be 

assessed based on this new technique to produce maps in a shorter period of time. Fowler 

(1997) generated topographic maps and high-resolution DEM, using a multi-image 

approach in a inaccessible area in Chile were data were inaccurate. 



3.5.2 Image Merging 

Several techniques have been implemented in image merging. Some techniques are 

based on the RGB to HIS transforms and others used the forward-reverse principal 

components transforms. In this study, as mentioned before, the DOQQ was resampled to a 

10 by I Om pixel size to be merged with the Landsat TM image. Resolution merge was 

performed using a program implemented in Erdas Imagine 8.3.1. This program enables 

one to integrate imagery of different spatial resolutions (pixel size). Imagine offers three 

methods of computation to use for merge: multiplicative, principal components, and the 

Brovey Transform (Carper, el ai, 1987; Chavez, et ai, 1991; Pohl and Van Genderen, 

1998; ERDAS Imagine, 1982). The principal component technique was used to merge 

the DOQQ and the Landsat TM. 

The Principal Components merge operates on PC-1 rather than the input low-

resolution raster image. This method calculates principal components, re-maps the high-

resolution image into the data range of PC-1 and substitutes it for PC-1, then applies an 

inverse principal component transformation (ERDAS Imagine, 1982). The image 

produced in this process was not use on lineament mapping but as an auxiliary set to 

verily the features observed in sections 3.3 and 3.4. 

3.6 Statistical Analysis of Structural Trends 

In this section the goal was to obtain a strictly statistical analysis of structural trends 

in the study area. At the same time, results of the analysis can be compared with data 

presented by previous studies in the area (Chapter 2, section 2.3). Data obtained from the 
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a) Rose diagrams of linear features obtained from digital data. 

Landsat TM 
n = 540 

Strike direction: 3 degree classes 
largest petal ;4S values - 8% of all values 

Strike direction: S degree classes 
largest petal :34 values - 6% of all values 

b) Rose diagrams of linear features obtained from Held data. 

Martins 
n = 402 

Joints 
Strike direction: 5 degree classes 
largest petal :80valiM:s - 19% of all values 

Joints 

Figure 3.9 Rose diagrams of linear features enhanced from digial data. Including over the Rincon 
Mountains; a) structures measured from digital data, b) structural data measured from 
the field. 



detailed lineament mapping (sections 3.3 and 3.4) was used in this analysis. This 

procedure allowed comparing data in this study with exiting data obtained from the field, 

because the scale resembles more the scaled used on the field by previous workers. 

Features were mapped according to their continuity, broken lines were represented by 

two different segments. The minimum features mapped were 100 meters in length. From 

the lineament maps created (Figure 3.9), rose diagrams were computed to estimate the 

main orientations of linear features extracted from the Landsat TM and DEM 

images. Trend directions are comparable to the preferable structures mapped from by 

previous workers and the ones obtained in this study. These diagrams show great 

correlatioa, and define the two major orientations of lineaments in the Rincon Mountains; 

a N10-30°W and N65-70°E. 

3.7 Data Analysis and Results 

As mentioned early, there are two outstanding, nearly orthogonal, structural trends. 

N10-30° W and N60-75°E, in the area. These orientations coincide with joint sets that 

have been identified before (Chapter 2 section 2.3 and this chapter section 3.6) indicating 

that the features observed at an outcrop scale coincide with the regional structural trends 

described in this study. Major structures have a length that varies from several meters to 

kilometers, and spacing distance ranges from 0.5 to 2 km (as measured from the coarse 

resolution images - Landsat TM and DEM). 

It was assumed that the features mapped represent planar surfaces. Dips of structures 

vary from >80°, most of them being vertical. If these lineaments are confirmed as faults in 
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the field, it implies that the fbotwall rocks of the Rincon Mountains (including the Tanque 

Verde Ridge, Mica Mountain and the Rincon Peak area) are afifected by prevailing 

regional systems of faults that have not been previously reported. The N10-30°W 

structures are consistent with structural features reported in local studies (McColiy, 

1961), as well as structures report in other metamorphic core complexes (Axen et al., 

1995, Livaccari et al., 1995; Reynolds et al., 1988). If they are not proved as faults, the 

lineaments can represent joint systems reported by previous workers as was mentioned in 

the statistical analysis of structural trends. Other structures with similar orientation, 

~N20-30°W, that are related to the process of exhumation of metamorphic core 

complexes, are located just east of Mica Mountain. These structures are confined by Mica 

Mountain to the west, and the Martinez Ranch fault to the east. Similar structures have 

been recorded on metamorphic core complexes as late stage antithetic shear zones on the 

back-dipping mylonitic zone (Figure 2.4). 

The N60-75°E features are consistent with local data, but have not been reported, per 

say, as an outstanding feature in other metamorphic core complexes. But have been 

addressed, in other core complexes, as drainage running parallel to lineation. 

Another outstanding feature revealed in this study, and well enhanced through the 

DEM analysis, is the graben dividing the Tanque Verde Mountain and Mica Mountain 

(Figure 3.7). If one of the features bordering this graben is corroborated to be a fault, the 

existence of the graben can be confirmed. 
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So, the next step of this research consisted in selecting sites to verify and identify the 

structures mapped from the remote sensing analysis. Two main locations were selected 

for field validation, and are discuss in the next chapter. 
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CHAPTER 4 

FIELD INVESTIGATION 

Based on the results obtained from image processing and data analysis, two areas were 

selected to conduct field inspection and verification of structiual features on the ground. 

Data collection was gathered to determine the nature of the lineaments and to obtain 

quantitative descriptors of the surface defining these linear features. The sites selected 

(Figure 4.1) are located within Saguaro National Park (East), and are either close to the 

road or to a trail. One of the areas visited is close to the base of the Tanque Verde Ridge 

and it was selected for its abundance of structures and accessibility. The other area 

selected was Cow Head Saddle, which divides the Tanque Verde Ridge and Mica 

Mountain. This site was selected to verify one of the structures bordering the graben, 

described in the previous chapter. 

4.1 Tanque Verde Area 

Rocks in the area correspond mainly to mid-Tertiary mylonites, derived from the 

Precambrian Oracle Granite (Moore ei al.,. 1938, 1949; Drewes, 1975, 1978) (Figure 

1.3a). The granitoide is a coarse-grained quartz-pheldespatic (80-90%) rock. It is 

characterized by large (up to 3 cm long) phenocrysts, predominantly microcline (K-

feldspar) and some oligoclase (Lingrey, 1982). The K-feldspars are commonly pink. 

Biotite is the primary mafic mineral, and muscovite is a secondary phase that formed 

during mylonitization. Isolated outcrops of Pinal Schist are embedded in the granite. 



Site location 

Figure 4.1 Location of sites selected for field inspection and verification of structures 
derived from digital image processing. 
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4.1.1 NNW Structures 

The first site, east of the Cactus Forest Drive at Saguaro National Park, controls the 

local drainage for over 1.5 km East (Figure 4.1 site a). Along the stream, a fault zone of 

joint-like features can be followed. This zone, a few meters wide, trends N22°W. 

Slickensided surfaces, with a maximum area of 15 by 30 cm, are brownish-white in color 

due to some oxidation on this zone. When slickensided sur&ces are exposed, nearly 

vertical planes were measured. Striations indicate lault movement to the southwest 

(N18°-26°W dipping 84°NE and 83°SW, rake 58°SW)(Figure 4.2a). A dark-green 

andesitic dike, 1.5 m thick, outcrops over a few meters along this fault. The dike has a 

very fine-grained texture and seems to lack any type of deformation (Figure 4.2b). Even 

though, plane surfaces are sporadically unveiled, the trace of the fault can be followed 

over a distance of 1.5 km due to its topographic expression (Figure 4.2c). 

The next site is located less than a kilometer away fi-om the head of the Tanque Verde 

Ridge head-trail (Figure 4.1 b) on the northern flank of the ridge. The fault expression 

consists of an isolated but well expressed grayish-white fault surface, ~ 0.5 m", marked by 

striations and chattermarks (N55°W, dipping 52°NE, rake 50°SE; and N40°W, 60°NE, 

rake 60°SE) (Figure 4.2d). At this site, the surface is partially weathered, but well 

expressed. The trace of the fault is not as easUy followed along the creek as the previous 

location. 

A kilometer up the trail, on the crest of the Tanque Verde Ridge, is the next site 

visited (Figure 4.1 c). At this locality there is a topographic break in which the fault plane, 

a yellow-brownish surface, is not very evident. But looking closely on the outcrop 



Figure 4.2 Expression of faults in sites visited. Slikendside and striated surfaces (a,d,e,0' dike 
emplacement along fault tracc (b), and geomorphologic expression of fault trace (c). 
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defining the topographic break, several striated sUckensided surfaces are found (Figure 

4.2e). Various measurements were taken along the surface, some of them with 

chattermarks. Readings range from NI0°-32°W, dipping 67°-89°SW and rake 74°-

81 °S W(average N21 °W, 81 °S W, rake 77°S W)(Figure 4.2e). One of the surfaces, not 

included above, indicates displacement 48°SW (Figure 4.2f). The surface were searcehed 

trying to find if slickenlines raking 77°SW crosscut the 48°SW, which would imply two 

separate events of movement, but it is clear that striations formed during one event, since 

crosscutting never occurred. At this location the fault is not expressed as a continuous 

plane surface and it would have been easily missed without its previous identification in 

this study. Readings were taken on a zone of discrete planes several centimeters apart, 

but the fault zone could be several meters wide and covered by sediments. 

Two more sites were visited, 1 km up the trail from the previous point. Each of the 

sites -0.5 km apart. There are obviously topographic breaks at both sites, but polished 

surfaces were not found. At one of the sites a vertical "wall", approximately 3 by 4 

meters, is found just along the trail, but weathering and erosion of the surface obliterate 

any measurable structures on it. It appears that the higher one goes up the trail, the fault 

surfaces are less exposed. The only evidence are the breaks in topography, but no fault 

planes were encountered farther up the trail. The best locations to map them is probably 

at the base of the ridge, especially the northern flank, where the fault planes have 

undergone weathering and erosion, but are exposed along drainages, that they control. 



82 

4.1.2 ENE Structures 

A day was spent at the base of the Tanque Verde Ridge looking for some evidence to 

document the ENE structures seen from the images. Surface planes that could indicate 

the presence of a fault, or structure were not found, because these features are located 

along streams covered by sediments. It is more probable to find evidence of these 

structures at higher elevations were sediments are not as concentrated as in lower 

elevations and where stream gradients are low. As observed from the images, the ENE 

features are more evident along Mica Mountain and on the Rincon Peak area. On both 

sites structures control the drainage system and stream gradients are low, but sediment 

cover is less and fresh surfaces are more likely to be found. Leger (1967) and Miksa 

(1993), who mapped and study in detail the Tanque Verde area, describe a N70°-80°E 

joint system with very steep dips. Joints are continuous to depths of a meter or more, and 

spacing varies from one to several meters (>10 m). This joint system is the one that is 

observed at a regional scale in the present study. 

4.2 Cow Head Saddle Area 

The Cow Head Saddle area is located between the Tanque Verde Mountain and Mica 

Mountain (Figure 4.Id). There were two reasons to visit this site. The first reason was to 

verify that the NNW structures, observed on the images along the Tanque Verde Ridge, 

pervade systematically up to the Mica Mountains. Second, to verify that this fault is the 

eastern boundary of a 2 km wide graben dividing the Tanque Verde Ridge and Mica 

Mountain (Figure 3.7). 
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The Wilderness Granite (Keith and others, 1980) outcrops in this area. Rocks are 

overprinted by the mid-Tertiary mylonitic deformation characteristic of metamorphic core 

complexes. This suite is a peraluminous two-mica gamet-bearing granite. The dominant 

minerals are quartz, plagioclase, K-feldspar, biotite, muscovite and red garnet. 

At this locality the fault can be followed over a distance of tens of meters. The fault is 

a discontinuous surface expressed along its trace by a fault zone in some places, and by 

discrete surfaces in others. As a fault zone, centimeters to meters wide, it exposes planar 

yellowish-brown surfaces. The fault creates a ledgy topography of closely spaced 

polished and striated stepping planes (Figure 4.3a). Fault planes exposed over tens of 

centimeters are affected by weathering, whereas small surfaces clearly display slickensides 

and striations (N10°W, dipping 85° SW, rake 80°SW). 

Several meters south of the above location, the fault is expressed as a grooved 

slickenside surface (Figure 4.3b). It is a smooth, greenish-brown fault plane with 

slickenlines, approximately 90 by 10 centimeters (N6°W, dipping 87°SW). Farther south, 

the fault outcrops as an individual planar surface (over lm")(Figure 4.3c). 

This fault is named here the Cabeza de Vaca fault. Along its exposure, it indicates 

pure normal dip-slip movement (N10°W, 83°SW; slickensides rake 85°SW). Naming of 

this fault is given because it is the eastern boundary of a 2 km-wide graben (measured 

from the images. Figure 3.7). Movement of the graben (estimated from DEM, Figure 

3.7b and Figure 4.4), may be as great as 400 meters of down slip vertical displacement. 



Figure 4.3 Expression of the fCabeza de Vaca fault ault in the Cow Head Saddle area, a) stepping 
topography, b) grooved surface, and c) discrete planar surfaces. 
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Figure 3.7b, shows a topographic cross-section of the Tanque Verde Mountain-Mica 

Mountain area. The depression observed on the topographic cross-section, represents the 

fallen block. The lowest part of the saddle, the boundary of the graben, is marked by the 

Cabeza de Vaca fault (Figure 4.4). 

4. 3 Results 

The N10-30°W structures are consistent with structural features reported in local 

studies (McCoUy, 1961; Martins, 1984), as well as structures report in other 

metamorphic core complexes (Axen et al., 1995, Livaccari et al., 1995; Reynolds et aL, 

1988). Field inspection reveals that the N10-30°W trending lineaments are systems of 

high-angle normal faults dipping mainly to the west. Many are marked with dip-slip 

slickenlines. The faults are closely spaced (centimeters to meters) and create a ledgy 

topography, which is expressed in the imagery. One of the main faults, named here the 

Cabeza de Vaca fault, has a polished, planar, striated and grooved surface with 

slickenlines indicating pure normal dip-slip movement. The Cabeza de Vaca fault is the 

eastern boundary of a 2 km-wide graben, and the displacement of this fault may be as 

great as 400 meters (Figure4.4). 

This study demonstrates that a complex of systematic faults affects the footwall rocks 

of the Rincon Mountains core complex. This system, of high-angle normal faults, trends 

perpendicular to the sense of mid-Tertiary extension. It penetrates through mylonitic 

rocks and prevails through the Tanque Verde Ridge, Mica Mountain and Rincon Peak 

traced for several kilometers. Spacing ranges from 0.5 km to 2 km, being more closely 
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space near the detachment fault (Figure 3.1c). 

These NW penetrative faulting in the Rincon Mountains are the response of doming 

during unroofing of the footwall rocks. In contrast with Basin and Range faulting, the 

penetrative faults are systematically distributed over the entire footwall rocks. The 

penetrative faulting is due to stretching induced by the mid-Tertiary extension, and vertical 

movement as response of isostatic uplift during the tectonic denudation. Since fauhing is 

nearly vertical, mostly vertical extension is accommodated (doming) rather than 

longitudinal. The Cabeza de Vaca fault and the back dipping late-stage antithetic faults 

(Figure 4.5, Figure 2.4) accommodate most of the extension due to doming (>65%). The 

rest of the penetrative faulting system contributes to doming with several tens of meters 

for fauks with 0.5 km spacing, and several meters for the closely spaced fauhs (-0.25 km) 

along the Tanque Verde Ridge. These estimations support the argimient that penetrative 

faulting in the Rincon Mountains represent a late stage evolution in the exhumation of the 

core complex, since these features were only observed on footwall rocks and not on 

upper-plate rocks. 

Another outstanding and nearly orthogonal set of structures, N60-75°E, affects the 

area. These structures were not verified in the field but their description is consistent with 

local data (Chapter 2 section 2.3 and this chapter section 3.6) indicating that the features 

observed at an outcrop scale coincide with the regional structural trends described in this 

study. In other metamorphic core complexes they have only been addressed in relation to 

the drainage running parallel to lineation (Pain, 1985; Spencer, 1998). 
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CHAPTERS 

DISCUSSION AND CONCLUSION 

Early descriptions of a brittle-ductile style of deformation for metamorphic core 

complexes and detachment faults, referred mainly to the style of deformation occurring 

along (mylonitization and brecciation) or sub-parallel (mylonitic zone) to the detachment 

fault surface. In recent years, the definition of brittle deformation related to core 

complexes has expanded to include fiiagile deformation produce by buoyancy eflfects of 

the crust during unroofing of the footwall rocks (Livaccari et ai, 1995; Axen et ai, 1995; 

Axen et ai, 1998; FCruger et ai, 1998). Characteristics of this type of deformation, 

pervading the footwall rocks of the complex, correspond to high-angle normal faulting 

trending nearly perpendicular to lineation and to the antiform axis, i.e. perpendicular to the 

tectonic transport direction. Evidence of this style of deformation has been reported in 

southern Arizona in the South Mountains, White Tank Mountains (Livaccari et ai, 1995; 

Kruger et al., 1998), and for the first time in the Rincon Mountains (present study). One 

of the controversial aspects of metamorphic core complex evolution is the original dip of 

detachment faults and mylonites during extension (moderate vs. low angle). Two different 

models, the rolling hinge model and the low -angle detachment fault, that address the 

original dip of detachment faults, also address the development of high-angle normal 

faulting as unroofing of the footwall occurs. In southern Arizona, the low-angle 

detachment model is the most favorable model (Livaccari et ai, 1995; Kruger et ai. 
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1998). As for the Rincon Mountains, more fieldwork needs to be done to determine the 

history of its footwall accommodation. 

One of the systems unrevealed in this study, the N10-30°W penetrative faulting, 

corresponds to the structural features produced by tectonic denudation and isostatic uplift 

of the Rincon metamorphic core complex. While the structures, running nearly parallel to 

lineation (N60-75°E), are assumed to correspond to a joint system. Evidence of 

structures trending parallel to lineation are not foreign to the area (Leger, 1967; Liming, 

1974; Martins, 1984; Miksa, 1993) or to metamorphic core complexes in southern 

Arizona (Pain, 1985; Spencer, 1998). 

5.1 Results 

The main findings in this study are two nearly orthogonal systems of structures in the 

Rincon Mountains metamorphic core complex, reported here for the first time. The first 

system, a penetrative faulting system affecting the footwall rocks, trends N10-30°W. 

Similar structures have been identified in other metamorphic core complexes. The second 

system trends N60-70°E, and has only been alluded to in the literature of metamorphic 

core complexes. Structures were identified through remote sensing. The structures 

observed were consistent with the resolution of the images used, unlike the resolution of 

aerial photographs, which overlook the regional character of structural features. Previous 

studies in the area support the results obtained in the present work, but describe the 

penetrative faulting system as joints and penetrative brittle structures. 
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5.1.1 N10°-30°W Faults 

The N10°-30°W faults are a systematic set of high-angle normal faults in the Rincon 

Mountains. The system, with a spacing distance ranging from ~0.5 to 2 km, is displayed 

along the Tanque Verde Ridge and Mica Mountain, and the Rincon Peak area. The high 

angle normal faults measured in the field reflect mainly pure dip-slip movement, dipping 

mostly to the west. This penetrative faulting in the footwall are essentially vertical 

structures, on occasion with microbreccia vein-like filling. 

Within this system a 2 km-wide graben shapes Cow Head Saddle, between Tanque 

Verde Ridge and Mica Mountain. The Cabeza de Vaca fault, named in this study, is the 

eastern boundary of the graben. Based on topographic data, down drop displacement, of 

400m was estimated for the Cabeza de Vaca fault. The main structures delimitating the 

graben are assumed to be syntectonic to core complex development during mid-Tertiary 

time. The N20-30°W structures on the back dipping mylonitic zone, on the east flank of 

Mica Mountain were not validated in the field. 

The NW penetrative faulting in the Rincon Mountains accommodates doming of the 

metamorphic core complex during the tectonic denudation in mid-Tertiary extension. 

Most vertical extension is accommodated by the Cabeza de Vaca fault and the back 

dipping late-stage antithetic faulting. The other NW structures make up for the rest of the 

doming. 
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5.1.2 N60°-75°E Structures 

In this study the N60-7E°E features are defined as a joint system that penetrates 

mylonitic rocks, given that evidence of faulting was not found. This system is well 

expressed along the Rjncon Peak area and the southern flank of the Tanque Verde Ridge. 

The system is presumed to be coeval with the same isostatic event that forged the NNW 

faulting. A system similar to this has not been reported in other metamorphic core 

complexes. It has only been referred to in relation to the flowing orientation of the 

drainage system in the Rincon Mountains and other metamorphic core complexes. 

Structures with similar orientations have been reported as one of the prominent joins 

systems of the area. In this study, the N60°-75°E system is considered as a set of 

longitudinal joints, since no evidence on the field nor the literature indicated signs of 

displacement. 

5.2 Conclusions 

It is concluded fi-om the present study that applications of remote sensing techniques 

and digital analysis are an appropriate tool for the characterization of tectonic features of a 

metamorphic core complex, contributing to the understanding and tectonic evolution of 

brittle deformation of the footwall rocks of metamorphic core complexes. 

The main contribution of this study is the discovery of two sets of nearly orthogonal 

structures. These structures have never been reported on the Rincon Mountains, and 

unlike studies in other core complexes, the present work reveals that there are at least two 
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major orthogonal sets of structures pervading the footwail rocks of the Rincon Mountains 

metamorphic core complex. These include: 

1. A N10°-30° W penetrative faulting system, perpendicular to extension, was validated 

on the field. This system is interpreted as a response to isostatic uplift during 

exhumation of a metamorphic core complex. The Cabeza de Vaca fault, named in this 

study, forms part of this system. 

2. Structures with similar orientation, N20°-30°W trending faults, have also been 

recognized on the back-dipping portion of the complex, on the eastern flank of Mica 

Mountain. They correspond to late stage antithetic faulting reported along the back-

dipping fi-ont of metamorphic core complexes, formed during exhumation of the 

footwail rocks. 

3. A N60-7E°E longitudinal joint system, parallel to extension, has not been reported per 

say, as an outstanding feature in other metamorphic core complexes. But it has been 

addressed indirectly in other core complexes, because it controls the distinctive 

flowing direction of the drainage (parallel to lineation). In this study, the system is 

established as penetrative structures that pervade the footwail rocks. 

This study shows that brittle deformation on the footwail rocks in the Rincon core 

complex is not only confined to zones close to the detachment fault (brecciation), but 

pervade the complex. Field work is recommended to determine which model best 

describes the origin and nature of these systems. 
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APENDIX A 

DIGITAL ORTHO-PHOTO QUARTER QUADRANGLES 
Plataform NAPP 
Processing 

Processing 1 Geometric registraton 
Processing 2 Terrain correction 
Processing 3 Converted to GeoTIFF by EROS 

Projection UTM 
UTM Zone 12 
Datum NAD83 
Ellipsoid GRS 80 
Pixel Size 1 x I meter 
Bits Per Pixel 8 

Scene Name ID Date 
Agua Caliente Hill. AZ (NW) DI00000000729190 I992/11/06 
Agua Caliente Hill, AZ (NE) DI00000000729189 1992/11/07 
Agua Caliente Hill, AZ (SW) DI(X)000000729192 1992/11/06 
Agua Caliente Hill, AZ (SE) DI0(X)00000729I91 1992/11/07 
Piety Hill, AZ fNW) DI00000000729174 1992/11/07 
Piety Hill. AZ fNE) DI00000000729I73 1992/11/07 
Piety Hill, AZ (SW) DI00000(XX)729176 1992/11/07 
Piety Hill, AZ (SE) DI00000000729175 1992/11/07 
Soza Canyon, AZ (NW) DI0000(XX)0729I58 1992/11/06 
Soza Canyon, AZ (SW) •100000000729160 1992/11/06 
Tanque Verde Peak, AZ (NW) DI00000000729194 1992/11/06 
Tanque Verde Peak, AZ (NE) DI00000000729I93 1992/11/07 
Tanque Verde Peak, AZ (SW) DI00000000729196 1992/11/06 
Tanque Verde Peak, AZ (SE) DI00000000729I95 1992/11/07 
Mica Mountain, AZ (NW) DI00000000729I78 1992/11/07 
Mica Mountain, AZ (NE) DI00000000729177 1992/11/07 
Mica Mountain, AZ (SW) DI00000000729I80 1992/11/07 
Mica Mountain, AZ (SE) DI00000000729179 1992/11/07 
Happy Valley, AZ (NW) DI00000000729162 1992/11/06 
Happy Valley. AZ (SW) DI00000000729164 1992/11/06 
Vail, AZ fNW) DI00000000729198 1992/11/06 
Vail, AZ (NE) DI00000000729197 1992/11/07 
Vail, AZ (SW) DI00000000729200 1992/11/06 
Vail, AZ (SE) DI00000000729199 1992/11/07 
Rincon Peak, AZ (NW) DI00000000729182 1992/11/07 
Rincon Peak, AZ (NE) DI0000000072918I 1992/11/07 
Rincon Peak, AZ (SE) DI00000000729I83 1992/11/07 
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APENDIX A - Continuation 

DIGITAL ELEVATION MODEL 
Projection UTM 
UTMZone 12 
Spheriod Clarke 1866 
Datum NAD27 
Ceil Size 30 x 30 meters 
Bits Per Pixel 16 
Scene Name ID 

Benson. AZ 3mOh3 
Mescal, AZ 3IlI0h4 
The Narrows, AZ 3inOh5 
Mount Fagan, AZ 3in0h6 
Corona de Tucson, AZ 31ll0h7 
Galleta Flat East. AZ 32n0a3 
Galleta Flat West, AZ 32II0a4 
Rincon Peak, AZ 32ll0a5 
Vail, AZ 321I0a6 
Tucson SE. AZ 321lOa? 
Wildhorse Mtn., AZ 32110b3 
Happy Valley, AZ 321IOb4 
Mica Mountain, AZ 32I10b5 
Tanque Verde Peak, AZ 321I0b6 
Tucson East. AZ 321IOb7 
Soza Mesa, AZ 32II0c3 
Soza Canyon, AZ 321I0c4 
Piety Hill, AZ 32110c5 
Agua Caliente Hill, AZ 32n0c6 
Sabino Canyon, AZ 321I0c7 

DIGITAL RASTER GRAPfflCS 
Projection UTM 
UTM Zone 12 
Spheriod Clarke 1866 
Datum NAD27 
Cell Size 2.4384 x 2.4384 meters 
Bits Per Pixel 8 
Scene Name ID 

Rincon Peak, AZ 32110a5 
Vail, AZ 321!0a6 
Tucson SE, AZ 321l0a7 
Happy Valley, AZ 321IOb4 
Mica Mountain, AZ 32llOb5 
Tanque Verde Peak, AZ 32110b6 
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