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ABSTRACT

In east-central Arizona, overlapping sets of Tertiary normal faults dismembered,

variably extended, and exposed up to 15 km of the upper crust including portions of

several Late Cretaceous to Paleocene (Laramide) igneous centers and their associated

porphyry copper systems. These exposures enable both a rigorous evaluation of the

nature of extension in the upper crust and systematic reconstruction of the 3-dimensional

distribution of several major porphyry copper centers.

Synthesis of existing geological data and new mapping provide the basis for

reconstructions of district and regional scale cross sections through an area comprising

about 4,000 km2 centered on the Dripping Spring Mountains of east-central Arizona. The

study area is located within a highly extended portion of the Basin and Range province

and encompasses the Globe-Miami, Superior, and Mineral Creek (Ray) mining districts

and numerous other deposits and related occurrences.

The field evidence and the reconstructions demonstrate that sequential sets of initially

steeply dipping normal faults generated multiple half-grabens and associated sedimentary

fill. Complex overlap of >10 sets of these half-grabens led to aggregate extension of

about 100% across the study area, but the amount of extension locally varies from less

than 20% to well over 400% depending on the amount of overlap and direction and

amount of displacement on the various fault sets. These fault sets were not kinematically

linked and do not merge into a master fault at depth, but are inferred to feather into a

broader zone of mid-crustal flow, which may resemble the characteristics of nearby

metamorphic core complexes.
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Reconstructions at regional (10’s of kms) to copper deposit (a few kms) scales

demonstrate that multiple deposits, prospects, and other hydrothermal features in the

Globe-Miami, Superior and Ray districts are dissected portions of originally fewer, larger

hydrothermal centers. These restorations delineate exposures ranging from near

paleosurface to locally >10 kms paleodepth and enable comparisons of different systems

and of well mineralized portions along with their roots, tops, and margins.
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INTRODUCTION

Post-mineralization faulting of ore bodies has long posed challenges and

opportunities for geologists dealing with production, exploration, and the basic scientific

issues of ore formation and structural processes. The classic and large porphyry copper

province of southwestern North America, centered on Arizona, presents all of these

elements:  Many deposits have been long-known to be dismembered by faults (e.g.,

Ransome 1903, Proffett, 1977, Wilkins and Heidrick, 1995). Recognition of faults and

their role in offsetting parts of ore bodies has contributed directly to exploration success

(e.g., Lowell, 1968; Proffett, 1977; Proffett and Dilles, 1984) and likewise has motivated

studies of extensional faulting (e.g., Davis, 1980; Force et al., 1995). Moreover, crustal

extension has yielded exposures that underpin many classic studies of porphyry copper

deposits and their broader geologic context (e.g., Titley and Hicks, 1966; Titley, 1982;

Pierce and Bolm, 1995). Parallel with studies related to ore deposits, the Basin and Range

Province also provided the locus for many of the critical studies focused on documenting

and interpreting the nature of high-magnitude continental extensional tectonics (e.g.,

Crittenden et al., 1980; Dickinson, 1991).

Although earlier studies have established that normal faulting in the Basin and Range

Province is of profound importance — both for insight into the distribution and

characteristics of mineral deposits and for understanding the magnitude and possible

mechanisms of crustal extension — there remain fundamental uncertainties about the

nature and kinematics of extensional faulting and about quantitative application of

structural insights into understanding the 3-diminsional geometries of ore deposits and
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ore-forming systems. This dissertation focuses on a well-exposed, well-mineralized and,

consequently, well-studied and well-mapped area in east-central Arizona to advance

understanding of these two themes. The area investigated lies east of Phoenix and north

of Tucson in Arizona and within the belt of Cordilleran metamorphic core complexes

(Fig. 1; Davis, 1980; Dickinson, 1991).

Geometry and kinematics of crustal extension:  Key issues in understanding the

nature and kinematics of lithospheric extension are the geometry, timing, and magnitude

of faulting. To what degree are extensional faults kinematically linked and what is the

geometry of these fault systems? Are there master detachment faults kinematically linked

to shallow faults (e.g., Wernicke, 1981, 1985; Lister and Davis, 1989), or do steep, brittle

faults merge with a subhorizontal surface near a brittle-ductile transition zone (Rehrig

and Reynolds, 1980; Miller et al., 1983), or are there more complex geometries with

multiple fault generations that extend into a more pervasively extending substrate (e.g.,

Anderson, 1971; Proffett, 1977; Seedorff, 2006)? How can well-constrained geometries

in the brittle regime be used to test these issues and to better understand the genesis of

metamorphic core complexes (Crittenden et al., 1980; Dickinson, 1991)? Essential to

addressing these questions are broad-based, well-constrained reconstructions of the full

history of extensional deformation.

 These themes frame the first part of this dissertation which focuses on geologically

well-constrained three-dimensional reconstructions of middle Tertiary extension at

various scales in an area that contains intensely faulted rocks that have been well mapped

and contain numerous structural markers.
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3-dimensional characteristics of porphyry-copper systems:  A full understanding of

porphyry copper deposits requires a sound geological foundation that begins with

understanding the full 3-dimensional geometry of the ore-forming systems from their

roots in the underlying pluton to their canopies at the paleosurface. The vertical distances

involved are on the order of 5-10 km – including a few km within the porphyry

mineralization itself – thus the full interval can be exposed only in those rare areas that

have been tilted over by post-mineral structures (Seedorff et al., 2005). Because of the

major extension and tilting, structural restoration of the multiple porphyry deposits and

intrusions in central Arizona can provide insight into the scale and contrasting

characteristics of a diverse group of mineralized and unmineralized systems.

Beyond the understandable focus on deposits themselves, the tops of systems have

received considerable attention particularly as exploration targets in areas lacking post-

mineral tilting. In contrast, the roots of systems which extend from the bottom of the

deposits into the underlying cupolas and plutons are little understood yet are critical to

understanding where ore-forming hydrothermal fluids are generated and how they evolve

into the locus of ore deposition. Yet few root zones have been characterized, largely

because in upright, intact systems they lie well below the known ore grade mineralization

and are not observed, explored, or studied with only rare, limited exception (e.g.,

Gustafson and Quiroga, 1995). Elsewhere, in highly extended terrains, without extensive

geologic study of the system and a comprehensive understanding of structural

relationships (e.g., Proffett and Dilles, 1984) it is difficult to identify those areas that once

underlay deposits (Seedorff et al., submitted, a). Thus another reason to restore the
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extended systems along the Laramide arc in Arizona is the opportunity to better

understand the characteristics of related plutons, porphyry copper root zones, and their

relationship to overlying deposits.

Organization of this dissertation:  The principal results of this study are summarized

below and presented in detail along with methodology and additional background in

Appendices A and B. The appendices consist of manuscripts that are destined,

respectively, for the Geological Society of America Bulletin (submitted in August 2007)

and Economic Geology (to be submitted in late 2007). Appendix A, which is entitled

"Reconstruction of middle Tertiary extension in a portion of the Laramide arc, east-

central Arizona," presents a synthesis of the structural geology with an emphasis on the

faulting, its reconstruction, and implications for crustal extension. Appendix B, which is

entitled "Three-dimensional structural reassembly of porphyry copper systems in the

Globe-Miami-Superior-Ray-Christmas region, Arizona," focuses on the structural

restoration and comparison of the Laramide porphyry copper systems and draws on the

results and methods of Appendix A.
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PRESENT STUDY

Context

The Globe-Superior-Winkelman region (Figure 1B) has been the focus of intense

geologic study for more than a century both because it hosts major deposits in one of the

world's great mineral provinces (e.g., Ransome, 1903; Peterson, 1962; Titley, 1982b;

Creasey, 1983; Keith, 1983; Wilkins and Heidrick, 1995) and for academic reasons

relating primarily to its structural evolution (e.g., Keith, 1986; Spencer and Reynolds,

1989; Dickinson, 1991; Howard and Foster, 1996; Richard and Spencer, 1998). This

large body of work, which includes numerous quadrangle maps by the U.S. Geological

Survey and recent mapping the Arizona Geological Survey, provides an exceptional

geologic foundation for new observations and expanded interpretations.

This study grew out of earlier, mainly exploration-focused projects undertaken the

Magma Copper Company and other organizations by the author, Eric Seedorff and Mark

Barton. These projects were motivated by the recognition that there were exploration

opportunities offered by deeper understanding of post mineral extensional faults in the

greater Superior and Tortilla Mountains area and elsewhere in Arizona, and by

similarities to districts of long-standing interest elsewhere in the Basin and Range (e.g.,

Yerington, Robinson, Royston, and Humboldt districts in Nevada).

Following the demise of the Magma-generated exploration program under BHP the

author began this Ph.D. project with full sponsorship from Asarco. The goals were to

better understand the structural and thus the mineralization complexities of the Ray
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deposit and its local setting and also to place these features in the regional structural

framework of the greater Dripping Spring Mountains (cf. Fig. 1B). The mounting

financial difficulties of Asarco precluded additional support after the first year. A shift in

focus to the Globe-Miami district followed discussions about the project with Phelps

Dodge who then generously provided two years of full support. This project developed in

parallel with ongoing collaborative studies of the geochronology, petrology, and regional

geochemistry of the Laramide arc (e.g., Stavast, in press; Barton et al., 2005; Seedorff et

al., submitted, b) which were supported principally by the National Science Foundation

and the U.S. Geological Survey.

Geologic framework and methodology

The southwestern half of Arizona (Fig. 1) is a classic area of high-magnitude crustal

extension (e.g., Spencer and Reynolds, 1989; Dickinson, 1991), as well as host to much

of the major porphyry copper province of southwestern North America (e.g., Titley,

1982a; Pierce and Bolm, 1995). The study area (Fig. 1B) contains intensely faulted and

extended layered rocks of Proterozoic and Phanerozoic age that overlie a varied

crystalline Proterozoic basement and that are cut by numerous Laramide intrusions and

associated hydrothermal features. Laramide-age reverse faults and folds locally

complicate the pre-extension distribution of rocks (Keith, 1986, Richard and Spencer,

1998) as is typical elsewhere in the region (Davis, 1979). Tertiary extensional rotation in

the layered rocks and the asymmetric development of syn-extensional basins define two

inward-facing tilt domains that are separated by the more-nearly upright Dripping Spring

Mountains.
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This study used a variety of standard field and structural methods, insights in the

geometries of pre-existing intrusive and hydrothermal systems all combined with a

synthesis of new and published geologic maps and other data to create stepwise, balanced

reconstructions of Tertiary extensional faulting across the region. Detailed portions of

these reconstructions focused on the multiple mineralized fault blocks, their lithologic

and alteration characteristics, and their reassembly into the pre-extension Laramide

magmatic-hydrothermal systems. New interpretations, founded on these reconstructions,

are drawn about the kinematics and related aspects (e.g., basin development) of high-

magnitude extension and about the nature of Laramide porphyry copper systems.

Key results

Appendix A: "Reconstruction of middle Tertiary extension in a portion of

the Laramide arc, east-central Arizona"

This appendix presents new field observations, a synthesis of available data, and

palinspastic reconstruction to demonstrate that ~15 sets of variously superimposed

normal faults caused continental extension averaging ~100% without the presence of

“detachment” faults in an area of about 4,000-km2 in the region of the greater Dripping

Spring Mountains (Fig. 1B). Mid-Tertiary extension severely dismembered a segment of

the Laramide arc and its framework rocks concurrent with sedimentation in a series of

half grabens that formed over time and overlapped in space. Normal faulting and

associated tilting exposes rocks that originated from <1 to ~15 km beneath the Laramide

surface, including ~12 porphyry copper systems.
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The Laramide crust, including crystalline basement, contains numerous geologic

markers that form piercing points which facilitate the restoration of slip on faults, thereby

providing an opportunity to reassemble the crust rigorously in cross section and map

view prior to mid-Tertiary deformation. Palinspastic reconstruction indicates that the

overall study region was extended ~100%, but the amount of extension in sub-regions

varies from less than 20% to well over 200%. Dips on Tertiary rocks deposited

concurrently with movement on individual faults and evidence from the attitudes of older

strata indicate that faults initiated at high angles (~60°), even though many now dip at

low angles and some are “overturned” (rotated through horizontal). Geologic mapping

and reconstructions indicate that normal faults are nearly planar, flattening only gently

with depth. After accounting for dismemberment by younger faults, older faults appear to

continue to the deepest levels of exposure (10-15 km) without merging downward into a

master (“detachment”) fault.

This complexly faulted area consists of two tilt domains that have opposing dips,

separated by a swath of more gently dipping strata along the Dripping Spring Mountains.

Crosscutting relationships indicate that only small areas were actively extending at any

given time; these formed rifts generally 25 to 50 km long with narrower widths, each

created by a set of subparallel faults of similar age. Geochronologic constraints indicate

that the majority of extension developed over a period of about 8 m.y., between roughly

25 Ma and 17 Ma, overlapping the time in which the Catalina core complex was forming

50 km to the south.
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 To account for these observations and the absence of evidence for underlying

“detachment” faults, we propose a model for continental extension involving a series of

superimposed half grabens. As extension progressed, movement on faults in partially

overlapping, crosscutting sets and related tilting brought deeper crustal levels toward the

surface. Individual normal faults die out along strike and may merge along strike or down

dip but do not sole into a master fault; rather, they change character downward into

mylonitic shear zones. At depths greater than those exposed, individual sets of faults are

interpreted to merge ultimately—without any intervening detachment fault or

décollement—into a zone of ductile stretching, mid-crustal flow, and intrusion, the depth

of which varies over time. A down-plunge structural view from the Catalina core

complex looking northwest suggests that deeper structural levels of the study area may

look similar to a Cordilleran metamorphic core complex.

Appendix B:  "Three-dimensional structural reassembly of porphyry

copper systems in the Globe-Miami-Superior-Ray-Christmas region,

Arizona"

Structural reconstruction of the post-ore extensional deformation of a segment of the

Late Cretaceous – Paleocene (Laramide) arc in east-central Arizona provides a 3-

dimensional view of at least 12 porphyry copper systems and parts of their related

plutons, with implications for metallogeny, mineral assessment. and exploration

prospectivity.  East-central Arizona, which includes the Resolution deposit, the Magma

vein and mantos, deposits in the Globe-Miami district, and the Ray and Christmas
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deposits, contains 12 or more porphyry copper systems of contrasting characteristics,

which are associated with eight diverse intrusive centers emplaced between about 75 and

60 Ma.

Multiple sets of normal faults developed in spatially and temporally overlapping

domains across the study area. These normal faults, which were active mostly from about

25 to 15 Ma, variably extended and tilted the upper crust and its contained intrusive

centers and porphyry systems. Porphyry systems in the western end of the study area

have been tilted eastward as much as 100° by multiple sets of down-to-the-west faults,

whereas systems in the eastern end of the study area are tilted moderately to steeply

westward by multiple sets of down-to-the-east faults. Porphyry systems have less

cumulative tilt in a wide zone transecting the center of the study area, broadly parallel to

the axis of the Laramide arc, where the two main orientations of normal faults overlap.

Extensional deformation exposed structural levels from near the paleosurface to

paleodepths of >10 km in the most tilted parts of the study area, which is at or well below

the root zones of the porphyry systems.

In their Laramide orientations, porphyry bodies can be traced downward into cupolas

on underlying batholiths of megacrystic to equigranular texture. The mineralized

intrusive centers vary in composition from granitic, such as the Schultze pluton in the

Superior-Miami-Globe area and the Granite Mountain pluton in the Ray area, to

granodioritic in the Christmas area. In the reconstructed systems, hydrothermal biotite

and quartz ± K-feldspar veins with variably developed K-feldspar envelopes occur within

the hypogene orebodies and below them, where the quartz veins are largely barren.
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Sericitic alteration in some cases occurs largely above the hypogene orebodies. In the

Resolution porphyry system, the Magma vein, and, to a lesser extent, the Old Dominion

deposit in the Globe-Miami-Superior area, however, ore was deposited concurrent with

sericitic alteration and even into low- and intermediate-temperature advanced argillic

alteration, mostly as enargite, bornite, or digenite. Distinctive, coarser-grained muscovite-

bearing veins (greisen) are best developed at Granite Mountain, which, prior to faulting,

would have been located in the root zone directly beneath the Ray porphyry deposit.

Greisen is at least weakly developed in a deep central position in all systems in the area

where root zones are exposed. Greisen locally is mineralized with chalcopyrite and

bornite, and fingers of greisen may extend up into the lower part of orebodies. Calcic,

sodic-calcic, and sodic assemblages occur on the flanks of the root zone of the

reconstructed Tea Cup system. Base- and precious-metal veins and replacement deposits

that are mainly of limited economic significance occur on the sides of the systems. The

recognition of igneous and hydrothermal characteristics of the sides and roots of

hydrothermal systems permits porphyry exploration in this and other extended regions

“from the bottom up” (e.g., by recognizing root zones and looking for the faulted tops)

and “from the sides inward,” as well as the traditional approach “from the top down.”

The Resolution deposit, a fault-bound piece of an even larger system, by itself is a

world-class deposit in terms of contained copper content. The Miami Inspiration and

Granite Mountain systems both attain world-class status upon aggregation of deposits

that are the dismembered portions of once-continuous systems prior to post-ore normal

faulting. Such reassembly of faulted systems makes systems of the Laramide porphyry
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province closer in size to their central Andean counterparts than is commonly recognized,

which has implications for mineral assessment and exploration prospectivity. In highly

extended areas, repeated episodes of normal faulting of crudely cylindrical, vertically

elongate porphyry systems generally spreads them out subparallel to the present surface,

creating geometries that preserve more of the system from erosion, enhance the

likelihood of secondary enrichment, and make a greater fraction easily amenable to

mining, further raising the prospectivity of the study area.
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FIGURE CAPTIONS

Figure 1. Location maps. A. Map of southwestern North America showing the Basin and

Range province, extension directions, metamorphic core complexes and some of the

principal porphyry copper districts. The location of the study area is shown as the

inset. B. Detailed map (inset from A) showing the study area including key

geographic elements and the deposits mentioned in the text.

Figure 2. Alternative models of crustal extension as summarized by Dickinson (1991,

Figure 16) contrasting (A) kinematically linked faults coupled to a master low-angle

"detachment" fault, and (B) sequential generations of non-kinematically linked faults.

In Appendix A, published and new geological observations are used to construct

balanced 3-dimensional reconstructions of mid-Tertiary extension and to improve

understanding of the kinematics of extension. The new results demonstrate that

overlapping diachronous fault sets accommodated extension, in a model more

complex but reminiscent of (B).

Figure 3. Contrasting geometries of porphyry-related related hydrothermal alteration as

summarized by Seedorff et al. (2005, Figure 10). Observed differences in the spatial

and temporal distribution of alteration undoubtedly reflect the composite effects of

the composition, source(s), and timing of fluids, the nature of the host rocks and

hydrothermal plumbing systems, and the sizes of the systems. The 3-dimensional

exposures of porphyry systems afforded by the reconstructions in Appendix B allow

an unusually broad view of the full nature of these hydrothermal systems and an
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opportunity to compare and contrast these with each other and with well described

deposits from other areas.
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FIGURES

Maher, Figure 1.

Adapted from Seedorff, 1991 and Dickinson, 2002.
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Maher, Figure 2.

From Dickinson, 1991.
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Maher, Figure 3.

From Seedorff et al., 2005
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ABSTRACT

New field observations, synthesis of available data, and palinspastic reconstruction of

a complexly faulted, 4,000-km2 area of east-central Arizona demonstrate that ~15 sets of

variously superimposed normal faults caused continental extension averaging ~100%

without the presence of “detachment” faults. Mid-Tertiary extension severely

dismembered a segment of the Laramide arc and its framework rocks concurrent with

sedimentation in a series of half grabens that formed over time and overlapped in space.

Normal faulting and associated tilting exposes rocks that originated from <1 to ~15 km

beneath the Laramide surface, including ~12 porphyry copper systems.

The Laramide crust, including crystalline basement, contains numerous geologic

markers that form piercing points which facilitate the restoration of slip on faults, thereby

providing an opportunity to reassemble the crust rigorously in cross section and map

view prior to mid-Tertiary deformation. Palinspastic reconstruction indicates that the

overall study region was extended ~100%, but the amount of extension in sub-regions

varies from less than 20% to well over 200%. Dips on Tertiary rocks deposited

concurrently with movement on individual faults and evidence from the attitudes of older

strata indicate that faults initiated at high angles (~60°), even though many now dip at

low angles and some are “overturned” (rotated through horizontal). Geologic mapping

and reconstructions indicate that normal faults are nearly planar, flattening only gently

with depth. After accounting for dismemberment by younger faults, older faults appear to

continue to the deepest levels of exposure (10-15 km) without merging downward into a

master (“detachment”) fault.
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This complexly faulted area consists of two tilt domains that have opposing dips,

separated by a swath of more gently dipping strata along the Dripping Spring Mountains.

Crosscutting relationships indicate that only small areas were actively extending at any

given time; these formed rifts generally 25 to 50 km long with narrower widths, each

created by a set of subparallel faults of similar age. Geochronologic constraints indicate

that the majority of extension developed over a period of about 8 m.y., between roughly

25 Ma and 17 Ma, overlapping the time in which the Catalina core complex was forming

50 km to the south.

 To account for these observations and the absence of evidence for underlying

“detachment” faults, we propose a model for continental extension involving a series of

superimposed half grabens. As extension progressed, movement on faults in partially

overlapping, crosscutting sets and related tilting brought deeper crustal levels toward the

surface. Individual normal faults die out along strike and may merge along strike or down

dip but do not sole into a master fault; rather, they change character downward into

mylonitic shear zones. At depths greater than those exposed, individual sets of faults are

interpreted to merge ultimately—without any intervening detachment fault or

décollement—into a zone of ductile stretching, mid-crustal flow, and intrusion, the depth

of which varies over time. A down-plunge structural view from the Catalina core

complex looking northwest suggests that deeper structural levels of the study area may

look similar to a Cordilleran metamorphic core complex.
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INTRODUCTION

Understanding the nature and kinematics of lithospheric extension is an enduring

challenge in tectonics, as well as an issue of considerable importance in utilizing the

three-dimensional exposures generated by this process for many other types of geological

investigations. The southern Basin and Range province (Fig. 1) is a classic area of high-

magnitude extension (e.g., Davis et al., 1980; Davis, 1980; Rehrig and Reynolds, 1980;

Banks, 1980; Frost and Martin, 1982; Spencer and Reynolds, 1989; Dickinson, 1991,

2002a), as well as host to much of the major porphyry copper province of southwestern

North America (e.g., Titley, 1982a; Pierce and Bolm, 1995). Geologically well-

constrained three-dimensional reconstructions of this middle Tertiary extension at various

scales can thus address both basic and applied questions.

Key questions of long interest are the geometry, timing, and magnitude of faulting.

Are there master detachment faults that initiated at low angles and were kinematically

linked to one or more sets of faults in an upper plate (e.g., Wernicke, 1981, 1985; Lister

and Davis, 1989)? Do steep, brittle faults merge abruptly into a subhorizontal fault

surface localized by the brittle-ductile transition zone (Rehrig and Reynolds, 1980; Miller

et al., 1983)? Or, are there more complex geometries with multiple generations of faults

with more limited kinematic linkages, some of which extend into a variably deformed but

more pervasively extending substrate (e.g., Anderson, 1971; Proffett, 1977; Seedorff,

2006)? These questions further relate to the genesis of metamorphic core complexes and
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their relationship to nearby highly faulted and extended terrains (Crittenden et al., 1980;

Dickinson, 1991). A particular challenge in understanding these complex domains and

testing the disparate ideas of their kinematic histories is the scarcity of well-constrained

reconstructions of the entire deformation history using the full spectrum of available data.

The study area, east of Phoenix and north of Tucson in Arizona, lies within the belt of

Cordilleran metamorphic core complexes (Fig. 1; Davis, 1980; Dickinson, 1991). This

area (Fig. 2) contains intensely faulted and extended layered rocks overlying a varied

crystalline basement and straddles a regional tilt domain boundary. This region has been

the focus of intense geologic study for more than a century both because it hosts one of

the world's great mineral provinces (Ransome, 1903; Peterson, 1962; Titley, 1982b;

Creasey, 1980; Lowell and Guilbert, 1970; Wilkins and Heidrick, 1995) and for primarily

academic reasons relating to its petrologic and structural evolution (Naruk et al., 1986;

Spencer and Reynolds, 1989; Dickinson, 1991, 2002a; Howard and Foster, 1996; Richard

and Spencer, 1998). This large body of published work, including numerous U. S.

Geologic Survey quadrangle maps (Ransome, 1903; D. W. Peterson, 1960, 1969; N. P.

Peterson, 1962, 1963; Willden, 1964; Krieger, 1968a, b, c, d, 1974a, b; Cornwall et al.,

1971; Cornwall and Krieger, 1975a, b, 1978; Banks and Krieger, 1977; Yeend et al.,

1977; Theodore et al., 1978; Creasey et al., 1983) and more recent maps by the Arizona

Geological Survey (e.g., Spencer and Richard, 1995; Skotnicki, 1995, 1998; Richard and

Spencer, 1997, 1998), provides an excellent geologic base for new observations and

expanded interpretations of extension.
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Using standard structural methods, new and existing geologic maps, and insight into

the geometries of pre-existing plutonic and hydrothermal systems, we make a stepwise

balanced reconstruction of faults in this region and the underlying pre-extension crustal

architecture with greater detail and control compared to earlier attempts (e.g., Richard,

1994; Richard and Spencer, 1998). This paper focuses on the underlying evidence, the

approach, and the results of that stepwise reconstruction. Although far from perfect, this

regional set of reconstructions demonstrates that multiple faults operated in a sequence of

successive, non-linked sets that rotated major crustal blocks to the east and the west on

both sides of the present-day tilt-domain boundary. These results point to a more complex

history than heretofore proposed for the high-magnitude regional extension in this area

and thus pose questions for the nature of development of nearby metamorphic core

complexes. In a related paper (Maher et al., in prep.), we use these reconstructions to

develop a substantially new view of the three-dimensional geometry of the igneous and

hydrothermal features that comprise a dozen or so variably mineralized porphyry copper

centers, including some of the world's largest deposits.

REGIONAL SETTING

The Basin and Range Province (Fig. 1) comprises the larger part of a zone of

Cenozoic extension that defines a broad corridor through western North America from

central Mexico to western Canada (Stewart et al., 1998; Lowe et al., 2001). The salient

features of this extended terrain are normal faults that typically accommodate rotation of

upper crustal blocks by varying amounts, locally exceeding 90° (Spencer and Reynolds,

1989; Howard and Foster, 1996). Rotation on these faults is directly linked to lateral
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extension of the crust that can exceed 100% over large areas (Wernicke et al., 1988;

Spencer and Reynolds, 1989; Seedorff, 1991a). Extension is largely indifferent to nature

of the crust involved, which ranges from Mesozoic arc crust in the western Great Basin,

to miogeoclinal rocks in the eastern Great Basin, to Precambrian crystalline rocks in

Arizona and southern California. These areas occur within or in the hinterland of earlier

contractional orogens, such as the Laramide and Sevier (Coney and Harms, 1984;

DeCelles, 2004).

In Arizona and adjoining areas, extension is superimposed on Middle Proterozoic

crystalline rocks that are overlain by a thin sequence of various Middle Proterozoic,

Paleozoic, Mesozoic, and Paleogene sedimentary and volcanic rocks (Fig.3; Reynolds,

1988; Dickinson, 1991). The Proterozoic rocks comprise a metamorphosed basement

complex of primitive arc-related sedimentary, volcanic, and plutonic rocks of the Pinal

Schist and various granitoids, including the Madera Diorite, which are intruded by

texturally diverse 1.4-Ga, high-K granitoids of the Ruin and Oracle Granites.

These rocks were beveled and unconformably overlain by approximately one km of

dominantly siliciclastic sedimentary rocks of the Apache Group and Troy Quartzite. At

approximately the time of deposition of the Troy Quartzite, the Proterozoic sequence and

underlying crystalline rocks were intruded by diabase dikes, sills, and sheets dated at ~1.1

Ga (Shride, 1967; Wrucke, 1989). The diabase was intruded at shallow levels in the

Proterozoic crust, mostly as sills in the Apache Group, and commonly as subhorizontal

sheets in the crystalline basement rocks for a few hundred meters below the unconformity

at the base of the Apache Group (Howard, 1991). However, diabase sheets virtually never
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occur more than one km below the unconformity, even in areas where large volumes of

diabase occur in overlying Apache Group (Fig. 4; Barton et al., 2005). This is evident in

larger structural blocks in the Tortilla Mountains west of Hackberry and Ripsey Washes,

in the northern Dripping Spring Mountains, and in the Globe Hills and lower Pinto Creek

areas (Fig. 4). As discussed further below, diabase sheets are thus key indicators of both

paleohorizontal and paleodepth and are markers of slip and rotation on faults in

imbricately faulted crystalline rocks.

Approximately 1.0-1.5 km of Paleozoic rocks, mainly carbonate rocks,

disconformably overlie strata of the Troy Quartzite and Apache Group. Late Cretaceous

volcanic and volcaniclastic rocks of the Williamson Canyon Volcanics and broadly

correlative units locally overlie the Paleozoic rocks. Older Mesozoic rocks, exposed

elsewhere in southern Arizona, have not been found in the area investigated. Small-scale,

Late Cretaceous folds and limited, moderate-slip reverse faults, typical of the Laramide

orogeny in this region (e.g., Davis, 1979), locally deform the supracrustal and basement

rocks, primarily in the southwestern third of the area (e.g., Keith, 1983, 1986). There are

at least eight magmatic centers and ~12 associated copper-bearing hydrothermal systems

in the area that formed during Laramide time (Late Cretaceous to early Tertiary).

Cenozoic clastic rocks and local evaporites and minor volcanic rocks form diverse

and diachronous basin-filling sequences that accompanied and postdated normal faulting

(Dickinson, 1991, 2002c). These sedimentary rocks also provide critical clues for

reconstructing the extensional history.
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LOCATION AND GEOLOGIC FRAMEWORK

This study focuses on synthesizing and adding to the geology of a region that is

nearly 4,000 km2 in area and lies 100 km north of Tucson, Arizona, comprising the

Tortilla, Dripping Spring, Mescal, Hayes, and Pinal Mountains, the Globe Hills, and

adjoining valleys (Fig. 2). These north-northwest trending ranges expose pre-extensional

Proterozoic to early Tertiary rocks and rocks deposited in middle Tertiary synextensional

basins (Figs. 4, 5). The constituent blocks are cut by multiple sets of normal faults and

are variably tilted (Fig. 5).

Part of the area exhibits rugged topography with >1 km of relief, such as in the Pinal

and Dripping Spring Mountains (Fig. 4). A small fraction of the area, including the

western side of the Tortilla Mountains (Fig. 4), has poor exposures on pediment surfaces.

The area contains three major and several minor mining districts associated with

Laramide intrusive complexes and related porphyry copper deposits (Fig. 2), including

the Globe-Miami, Superior, Ray, and Christmas districts (Fig. 4). This copper-rich region

has commanded a century of geologic study, culminating with an intense period of 20 yr

that ended in the late 1970’s at the end of a major copper price cycle (Titley, 1982a). This

largely predated recognition, study, and application of a new understanding of middle

Tertiary extension in the American Southwest. Subsequent work (e.g., Dickinson, 1991;

Howard and Foster, 1996) has recognized the significance of middle Tertiary extension,

but more comprehensive application of this work to the specific study area is just

beginning (e.g., Keith, 1986; Richard and Spencer, 1998; Seedorff et al., submitted, a, b).

Interest in advancing the understanding of extension in this region arises from recognition
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of the affects of middle Tertiary faults on Laramide age porphyry copper systems

(Wilkins and Heidrick, 1995), as nearly every deposit in the region is partially fault-

bounded, and some deposits are bounded by faults on nearly every side, including above

and below (e.g., Breitrick and Lenzi, 1987).

Tilt Domains, Faults, and Bedrock Patterns

The study area is divided into two tilt domains (Stewart, 1980, 1998) that face each

other, yielding a broadly synclinal pattern of dips (Fig. 5; Faulds and Varga, 1998). In the

southwestern domain, the rocks dip eastward 30 to 40° in the north to more than 90° in

the south, where bedding is slightly overturned. This domain contains numerous down-

to-the-west normal faults (Figs 6, 7). In the northeastern domain, strata dip westward

from 40 to 50° in the south to about 70° in the north. This domain contains predominantly

down-to-the-east normal faults (Figs 6, 7). The transition between these zones is a broad

region, roughly coextensive with the Dripping Spring Mountains, which is less tilted

(typically within 20° of horizontal) and contains both east- and west-dipping faults (Figs.

5, 6, 7).

The geologic complexity of the tilted fault panels provides many geologic features

that can be used for restoration of faults (Figs. 3, 4). An important consequence of the

dismemberment and vertical telescoping by normal faulting is the exposure of many

different levels of crustal blocks at the present-day surface, including the fortuitous

exposure of productive levels of many porphyry copper systems (other deposits are

buried, and some may have been eroded). Most areas show diverse rock types in a series

of panels that constitute oblique to nearly perfect cross sections of Laramide crust.
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Synopsis of the Regional Tilt Domains

Tortilla Mountains Area
Beginning in the west-southwestern part of the study area, the Tortilla Mountains

consist of steeply (~90°) east-facing panels of the Apache Group predominantly

overlying Ruin Granite. Both are intruded by diabase and overlain by Paleozoic and

Mesozoic rocks (Figs. 2, 4). These rocks are intruded by numerous, variably altered

Laramide rocks, including the composite Tea Cup pluton (Cornwall, 1982; Barton et al.,

2005). North of the Gila River, the basement consists of Pinal Schist with sparse Madera

Diorite rather than Ruin Granite. The Laramide-age Granite Mountain intrusive complex

west of the Ray porphyry copper deposit represents the roots of a large hydrothermal

system (Seedorff et al., submitted, b; Maher et al., in prep.). Across this region there is

evidence for Laramide deformation (e.g., Richard and Spencer, 1998). Synextensional

sedimentary basins strike northwest, and the largest of these contains the San Pedro

River. Miocene volcanic rocks are centered in a northwest striking graben in the North

and South Buttes area southwest of Mount Grayback.

Superior Area
In the northwest near Apache Leap, the town of Superior, Picketpost Mountain, and

Roblas Butte, fault blocks are tilted easterly (Peterson, 1969; Spencer and Richard, 1995),

similar to the Tortilla Mountains to the south. The dips decrease, however, from near

90°near the Gila River to ~30-50° in the north. Here, supracrustal rocks overlie Pinal

Schist and local intrusions of Madera Diorite (Figs. 2, 4). At the northern end of the area,

the Precambrian Ruin Granite intruded the Pinal Schist, forming an intrusive contact that
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strikes east-northeast and is repeated by faults across the northern part of the study area.

The Apache Leap area has the only known Mesozoic volcanic rocks north of the southern

Dripping Spring Mountains, which are in a Laramide structural depression hidden

beneath Tertiary rocks (Manske and Paul, 2002). Laramide granitic rocks host the

Resolution and Superior East porphyry copper deposits. Volcanic rocks are widespread in

the northwestern part of the study area and include the regionally extensive Apache Leap

Tuff (Peterson, 1968) that erupted from the Superstition caldera northwest of the study

area at 18.57 ± 0.05 Ma (Ferguson et al., 1998; McIntosh and Ferguson, 1998) and crops

out from the Government Hill and Haunted Canyon area to near the Ray mine, as well as

younger Miocene tuffs and lava flows at Picketpost Mountain, Roadrunner Mesa, and

Sleeping Buffalo (Creasey et al., 1983).

Globe-Miami and Pinal Mountains Area
In the northeast, encompassing the area from Apache Leap on the west, Granite and

Ruin basins to the north, the Globe Hills and Apache Mountains to the east, and the Pinal

Mountains and El Capitan Canyon to the south, there are multiple sets of dominantly

down-to-the-east faults. The supracrustal rocks dip west-southwest from ~50 to 70°.

North of the Sleeping Beauty fault, rocks are more complexly tilted, locally in both

directions. In the Globe Hills, rocks are tilted less (~25-50°) to the west-southwest. The

intrusive contact between the Ruin Granite and Pinal Schist also trends east-northeast

across the northern part of this sub-region (Figs. 2, 4). To the south, a similar but more

irregular intrusive contact transects the Pinal Mountains, which is terminated abruptly at

the El Capitan Canyon fault. The largest exposed pluton of Madera Diorite in the study
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area (~50 km2) intruded the Pinal Schist between Pinal Peak and the town of Miami. This

sub-region hosts many severely dismembered porphyry copper deposits that are centered

on the Laramide-age Schultze Granite, including the Miami-Inspiration deposit (Maher et

al., in prep.). Large, northwest trending, synextensional sedimentary basins occur

between the towns of Miami and Globe and surrounding the town of Cutter.

Mescal Mountains Area
To the southeast, from the Pinal Mountains in the north to Aravaipa Canyon in the

south and from the Mescal Mountains on the west to Coolidge Dam on the east,

supracrustal rocks dip moderately southwest in a series of distinct tilt blocks. The

supracrustal sequence here includes the Williamson Canyon Volcanics, and the

predominant basement rock here is Ruin Granite (Figs. 2, 4). No known porphyry copper

deposits occur in this area, but a small (~20 km2) Laramide intrusion is exposed in

Granite Basin and smaller intrusions are present. Miocene sedimentary rocks are aerially

less extensive (<50 km2) than elsewhere in the region. A larger area (~70 km2) of untilted

to gently inclined, felsic to intermediate volcanic rocks covers the supracrustal rocks in

the southeast near Aravaipa Canyon.

Dripping Spring Mountains Area
The central axis of the study area contains the Dripping Spring Mountains, which

contains supracrustal rocks that are nearly flat lying but resemble a gently southeast-

plunging synform (Figs. 2, 4). In detail, however, the geometry is more complex.

Basement rocks exposed at the northern end of the range are Pinal Schist and small

intrusions of Madera Diorite. The Ruin Granite is not exposed, but projection of contacts
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and the distribution of inheritance in zircon cores (Seedorff et al., submitted, a) suggest

that it underlies most of the range. The supracrustal rocks are complexly faulted Apache

Group and Paleozoic sedimentary rocks, but the Williamson Canyon Volcanics cap the

southern third of the range. The range contains an array of faults with both down-to-the-

east and down-to-the-west displacement of different ages and crosscutting relationships.

No significant reverse faults are exposed, but complexly folded and locally overturned

supracrustal rocks occur, largely along the western flank of the range. The felsic to

intermediate Rattler, Chilito, Christmas, and Saddle Mountain intrusive complexes crop

out along the axis of the range. Miocene rocks occur only near the Ray mine.

Cenozoic Sedimentary Rocks and Depositional Basins

Cenozoic sedimentary rocks and basins and their intercalated volcanic rocks provide

key evidence on the timing, distribution, and magnitude of extensional faulting and the

angle at which normal faults initiated. Dickinson (1991, 1995, 1996, 1998, 2001, 2002b,

c) has shown that Tertiary sedimentary rocks were deposited in half grabens that exhibit

complex onlapping and overstepping of tilt blocks, which is characteristic of

synextensional basins (Mack and Seager, 1990).

The sedimentary rocks are exposed largely as homoclines (Fig. 8) and exhibit wide-

ranging lithologies from km-long megabreccia blocks, oligomictic and polymictic

sedimentary breccias, conglomerates, sandstones, siltstone, mudstones, and local

evaporites (Krieger, 1977; Dickinson, 1991), with volcanic rocks locally providing age

control (Fig. 8). Sedimentary rocks derived from bedrock occurrences of porphyry copper

systems—some of which have yet to be identified—are present in some sedimentary
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basins and can be resources in their own right (Phillips, 1976; Dickinson, 2001; Maher et

al., in prep.), such as at Copper Butte (Figs. 2, 8). In common with other areas of

continental extension (e.g., Yarnold and Lombard, 1989; Schlische and Anders, 1996;

Gawthorpe and Leeder, 2000), the sedimentary lithologies can be assigned to alluvial fan

or braidplain, rock-avalanche, lacustrine, and playa facies, whose distributions are

strongly controlled by syndepositional faults (Dickinson, 1991).

The principal stratigraphic division employed here (Figs. 3, 4) is whether sedimentary

rocks are older or younger than the Apache Leap Tuff (18.6 Ma). Rocks then are

correlated with the existing stratigraphic nomenclature of Dickinson (1991) and other

workers, including Ransome (1903) and Heindl (1963), depending on location.

In the Tortilla Mountains, older middle Tertiary sedimentary rocks are subdivided

into the Hackberry Member of the Cloudburst Formation of Weibel (1981) and the

overlying San Manuel Formation based on “consistent color variation and general age

equivalence” (Dickinson, 1991). The Miocene Apache Leap Tuff occurs within the San

Manuel Formation in the northwestern part of the area but pinches out southeastward.

The San Manuel Formation in turn is overlain by the Quiburis Formation (Heindl, 1963;

Krieger et al., 1974). Farther north in the area southwest of Superior, the Miocene

Sleeping Buffalo and Road Runner Rhyolites are intercalated with sedimentary rocks that

overlie the Apache Leap Tuff (Creasey et al., 1983). To the north and east of the Ray

mine, older sedimentary rocks have been assigned to the Whitetail Conglomerate,

whereas younger rocks were assigned to the Gila Conglomerate (Ransome, 1903).
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The most complete record of synextensional sedimentary rocks is found along the

eastern flank of the Tortilla Mountains, such as along Hackberry Wash (Figs. 2, 8). These

rocks record a nearly continuous sedimentary record from disconformable deposits near

the middle Tertiary unconformity that are now steeply dipping and locally overturned, to

flat lying post-extension sedimentary rocks (Fig. 8). The section superficially defines one

growth basin with a continuous fanning-upwards sequence of rocks. In detail, however,

the section exhibits episodic, rapid decreases in dip up section amid extended sequences

with uniform dips. These patterns are interpreted to record episodic formation, slip, and

tilting of normal faults between periods with little or no slip (Maher et al., 2004).

Rocks deposited in the oldest basins, such as the Cloudburst Formation at Hackberry

Wash (Dickinson, 1991, 2002b) and the Whitetail Conglomerate in the Ray-Superior area

(Ransome, 1903), generally are the most highly tilted, tend to contain clast types that

reflect the youngest part of the pre-extensional crustal column and local provenance, and

are more likely to contain landslide breccias (Fig. 8). These early basins had isolated

drainage networks (Maher et al., 2004). Rocks deposited in younger basins, such as the

post-mid-Miocene Quiburis Formation along the San Pedro trough (Dickinson, 1998,

2002c), generally are less tilted and tend to be dominated by clasts derived from the

crystalline basement, as would be expected from a progressive unroofing sequence. The

later basins generally have a more integrated drainage, culminating in the modern,

fluvial-dominated systems.
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METHODS

The underlying geologic understanding of the area was accomplished through the

compilation of detailed maps at regional scale enhanced by new field observations and by

incorporating available subsurface data that would not generally be available if the area

were not a major copper province. Analysis of new and previously published geologic

data identified new piercing points that were used in the structural reconstructions.

Further, this study presents a detailed integration of the geology of synextensional

sedimentary basins and structurally significant aspects of the supracrustal sedimentary

rocks and crystalline basement.

Geologic Mapping and Related Field Work

We created a comprehensive compilation of the geology of the study area from

existing maps and drill holes (Figs. 4 to 6). Selected areas were remapped, principally in

the Tortilla Mountains and parts of the Schultze Granite in the Pinal Mountains (Fig. 4).

The new mapping focused on rock type and structure and overlays for hydrothermal

features. The geologic data and imagery draped over DEMs were scrutinized to identify

potential geometric inconsistencies among mapped relationships, geologic markers that

could be relevant to structural reconstructions, gaps in data in critical areas (e.g., bedding

attitudes in Tertiary rocks immediately overlying an unconformity), and crosscutting

relationships that constrain the relative ages of events. These investigations led to

additional field checking and mapping of selected areas. The new observations

sometimes resulted in new interpretations of the geology, which more commonly affected
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the attitude of or nature of geologic contacts (e.g., fault versus unconformity versus

intrusive contact) than the distribution of rock types.

The Tertiary rocks were one focus of mapping. We measured attitudes and described

the clast composition in synextensional sedimentary rocks. In the most complete middle

Tertiary section, we measured the thickness using a Jacob staff, described the section in

detail, including pebble counts, and measured transport-direction indicators.

Locating Faults

The location and geometry of faults is constrained principally by (1) measurements

on exposed fault planes, (2) the trace of faults on the topographic surface with the

assistance of aerial photographs and/or satellite images, (3) piercements by dozens of

drill holes and mine surfaces, (4) the trace of truncations of alteration patterns and other

contact relationships, and (5) reinterpretation of one seismic profile. We found many new

faults in the field, a few of which we interpret to be reverse faults of Laramide age. The

keys to identifying new faults were (1) subdivision of spatially extensive Proterozoic and

Laramide plutonic rocks, which commonly were previously mapped as being structurally

intact, into textural phases, (2) focus on previously mapped terminations of thin dikes,

sills, and sheets that might be shown to be faults, and (3) scrutiny of areas with abrupt

changes in hydrothermal alteration that might mark faults, even where rock types are

uniform.

Tilted strata and piercing points were used in certain cases to infer the presence of

unmapped faults or displaced segments of mapped faults if consistent with other data.

The inference of faults, including above or below the existing surface, is
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justifiable—even required—to satisfy observed geometric relationships (Seedorff,

1991b).

Identifying Structural Markers and Piercing Points

The identification of structural markers and piercing points is the key to

reconstructing the extension. Structural markers are distinctive geologic features (e.g.,

beds, intrusions, textural zones, alteration) whose repetition or omission signals the

presence of one or more intervening faults (Fig. 4). Piercing points, in contrast, are

geologic markers or combinations of markers that can be used to determine the

magnitude and direction of displacement on a fault or a combination of faults (Fig. 9).

One example is a steeply dipping contact in the crystalline basement unconformably

overlain by sedimentary rocks (intersection of two planes, forming a line) that has been

subsequently dismembered by a fault (yielding matching points on either side of the fault

surface at the inception of faulting). Another example is where Proterozoic diabase sills

(or their equivalent in crystalline basement, sheets) intersect steeply dipping Laramide

and Tertiary dikes (Fig. 9).

The distribution of piercing points reflects the cumulative slip related to movement on

one or more faults that may belong to one or more generations of slip. Piercing points

thus mark the endpoints in the history of the faulting but do not specify the path. Barring

independent or simultaneous constraints, there can be several possible solutions,

especially in areas with significant syn- or post-extension cover rocks. Therefore, a key

challenge is to deconvolve the faulting history related to piercing points. In this paper, we
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choose the simplest set of fault solutions that best satisfies all the observations about the

distribution of rocks, alteration, and structures.

These restorations are not necessarily unique, but commonly they are the only ones

that we have discovered that reasonably satisfy all the data. In many cases, this approach

forces us to infer the presence of additional faults that we have not observed but that are

required to honor the aggregate data set. Such inferred faults arise independently of

assumptions about overall fault geometry or kinematics.

Incorporating Data from the Subsurface and Magmatic-Hydrothermal Systems

Data from drill holes, open pit and underground mine maps, and exploration maps

have been incorporated. Geologic data were made available for this study by ASARCO

and Phelps Dodge Corporation, and the authors contributed data that are no longer

proprietary that were collected by numerous now-defunct companies. Drill holes were

critical, for example, in identifying low-angle faults that are present only in the

subsurface (Fig. 6). New mapping of hydrothermal alteration (Fig. 4), in addition to the

conventional information on rock type and structure, provided additional structural

markers and piercing points, which were particularly valuable in crystalline basement

rocks (Figs. 4, 9).

Sequential Unfaulting and Restoration

Palinspastic reconstruction involved two-dimensional sequential unfaulting in cross

section, from youngest to oldest faults, while honoring data in the third dimension. This

was achieved manually on Mylar using scissors and tape. Most smaller faults (slip <50
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m) were not used, but many faults were required to honor the overall displacements and

surface exposures.

We restored slip on faults using constraints from piercing points, if available, and

other structural markers, including older faults. In certain cases, many small segments of

faults were mapped but not correlated by earlier workers. In other cases, the requisite

faults are not exposed or were not mapped. The challenge was to determine which

segments belong together, to identify permissive locations for faults where they are not

mapped or exposed, and to honor the known crosscutting relationships between faults.

Acceptable reconstructions, i.e., those honoring the data and yielding balanced sections

without major loss or gain of material or penetrative deformation (which is absent),

typically required multiple passes to achieve a working combination of fault

relationships.

Approximately balanced restorations have been achieved for each of eight deposit-

scale cross sections (5-10 km long; Maher et al., in prep.) and four regional-scale, east-

northeast striking cross sections (60-65 km long) presented here (Figs. 4, 10 to 13),

which, in turn, guided plan view restorations. The initial assumption of purely rigid

rotation fits the observations of coherent dips within fault blocks and their general lack of

a megascopic penetrative fabric. Nevertheless, purely rigid rotations of blocks creates

geometries that violate other geologic constraints (e.g., minimal differential erosion on

the hanging wall blocks of major normal faults) when applied to regional cross sections

drawn to paleodepths of >10 km. To honor these other geologic constraints, small,

stepwise increments of flexure were imposed across the sections associated with
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restoration of movement on each fault during digital drafting of the final sections and

associated reconstructions. This exercise implies the ductile flow of material from

beneath footwalls to beneath hanging walls of faults, which must occur at small scales

near the surface around ramps that link overlapping, en echelon normal faults (e.g.,

Crider and Pollard, 1998) and at larger scales deeper in the crust to satisfy mass balance

constraints (e.g., Gans, 1987).

RESULTS

The area contains faults of various attitudes and ages, as illustrated in a series of four

regional cross sections (Figs. 10-13). The net result of this complex extensional history is

the vertical telescoping of the middle and upper crust, exposing many structural levels at

the present surface, from approximately the Laramide paleosurface to ~15 km depth, and

the development of the present-day tilt domains. Incorporation of absolute age constraints

permits description of the time-space evolution of normal faulting and associated tilting,

which grounds a descriptive model for continental extension.

Structural Constraints from Tertiary Rocks: Age, Timing, and Rates of Extension

The sedimentary rocks deposited closest to syndepositional faults and nearest the

bottom of a sedimentary basin provide critical structural information. These older

sedimentary rocks record the initiation of faulting and constrain the angles at which faults

initiated. The oldest rocks, however, are not always exposed at the modern surface given

the complexities of subsequent faulting, tilting, and erosion. For this reason, the steepest
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dips observed in middle Tertiary sedimentary basins provide a probable minimum

amount of tilt for underlying crustal blocks.

Some of the oldest synextensional sedimentary rocks, the Hackberry Member of the

Cloudburst Formation (Dickinson, 1991, 2002b), is exposed from Hackberry Wash and

Jim Thomas Wash to the Gila River north of Mount Grayback and were deposited

between about 26 and 22 Ma. In Jim Thomas Wash, one whole rock K-Ar age of 25.4 ±

0.6 was obtained on an olivine basaltic andesite lava near the base of the section, and a

biotite K-Ar age of 20.1 ± 0.5 Ma on a silicic tuff in the overlying San Manuel Formation

(Dickinson and Shafiqullah, 1989). Approximately 10 km to the northeast, two 40Ar/39Ar

sanidine dates on tuffs near the base of the section in somewhat less tilted (younger?)

beds yielded ages of ~23 Ma (Peters et al., 2003). Other basins initiated sometime later

but prior to about 20 Ma (Fig. 8).

In cases where basin-bounding faults are exposed near the base of a Tertiary

sedimentary basin, the bedding-to-fault angle defines the angle of dip of the fault at the

initiation of faulting, such as in the Pioneer-Alabama area (Figs. 8, 9). For the earliest

sets of faults in a local area, the angle between underlying pre-Tertiary sedimentary rocks

and early faults also can be used where there is evidence that older layered rocks were

nearly horizontal prior to extension. The angle of initiation of faults observed is at ~60°

to 70°.

Faults with the opposing tilt directions overlap in space and time (Figs. 6). In the

northeastern portion of the study area, synextensional sedimentary rocks dipping as much

as 50° are observed (Fig. 5), but these are deposited on deeper supracrustal and
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crystalline basement rocks, and the oldest synextensional sedimentary rocks marking the

basal middle Tertiary unconformity are not demonstrably exposed. Therefore, this

represents a minimum amount of tilt. Where middle Tertiary sedimentary rocks are

exposed in the relatively untilted area along the Dripping Spring Mountains (Fig. 5),

faults of both down-to-the-east and down-to-the-west orientations occur (Fig. 6), and

rocks dip at moderate angles in both directions, which permits determining the relative

ages of faults of differing dip directions.

The oldest dated rocks within the southwestern synextensional basins (e.g.,

Hackberry Wash area) are ~25 Ma and rocks deposited relatively late during faulting and

tilting are ~19 Ma. As described below, the southwestern area is extended by about

200%, and thus the deposition of ~2000 m of sedimentary rocks to ~6 m.y. at a mean rate

of ~0.3 mm/y. About 70° of tilt occurred over that interval at an average rate of about 11°

per m.y. In detail, the Hackberry Wash section demonstrates that tilting and

sedimentation were episodic and were likely coupled with specific faulting events and

that the rate of faulting, tilting, and sedimentation may have been greater in the early

history of the basin (Maher et al., 2004).

Orientations, Geometry, and Generations of Tertiary Structures

Orientations of Normal Faults and Their Distribution
The two principal families of normal faults strike west of north but have different

senses of displacement: one had down-to-the-east movement and the other had down-to-

the-west movement (Fig. 6). The slip directions generally correlate with their current dip

directions, except in areas where the amount of tilting exceeds ~60° and the faults are
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thus overturned, with up-dip (in present orientation) normal slip, such as in the Tortilla

Mountains (Fig. 4). Less important fault sets of other orientations strike east-northeast

and dip steeply to the north or south (Fig. 6).

Down-to-the-west faults that are associated with eastward tilting of their hanging

walls predominate in the east-dipping tilt domain, and down-to-the-east faults

predominate in the west-dipping tilt domain, but the gently tilted region along the

Dripping Spring Mountains contains normal faults of both orientations (Figs. 5, 6).

Geometry and Characteristics of Normal Faults
The range of pre-extension vertical exposure approaching 15 km permits the

geometry of many normal faults to be reasonably well constrained, although the types of

constraints vary between old and young faults.

The relatively young faults are locally exceptionally well exposed in outcrop,

currently dip 50-70°, and persist along strike for 25-50 km with few offsets by younger

faults, such as within the Tortilla Mountains. Primarily based on their traces in map view

and dip measurements (Figs. 4, 6), they appear to be steeply dipping surfaces with shovel

or spoon shapes, but there is limited evidence for how their dips change with depth.

The older faults tend to dip more gently, with little or no topographic expression. In

places, older faults are well exposed, along strike and down dip, such as on numerous

low-angle faults in the northern Tortilla Mountains and in the Pinal Mountains (Fig. 6).

The nearly ubiquitous segmentation of older, gently dipping faults by younger, steeper

faults, however, commonly prevents tracing individual faults for more one or two km. On

the up thrown block of the younger fault, the continuation of the older fault may now
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project entirely above the present surface, and on the down thrown block of the younger

fault, the older fault may completely underlie present exposures, although drill holes

locally pierce the faults, as indicated on cross sections (Figs. 10-12).

Evaluation of offset geologic markers and piercing points (Fig. 9) is required to

correlate fault segments and to determine the overall geometries of faults. Similar dips of

faults from shallow to deep structural levels indicate that the faults flatten only gently

down dip and commonly imperceptibly. Most normal faults are characterized by breccia

and/or gouge. At deeper structural levels near Mount Grayback (Fig. 4) along the

southwestern edge of the study area, narrow zones of mylonite (typically <2 m) are

present, and Skotnicki (1999) maps large exposures of mylonite in the Ninetysix Hills.

Geometric arguments provide further support that the faults are not strongly listric.

Listric faults produce differential tilt between hanging wall and footwall, so strata in

successive imbricate fault blocks should exhibit consistently steeper dips into the hanging

wall side, but instead dips tend to be nearly uniform from block to block. These

observations justify the assumption, in regions where constraints are limited or absent, in

showing down-dip curvatures on cross sections of only 1 – 3°/km, and this may be an

overestimation.

The evidence for the lateral changes in dip are not as robust as for the younger faults,

but the overall geometry of the older faults also appears to be shovel- or spoon-shaped.

Consequently, the evidence in this area is consistent with normal faults of all ages having

similar geometries, as illustrated on the accompanying maps, cross sections, and

reconstructions (Figs. 4-6, 10-13). Previous workers had different interpretations of the
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geometry of faults (e.g., Naruk et al., 1986; Howard and Foster, 1996), probably because

they linked segments of earlier and later faults, as discussed below.

Sets and Generations of Normal Faults and Crosscutting Relationships
In any particular sub-region, there tend to be repeated occurrences of faults with

similar orientations (Figs 6, 9, 10 to 13). Faults generally can be easily grouped on the

basis of both orientation and relative age based on crosscutting relationships (Fig. 6).

Thus, each group defines a series of subparallel faults, each of which was active at about

the same time, which we term a set (when emphasizing their attitude) or generation

(when emphasizing the relative age of movement) of faults. In later sections, we correlate

faults and fault sets and examine how the location of active normal faulting shifted in

time and space.

There are also variations in the characteristics of the fault sets, which can be grouped

into three styles of normal faults. Certain faults sets have a dominant fault that

accommodated most of the displacement, with a number of smaller related faults that

occur in the footwall and especially in the hanging wall, such as the Pinal fault set (Fig.

6). A second style is characterized by shear zones with numerous small- to moderate-

displacement faults that together accommodate significant extension, such as the

Buckeye fault sets (Fig. 6). A third style exhibits a few, widely spaced faults, each of

which has significant displacement, such as the Concentrator and Dripping Springs sets

(Fig. 6). Some fault sets contain numerous individual faults that can be recognized easily

where supracrustal rocks or unconformities are displaced. On the regional scale cross

sections, some sets of faults have been simplified by combining smaller displacement
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faults into fewer groups with greater displacement, as long as this did not produce

artificial violations of mapped observations in the reconstructions. For example, the

consistently dipping Precambrian unconformity is fault-repeated in the Globe Hills more

than ten times, and the thickness of the Pioneer Formation and the recurring contact

between the Pioneer and Dripping Springs Formations require at least a dozen more fault

repetitions. In the cross section, this complexity has been simplified to seven faults. Even

with these simplifications, no fault has much more than four km of slip and most have

less than one km of slip.

High-angle faults generally cut older, lower-angle faults, such as within the Ray

deposit and nearby at Teapot Mountain, at Copper Butte, near Riverside, in the Pinto

Valley mine, at the Miami-Inspiration deposit and farther east at Van Dyke, at the Lone

Pine prospect area, and at the Azurite prospect. In numerous other areas, the fault

intersections are not exposed, but geometric relationships require similar relationships.

Note, however, that locally the reverse is true, i.e., faults that currently dip at low

angles may truncate and dismember older faults that currently dip at high angles. For

example, the more gently dipping down-to-the-east faults in the Dripping Spring and

Mescal Mountains cut and back-rotated the presently more steeply-dipping, second

generation of down-to-the-west faults (Figs. 6, 12). These are localities where faults of an

earlier generation are cut and tilted by later faults that dip in the opposite, or a

substantially different, direction.
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Tertiary Folds
Folds generated by compression and related to Laramide reverse faults (discussed

below) are present, but folds also were clearly generated during middle Tertiary

extension and concurrent sedimentation. Extensional folds here exhibit long-wavelength,

low-amplitude open synclines and syncline-anticline pairs. The compressional folds, in

contrast, commonly are tight, approaching isoclinal, syncline-anticline pairs or exhibit

several sets of tight folds in close proximity (e.g., Cross Canyon south of Superior,

Dripping Spring Mountains north of Winkelman, and south of Picketpost Mountain),

which occur near the rare faults that exhibit older-over-younger relationships.

 Various styles and scales of folds occur in synextensional sedimentary rocks and,

locally, adjacent bedrock. Small (cm-m)-scale and, less commonly, large-scale (tens to a

few hundreds of m) folds occur near major faults, usually in the hanging wall, that are

probably drag folds. Small folds are common, but large examples include the Spine

syncline near Copper Butte, the Jim Thomas syncline, and the School syncline north of

Ray (Cornwall et al., 1971; Dickinson, 1995, 2001, 2002b). Other, generally larger folds

occur at the along-strike termination of major normal faults, where faults appear to be

dying out into folds, such as the Dripping Spring Valley fault syncline at the head of

Mineral Creek or the Jim Thomas and Tecolote synclines (Dickinson, 2002b). Folds with

amplitudes of several tens to a few hundreds of m occur in the hanging wall of some

faults. These are generally broad open synclines but a series of broad, open anticlines and

synclines involving bedrock also occur. They may be basement-cored folds (e.g., Howard

and John, 1997) or fault-bend folds. Other moderate to large folds occur between faults
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with opposing dips, such as folds in the Ruin Basin-Gerald Hills-Sleeping Beauty area

and perhaps the School syncline. Finally, folds with amplitudes of m to a few tens of m

occur within synextensional sedimentary basins that do not involve bedrock and

commonly occur between undeformed beds (e.g., within the San Manuel Formation at

Hackberry Wash). These are interpreted to be growth folds (Maher et al., 2004).

The folds discussed above are fairly minor features that are not significant at the scale

of the regional cross sections.

Regional Cross Sections and Restorations

Using methods described above, all four regional scale cross sections restore

reasonably well, bringing appropriate pre-extension markers back nearly to horizontal.

For each section, we summarize the results for each tilt domain and then for the section

as a whole.

Superior-Miami Section
This cross section (Fig. 10) extends about 65 km from the west-central part of the

Mineral Mountain quadrangle to the Apache Mountains (Fig. 4). The N59°E orientation

approximates the local net extension direction. The section is drawn through the Miami-

Inspiration deposit in the east central part of the section, and the west-central part of the

section passes through the Superior East deposit and adjacent to the Resolution deposit.

The section also intersects reverse faults and related folds at the end of the section south

and west of Picketpost Mountain.

In the eastern part of the section near Miami (Fig. 10), there are at least four sets of

faults that have been restored. Rocks have been variably tilted to a net of about 70° to the
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west-southwest, principally by two sets of down-to-the-east faults, modified by

movement on later faults that dip in the opposite direction.

Geologic markers used for restoration of this section were unconformities,

supracrustal sedimentary units, plutons, hydrothermal alteration patterns related to the

porphyry systems, clusters of geochemically distinctive vein deposits, and older faults.

Piercing points in the Superior-Miami section are generated by the intersection of two

planes (a contact intersected by an unconformity) that created a line subsequently cut by a

third set of planes (faults). This set of points gives a fairly precise indication of direction

and magnitude of extension.

Dismemberment occurred predominantly along the Pinal fault set and an older fault

set. The older set is poorly exposed at the surface due to subsequent faulting and related

uplift and erosion but is exposed in mine workings and drill holes.

The western part of the section is primarily dismembered by two sets of down-to-the-

west faults and modified by younger fault sets. Tilting is moderate here and reaches a

maximum of ~50°. There is less bedrock exposure in this area due to late faulting with

large slip that generated young, deep sedimentary basins, as well as cover by the Apache

Leap Tuff. Structures can, however, be projected from the south, where there is more

bedrock exposure with piercing points. Constraints also are available from holes drilled

into porphyry copper prospects, and fault slip can be determined from geometric

relationships exposed at the present surface. Supracrustal sedimentary rocks, the

Whitetail Conglomerate, and a local folds and reverse faults are repeated by faults.

Several low-angle faults are intersected by drill holes in the Superior East deposit, just
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east of the Devil’s Canyon fault. The Whitetail Conglomerate and underlying erosion

surface, which overlie the Resolution deposit, are tilted eastward. Much of intersection

between the western and eastern tilt domains is covered in this section, so crosscutting

relationships were projected northward from the Ray-Mescal section (Fig. 12).

Beds in the Whitetail Conglomerate in the Haunted Canyon and Inspiration

quadrangles are nearly conformable with the underlying bedrock strata and are tilted to

the east (D. W. Peterson, 1960; N. P. Peterson, 1962). Sedimentary rocks that postdate

the Apache Leap Tuff, all assigned to the Gila Conglomerate regardless of relative age,

locally are significantly tilted to the west, whereas those that postdate significant

extension are nearly horizontal. As illustrated in the reconstruction (Fig. 10), these

relationships record an early easterly tilting event on two sets of down-to-the-west faults

and a later westerly tilting event on two sets of down-to-the-east faults that spatially

overlap the earlier down-to-the-west faults.

Mineral Mountain-Globe Section

This cross section (Fig. 11) extends about 65 km from Mineral Mountain to the

Apache Mountains (Fig. 4). This N58°E orientation of the section parallels the net

extension direction and passes through the Copper Springs deposit in the east-central part

of the section, complexly faulted supracrustal rocks south of Superior, and reverse faults

and folds exposed in the southwest part of the section.

Most of this section transects crystalline basement rocks of the Proterozoic Pinal

Schist and Madera Diorite and Laramide Schultze Granite and areas covered by syn- or

post-extensional sedimentary rocks. In the absence of supracrustal strata, the distribution
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of diabase sheets and relationships projected from outcrops to the north and south (see

Figs. 10, 12) are used to reconstruct the section. On the western end of the section, there

are at least three sets of down-to-the-west faults, as in the Ray-Mescal section to the

south (Fig. 12). In the central part of the section where crystalline rocks predominate, the

net tilting is ~60° east based on dips of diabase sheets. Numerous sets of north- and

northwest-striking normal faults cut supracrustal rocks on the eastern end of the section.

Ray-Mescal Section
The Ray-Mescal cross section (Fig. 12) trends N69°E for 60 km from North Butte in

the southwest to near Hog Mountain in the northeast (Fig. 4). This section approximately

parallels the net extension direction and passes through the Pioneer-Alabama prospects in

the southwest, the Ray deposit, and complexly faulted supracrustal rocks in the Dripping

Spring, Mescal, and southern Pinal Mountains. Well-exposed, tilted panels of

supracrustal rocks occur in the eastern half of the section, but the western half transects

crystalline basement rocks and syn- to post-extensional sedimentary rocks.

Restoration of the eastern part of the Ray-Mescal section (Fig. 12) near the Mescal

Mountains was possible using supracrustal sedimentary rocks, primarily the Apache

Group. Starting in the Dripping Spring Mountains, rocks are approximately upright but to

the northeast become successively more tilted, as progressively more sets of faults

become involved in tilting until three sets are involved. Restoration of the youngest set of

faults, which is the set that is best expressed at the surface, accounts for 10-15˚ of

westward rotation. The older faults are more difficult to evaluate but account for portions

of the ≥70° of rotation observed in portions of the middle and eastern parts of the section.
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The middle generation of faults in this section (Fig. 12) correlates with the Pinal Fault

and related structures that are important to the north near Globe and Miami (Fig. 10).

In the western part of the section (Fig. 12), near the Ray mine, Granite Mountain, and

the Tortilla Mountains, net tilting of crustal blocks is close to 90°, creating a series of

cross-sectional panels of Laramide crust at the present day surface. This was

accomplished by extension along three to four sets of down-to-the-west faults and,

locally, one set of down-to-the-east faults. A number of fault-repeated geologic markers

permit a fairly robust reconstruction of this section (Figs. 4, 9). Geologic markers used

include tilted sedimentary bedrock panels and comparably tilted synextensional

sedimentary rocks; the folds and reverse faults in the Superior section extend southward

into Walnut Canyon west of Ray; several intersections between Precambrian and

Laramide intrusive rocks with each other or with sedimentary units; and hydrothermal

alteration patterns related to the Granite Mountain and Tea Cup plutons.

A good example of the evidence for and the complexities in the reconstruction occurs

in the northern Tortilla Mountains and northwestern Dripping Spring Mountains near

Teapot Mountain (Fig. 14). Here, well-exposed synextensional sedimentary rocks record

multiple stages of tilting, both to the west and to the east, which vary across the section

(Fig. 14). In the northern Tortilla Mountains, the tilting of these rocks ranges from as

much as 100° eastward (i.e., overturned) to nearly horizontal. The Apache Leap Tuff

(18.6 Ma) lies near the top of this part of the sequence, where dips range from 10° to 25°

eastward. Younger sedimentary rocks overly the tuff and dip gently eastward to

horizontal. In turn, younger volcanic rocks of the Sleeping Buffalo Rhyolite, dated at 16-
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18 Ma (Creasey et al., 1983; Dickinson, 1995), overlie these sedimentary rocks and are

nearly horizontal. In the vicinity of Teapot Mountain, the contact between the Whitetail

Conglomerate and the Apache Leap Tuff dips about 15° east and lies in the hanging wall

of a down-to-the-west fault with hundreds of m of slip. Across the Mineral Creek basin (a

deeply-eroded horst) to the east, this contact has been dropped down by the westernmost

large, down-to-the-east fault by at least 800 m and probably 1500 to 2000 m (Fig. 14).

Here, the Whitetail Conglomerate, Apache Leap Tuff, overlying younger sedimentary

rocks, and even younger volcanic rocks dip 35° to the west-southwest. The down-to-the-

east faults displace and tilt rocks that are younger than the latest set of down-to-the-west

faults in this area. This dip inflection in the synextensional sedimentary rocks can be

traced for almost 30 km south of Teapot Mountain (Fig. 5) and is largely controlled by

the offset on one large fault (Fig. 6).

Kearny-Hayes Mountains Section
This cross section (Fig. 13) trends N68°E for about 60 km from near the head of

Ripsey Wash in the southwest through the Hayes Mountains (Fig. 4). This section was

drawn through the most complete exposures of supracrustal rocks in the Tortilla,

Dripping Spring, Mescal, and Hayes Mountains approximately parallel to the net

extension direction. The section passes through the Ripsey prospect in the west-central

part of the section and near the Chilito prospect near the middle of the section.

In the eastern portion of the Kearny-Hayes Mountains section near the Hayes

Mountains (Fig. 13), the geologic markers used for restoration mainly were the

supracrustal strata. Crustal panels in this section are tilted about 40-50° west
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southwestward on two sets of down-to-the-east faults. Slip on these faults decreases

southeastward, and some faults merge as slip decreases. This is analogous to the Superior

end of the Superior-Miami section (Fig. 10), where extension and tilting are decreasing

from southeast to northwest along down-to-the-west fault sets.

In the western end of the section near the Ripsey mine, dismembered fragments of

porphyry systems and regional intrusive contacts in basement rocks also were used as

geologic markers. Here, at least three down-to-the-west fault sets rotate rocks nearly 90°

to the east. Moderately west-dipping synextensional sedimentary rocks in fault contact

with moderate to steeply east-dipping older synextensional rocks west of the San Pedro

River indicate that the down-to-the-east faults that are well exposed in the Superior-

Miami (Fig. 10) and Ray-Mescal (Fig. 12) sections continue southward. In the Kearny-

Hayes Mountains section, however, they are mostly covered (Fig. 13), and their slip may

be either increasing or decreasing to the south. Down-to-the-east faults present here

persist southward out of the study area (e.g., Dickinson, 1991).

Amount of Slip on Individual Faults and Amount of Extension

Across the 70 km-wide study area (and for a strike length of about 90 kilometers), the

aggregate extension ranges from about 100 to 200%, but it varies greatly depending on

scale, mainly reflecting upon the locations and amounts of slip on the various fault sets

and the degree to which these sets overlap. For instance, in total, the Superior to Miami

section has been extended ~100%, but extension approaches 350% through the portion of

the same section in the vicinity of the Miami-Inspiration deposit (Fig. 10).
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As previously noted, even with the simplification of ignoring many smaller faults and

accommodating the slip on fewer faults, the slip on the largest faults is approximately 4

km and most have <1 km. Generally, the earliest sets in an area have the individual faults

with the most slip and are the sets with the greatest aggregate slip. Later faults generally

have less displacement (typically a maximum of 1 to 2 km), but the largest of these (e.g.,

Concentrator, Dripping Spring Valley, and Devils Canyon) bound the biggest

sedimentary basins.

Correlation of Faults

Figure 15 shows an internally consistent synthesis of faulting that is based on

crosscutting relationships, evidence from the sedimentary basins, available

geochronology on key volcanic units, regional map patterns, and the reconstructions (Fig.

6, 7). The power of the diagram (Fig. 15) is that it shows how the superposition of faults

of different polarity (e.g., down-to-the-east versus down-to-the-west) changes through

time, ultimately resulting in the present-day tilt domains (Fig. 5). Down-to-the-east fault

locally offset down-to-the-west faults where they spatially overlap, thus demonstrating

that they are generally younger (Fig. 15). As was described in the earlier section on Sets

and Generations of Normal Faults and Crosscutting Relationships, faults of higher angle

sets generally cut and offset faults of lower-angle sets (e.g., at Pinto Valley and near

Copper Butte, discussed above). There are exceptions, such as in the Dripping Spring

Mountains where earlier down-to-the-west faults that were rotated to low angles

subsequently were back-rotated to steeper, present dips by movement on later down-to-

the-east faults.



72

There are at least 15 major fault sets in the area. The relative ages of many of the sets

are constrained by crosscutting relationships, and geochronology on volcanic rocks

provides some absolute age constraints (Figs. 6, 15). The fault sets are numbered in their

approximate relative ages, although the relative ages of a few sets are not known.  The

earliest fault set (Buckeye set) is a down-to-the-west-southwest set that was active

beginning at ~26 Ma (Fig.7, 15). A second set of down-to-the-west faults (Copper Butte

set) spatially overlapped with and crosscuts the Buckeye set (Fig. 7).

At the time the Apache Leap Tuff was erupted (18.6 Ma), movement on the Buckeye

and Copper Butte sets had largely ceased. The Apache Leap Tuff was erupted probably

after movement of the fifth fault set, the Lone Pine set. Eruption of the Apache Leap Tuff

was perhaps synchronous with the seventh set, the Sleeping Beauty set, which cuts the

sixth set, the Mescal set. 16-18 Ma. The Apache Leap Tuff is nearly flat-lying in the

southwestern part of the study area.

Bedded volcanic rocks of the Sleeping Buffalo and Road Runner Rhyolites (~16-18

Ma) mantle virtually all of the down-to-the-west faults (e.g., Buckeye, Copper Butte, and

Roblas Canyon sets). Locally later down-to-the-west faults cut and gently tilt these rocks,

but these units are even less tilted than the Apache Leap Tuff in the western part of the

study area.

The down-to-the-east Dripping Spring fault set is the only set wholly in the central

part of the study area. The spatial overlap of the Dripping Spring fault set with the

Sleeping Buffalo and Road Runner Rhyolites.
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Additional sets of northerly to northwest striking down-to-the-west faults and down-

to-the-east faults developed in the western and eastern parts of the study area (Figs. 7,

15). These faults locally overlap each other but did not result in significant tilting (Fig.

10). Some of these late fault sets, such as the Concentrator and Gold Gulch, are intruded

by basalt dikes dated at 8 to 6 Ma.

RECONSTRUCTION OF THE LARAMIDE CRUST

Palinspastic Map

Figure 16A shows a palinspastic map created from reinterpretations of existing maps,

new observations, and restoration of faults and local and regional-scale cross sections.

This was done primarily by connecting key elements in the restored cross sections,

combined with constraints from the base of the Tertiary sedimentary rocks. The map

shows the distribution of rock units, the surface projections of intrusive centers and

related hydrothermal systems, and the limits of significant folds and reverse faults that

formed during Laramide contraction.

Oligocene Erosion Surface
The unconformity at the base of the Tertiary section constitutes an erosion surface

developed near the end of the Oligocene. Over most of the study area, the Oligocene

erosion surface lies at upper levels in the supracrustal sedimentary sequence or overlying

Laramide volcanic rocks.

Volcanic rocks of early Laramide age are present mainly in the southern and eastern

parts of the area and thicken southward. This distribution also corresponds to the
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presence of clasts of Laramide volcanic rocks in the overlying middle Tertiary

sedimentary rocks. Laramide volcanic rocks also are preserved in a Laramide-age

structural depression near Superior, but neither Laramide volcanic rocks nor clasts of

Laramide volcanic rocks in Tertiary sedimentary rocks are observed further north.

Most exposures of the oldest middle Tertiary sedimentary rocks lie on younger

sedimentary bedrock, typically upper Paleozoic rocks. Basement rocks occur, however,

directly at the erosion surface in an east-northeast trending, 15 km-wide belt that

constitutes a basement high. The basement high spatially corresponds to small-scale, tight

fold sequences and local exposures of reverse faults (Fig. 16A).

The southern end of the high is well exposed across various fault panels in the

northern Tortilla Mountains. South of Hackberry Wash, the oldest observed

synextensional middle Tertiary rocks disconformably overly Mesozoic volcanic rocks

(Fig. 16A). To the north, the unconformity cuts gently down section through the

Paleozoic and upper Precambrian supracrustal sequence, so that the unconformity lies

directly on basement rocks west of the town of Kearny. Moreover, the clasts in the

sedimentary rocks deposited on the unconformity to the south are derived from

supracrustal strata but become rich in basement rocks to the north, which corresponds

closely to the rocks exposed below the unconformity (Fig. 4). For four km on either side

of the Gila River, the clasts overlying the unconformity are comprised entirely of

basement rocks (Fig. 16A)
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Laramide Deformation Features
The major Laramide reverse faults, smaller scale reverse faults, and related folds

generally trend N10 to 30°W and their distribution is constrained by observed older-over-

younger fault relationships, neighboring tight folds, and relationships at the Oligocene

erosion surface. In the west-central part of the study area, the earliest synextensional

sedimentary rocks deposited on the middle Tertiary unconformity lie directly on

crystalline basement rocks and contain clasts of crystalline basement rocks, suggesting

earlier uplift and erosion of a pre-extension basement high (Fig. 16A). Fault-repeated

sections with older-over-younger relationships, which are Laramide reverse faults, are

rare and mainly occur in the southwestern part of the study area. These faults restore to

reverse faults with moderate to steep dips. Complexly folded and locally overturned

supracrustal rocks are exposed in the Dripping Spring Mountains, especially along the

western flanks of the range (e.g., near Ray, west and south of Troy Mountain, south of

Steamboat Mountain, and east and southeast of Hayden). Reverse faults with significant

displacement are not exposed in the Dripping Spring Mountains, but the folds probably

mark the eastward extent of Laramide contractional deformation features in the area.

Elsewhere in the study area, almost none of the many exposures of variably tilted

supracrustal sequences show older-over-younger, fault-repeated relationships. Moreover,

in most areas the oldest part of the middle Tertiary sequence lies roughly conformably on

the youngest part of the pre-Tertiary section. These observations belie the angular

relationships that would result if compressional deformation had been more widespread.
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Laramide Intrusive Complexes and Hydrothermal Features
The distribution of Laramide volcanic rocks and plutons together define the Laramide

arc in this part of east-central Arizona (Fig. 16A). A schematic reconstructed longitudinal

section along this portion of the arc (Fig.16B) was developed by projecting the various

plutons and their associated hydrothermal systems into a north-northwest oriented section

at the appropriate levels in the Laramide crust from reconstructed cross sections (e.g.,

Figs. 10-13). Numerous Laramide igneous bodies and dozens of associated porphyry

copper deposits and prospects are known in the study area. Reconstruction of piercing

points and structural markers along identified faults, however, indicates that they can be

reassembled into approximately a dozen magmatic hydrothermal systems centered on

eight intrusive complexes, as shown in Figure 16B.

DISCUSSION

A little more than a decade after recognition of Cordilleran metamorphic core

complexes (Crittenden et al., 1978), studies of normal faulting and crustal extension

tailed off in the early 1990s as many structural geologists ventured to the Andes or

Himalayas to study contractional deformation or branched out into new fields, such as

active tectonics and geodesy. The recent recognition that the current understanding of

low-angle normal faults is inadequate or flawed (Anderson, 2005) suggests that new

mapping and analysis of previously mapped areas in North America, such as this part of

east-central Arizona, may provide insights that have broad application to extensional

tectonics.
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Abundance of Low-Angle Faults

Although young, high-angle normal faults may be spectacularly exposed (Bell et al.,

1984; Stein and Barrientos, 1985; Wallace, 1987), including relatively young faults near

the study area (Davis et al., 2004), older normal faults are less likely to exhibit

topographic expression and commonly are covered or poorly exposed (e.g., Dickinson,

1991, 2000; Seedorff and Maher, 2002). For the older faults, careful mapping and critical

analysis of the geology, in some cases inspired by attempts at structural reconstruction,

are required to tease out the locations of faults (e.g., Shaver and McWilliams, 1987;

Dilles, 1992; Faulds et al., 1995; Gans, 1997; Ferguson et al., 2003). Unless three-

dimensional data are available, faults that dip at low angles present a special problem

because they parallel the surface of observation.

In this study, low-angle faults were newly recognized, largely because of access to

drill hole and mining data (Fig. 6). With rare exception, low-angle faults in the area are

cut by younger higher angle faults, which make it more difficult to trace earlier, low-

angle faults.

Even discounting the issue of quality of surface exposure, geometrical arguments

indicate that there is a bias against low-angle faults cropping out at the present surface

except in areas of extreme topography. Vertical drill holes and seismic reflection profiles,

in contrast, disproportionately resolve low-angle features and thus have a favorable

orientation for intersecting low-angle faults in the subsurface. Hence, in spite of more

than a quarter of a century of work since the widespread recognition of gently dipping

normal faults in the Basin and Range province (e.g., Crittenden et al., 1980), low-angle
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faults probably are still underrepresented on maps and cross sections through highly

extended terrains.

Geometry and Angle of Initiation of Normal Faults

Documenting the original geometry and dip of faults and their kinematics are crucial

to developing descriptive models of extension for any region and fundamental models of

lithospheric extension (e.g., Jackson and McKenzie, 1983). A uniform view of

extensional faulting is lacking (e.g., Wernicke and Burchfiel, 1982), as workers variously

call upon strongly listric (e.g., Anderson, 1971) or curviplanar (e.g., Proffett, 1977)

geometries and initial dips that are either steep (e.g., Jackson and White, 1989) or shallow

(e.g., Wernicke, 1981).

The extension in this part of east-central Arizona was accomplished by ~15 sets of

subparallel, curviplanar faults that have strike lengths from 25 to 50 km (Fig. 6). The

existing exposures are consistent with the interpretation that the faults are not strongly

listric, commonly decreasing in dip with depth only imperceptibly Although it is possible

in a few locales such as the Yerington district (Proffett, 1977) and the Egan Range (Gans

and Miller, 1983) to trace individual, gently dipping faults for long distances in outcrop,

the extreme degree of superposition of younger faults in east-central Arizona prevents

this, as gently dipping faults are segmented by ubiquitous younger, steeper faults.

Nonetheless, the uniform dips of strata on successive imbricate fault blocks preclude the

faults here from being significantly listric. Moreover, evidence from dips on Tertiary

rocks deposited concurrent with movement on individual faults and attitudes of older

strata indicate that faults initiated at high angles (~60°) and rotated to lower angles as
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they moved, eventually becoming inactive and being cut by younger sets of high-angle

faults (Figs. 10-13). Previous workers have used geologic maps and seismic data to infer

that faults in the northern Tortilla Mountains (Figs. 6, 9) are strongly listric in geometry

(Naruk et al., 1986; Howard and Foster, 1996). Those interpretations may have resulted

from erroneously linking and rounding off the intersections of certain steep faults

observed at the surface with segments of low-angle faults imaged by seismic reflection or

intersected by drill holes. This relationship can be demonstrated near Black Copper Wash

south of Kelvin, where the younger, steep fault extends beyond the intersection with the

older, low-angle fault (Barton et al., 2007). Indeed, the seismic section shown by Naruk

et al. (1986) for the northern Tortilla Mountains can be readily reinterpreted with an

alternate explanation of multiple generations of curviplanar faults (Seedorff and Maher,

2003; Barton et al., 2005).

The linkage of segments of kinematically unrelated high- and low-angle faults may be

a more general cause for the inference that certain normal faults are distinctly listric (e.g.,

Anderson, 1971; Snow and White, 1990). The geometry of faults in east-central Arizona

is similar to normal faults in other areas of continental extensional, elsewhere in the

Basin and Range province (e.g., Proffett and Dilles, 1984; Gans et al., 1985; Smith et al.,

1991) and in extensional terrains worldwide (e.g., Morton and Black, 1975; Jackson et

al., 1988; Goldsworthy and Jackson, 2001), where well-studied faults are virtually planar

over large areas but have an overall shovel or spoon shape and generally have steep

initial dips (Roberts and Yielding, 1994). Even certain faults that have been described as
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“detachment” faults, which were previously inferred to have initiated at low angles,

recently have been shown to have initiated at high angles (e.g., Wong and Gans, 2005).

Spacing of Normal Faults and Amount of Slip

Most normal faults are members of fault systems (e.g., Jackson and McKenzie, 1983;

Gibbs, 1984; Faulds and Varga, 1998), including sets of subparallel normal faults.

Indeed, historic earthquakes have been caused by movement on multiple faults of the

same set, slipping simultaneously on time scales of minutes to months (e.g., Slemmons

and Bell, 1987; dePolo et al., 1991). Some workers claim that the amount of slip on

individual normal faults, especially those termed “detachment” faults, can be tens of km

(e.g., Lister and Davis, 1989).

Mid-Tertiary and younger normal faults in east-central Arizona (Figs. 6, 10-13)

belong to distinct sets or generations of faults, each of which resembles a series of

domino-like fault blocks (e.g., Morton and Black, 1975) but which together define an

asymmetric, albeit complex, half graben. The fault sets have differing characteristics

(Figs. 10 to 13), which can be assigned to three main styles: (1) a major, dominant fault

that accommodated most of the displacement, with a number of smaller related faults in

its footwall and especially in its hanging wall; (2) dozens of closely spaced, shingle-like

normal faults, each with small to moderate displacement, which together accommodate

significant extension and form an inclined, progressively flattening, shear zone; and (3) a

few, widely spaced faults each with significant displacement, forming a series of large tilt

blocks. The latter style is common in the youngest generations; the other two are more

common in the earlier ones that produced greater amounts of extension. Regardless of the
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style of the set, the maximum amount of slip on any individual fault in east-central

Arizona is <5 km, and most have <1 km of slip. Nonetheless, the many faults in a single

fault set can produce significant absolute amounts of extension, which can be further

compounded by contributions from multiple sets of faults (e.g., Figs 10 to 13). Because

faults sets typically are superimposed (Fig. 6), the distance between similar though

widely separated structural markers on present-day maps does not reflect the amount of

slip; even the distance between true piercing points can be the vector sum of slips on

multiple, crosscutting sets of faults (Fig. 9).

Variations in fault spacing are common in extensional settings, such as the along-

strike variation observed from the northern Snake Range northward to the Deep Creek

Range, Nevada-Utah (Miller et al., 1999). The styles may be controlled by the depth to

the brittle-ductile transition and rate of lithospheric extension for a given fault generation.

The amount of slip on big normal faults, such as the Singatse fault in the Yerington

district (Proffett, 1977), is commonly ~4 km. Tens of km of slip attributed to a single

“detachment” fault (e.g., Dickinson, 1991; Spencer, 2006) instead may be the aggregate

slip on several, closely spaced faults of the same set, plus contributions from one or more

other generations of crosscutting normal faults. The geologic markers that lead to such

estimates commonly are within crystalline rocks, where there may be few indications of

the presence of additional faults, and potential repetitions of the intervening markers may

have been eroded.
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Volume of Sedimentary Detritus

The sedimentary basins are the repositories of detritus eroded from the uplifted

portions of fault blocks of highly extended domains (e.g., Moores, 1968; Gans et al.,

1989; Beratan, 1996), and this erosional component is a part of the overall mass balance

of the structural system (e.g., Barton, 1996). The geometry and temporal evolution of the

fault systems, which generally are variations on the half graben theme (e.g., Dickinson,

1991), control the formation of successive sedimentary basins (Schlische and Anders,

1996). Most of the volume of the pre-extension upper crust can be readily accounted for

in the uneroded portion of the restored cross sections. The coexisting sedimentary basins

are complex half grabens that may accumulate a significant stratigraphic thickness over

the life of the basin (Fig. 9). Nonetheless, the basin fill is volumetrically small, and many

basins lack connectivity, particularly early in the history of extension. Because of the

nature of crosscutting faults and tilting of fault blocks, older sedimentary rocks deposited

at the onset of extension can be uplifted and recycled only a few million years later.

Within the study area, approximately 60% of the present area lies under middle

Tertiary or younger cover rocks. Most of this cover is shallow. Using regional gravity

interpretations (e.g., Sumner, 1989) and information from drill holes, it is estimated that

no more than 200 km2 is covered by >1 km thickness of younger sedimentary rocks.

Using an average of 300 m for the remaining thickness of sedimentary and volcanic cover

over the entire region, an estimated overall volume of cover is ~1000 km3. This volume is

<2% of the upper 10 km of the crust.
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Many faults that developed during rapid extension on closely spaced faults may not

have developed significant topographic relief, so erosion may have been volumetrically

unimportant. As extension waned and fault spacing increased, local topographic relief

increased, erosion become more significant, and basin volumes increased. Analogous

variations in synextensional sedimentation over time have been observed in other areas

(e.g., Stewart and Carlson, 1976; Stewart and Diamond, 1990).

Heterogeneous Distribution of Extension

The cumulative extension at the present surface, which is related to the presence of

normal faults and, with certain caveats (e.g., Axen, 1986), the amount of tilting of strata,

generally is heterogeneous (e.g., Seedorff, 1991a; Stewart et al., 1998). As a result,

unfaulted areas with untilted strata are juxtaposed in the most extreme cases with

metamorphic core complexes and other highly extended domains with steeply tilted

strata, such as the Galiuro Mountains adjacent to the Catalina core complex near in

southern Arizona (Dickinson, 1991) or the Butte Mountains and Confusion Range near

the Snake Range core complex in Nevada-Utah (Miller et al., 1983; Smith et al., 1991).

Moreover, much of the extension in the highly extended domains occurred rapidly, i.e., in

no more than a few million years (e.g., Dilles and Gans, 1995; Gans and Bohrson, 1998;

Hudson et al., 2000; Gans et al., 2001).

Structural reconstructions indicate that the entire study area was extended ~100% but

that the amount of extension within sub-regions ranges from <20% to well over 200%.

Spatial variations in amount of extension and tilting of strata can be clearly related to the

distribution of faults sets, the amount of extension associated with any given fault set, and
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the degree of spatially superposition of multiple generations of faults (Figs. 5, 6, 15). The

detailed study of the Hackberry Wash section (Maher et al., 2004; Barton et al., 2005)

indicates that tilting and sedimentation were probably episodic and likely coupled with

specific faulting events.

Any kinematic explanation of continental extension must be consistent with the

heterogeneous distribution of extension and its diachronous development.

Changes in Fault Characteristics with Depth and Degree of Kinematic Linkage of

Faults

A critical consideration for understanding extension includes whether or not slip on

steeply dipping faults is linked to movement on more gently dipping faults at depth, as is

invoked even by widely divergent views of lithospheric extension (e.g., Wernicke, 1981;

Miller et al., 1983).

Mylonite is locally observed at paleodepths of 10-15 km below the paleosurface, and

these exposures may represent the down-dip continuation of early generations of mid-

Tertiary normal faults. Otherwise, faults in the study area remain brittle, marked mostly

by breccia and gouge, to the deepest exposed levels. Faults of the same generation may

merge with one another along strike or down dip, but the angular relationships between

the various sets of faults are maintained to the deepest levels of observation, with faults

of later generations cutting and offsetting faults of earlier generations, even at depths of

>10 km below the paleosurface (Figs. 10 to 13, 16B). No evidence was observed in this

part of east-central Arizona, even at paleodepths of 10-15 km, of initially steep normal

faults merging with a more gently dipping fault, such as a gently inclined “detachment”
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fault (e.g., Lister and Davis, 1989) or a subhorizontal décollement (e.g., Miller et al.,

1983).

The above crosscutting relationships are consistent with the observation that

extension is diachronous at many scales up to and including the continental margin

(Seedorff, 1991a; Dickinson, 2002a). Models for lithospheric extension must incorporate

the inevitable transition with depth from brittle to ductile behavior, which may change

depth as extension proceeds depending on extension rate (e.g., England and Jackson,

1987). Steeper faults, however do not generally sole into more gently dipping faults.

Role and Time Scales of Crustal Flow

It has been appreciated for about two decades that mass balance constraints, coupled

with the heterogeneous distribution of extension and seismic reflection evidence for little

or no topography on the Moho, lead to the conclusion that there is lateral flow of material

at middle to deep crustal levels during extension (Gans, 1987; Block and Royden, 1990).

In the meantime, structural fabrics in metamorphic core complexes (MacCready et al.,

1997) and isotopic evidence in synextensional lavas (Feuerbach et al., 1998) has been

presented consistent with this hypothesis, although MacCready et al. (1997) inferred that

the direction inferred for mid-crustal flow was nearly orthogonal to the contemporaneous

extension direction in overlying rocks in the Ruby Mountains.

The area studied in east-central Arizona exhibits incipient signs of ductile behavior

only at the deepest levels observed at paleodepths of 10-15 km. Nevertheless, stepwise,

fault-by-fault structural reconstructions require at least a small amount of ductile flow

and flexure in the upper crust, with a component in the plane of the extension direction,
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to maintain structural balance and honor regional geologic constraints at a regional scale.

To maintain balance, this material must flow on time scales roughly comparable to that of

movement on single generations of faults.

Rigid-body rotations of fault blocks bounded by planar faults generally are adequate

to restore relatively short cross sections of uniformly tilted blocks satisfactorily (e.g.,

Hackberry Wash section of Barton et al., 2005). Nonetheless, satisfactory restoration of

regional-scale sections that cross from unextended to highly extended domains or that

cross tilt domain boundaries requires ductile flow and flexure to maintain structural

balance, even in the upper 15 km of the crust. This addresses the triangle-shaped space

problems in cross section at both ends of domino or bookshelf fault models (e.g., Fig.

23.19 of Ramsay and Huber, 1987). Although the compatibility problems differ in detail,

analogous problems exist for listric fault and detachment models. Further work is

required to better understand the nature of this behavior.

Relationship to Cordilleran Metamorphic Core Complexes

Areas of high degrees of extension in upper crustal rocks occur (1) as an integral part

of Cordilleran metamorphic core complexes, such as in the Colorado River Extensional

Corridor (e.g., Scott et al., 1998; Howard and John, 1987) and around the Ruby

Mountains-East Humboldt Range (Mueller and Snoke, 1993; Snoke et al., 1990), (2) far

from a core complex but in extensional provinces that contain core complexes, such as in

the western Nevada locales of the Yerington district (Proffett, 1977; Dilles and Gans,

1995) and Stillwater Range (John, 1995; Hudson et al., 2000) in the Great Basin, or (3)

within extensional provinces that lack any reported core complexes, such as the Lemitar
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Mountains-Socorro (Chamberlin, 1983) and Questa areas (Meyer and Foland, 1991) in

the Rio Grande rift. For the first category, current interpretations commonly invoke some

variation on a detachment model (e.g., Lister and Davis, 1989), whereas for the second

and third categories, many workers at least explore alternative models (e.g., Wernicke

and Burchfiel, 1982; Dickinson, 1991).

The study area in east-central Arizona lies ~50 km northwest of the Catalina core

complex, perpendicular to the early Miocene extension direction in the core complex

(Dickinson, 1991). The majority of extension in the study area developed over a period of

about 8 m.y., between roughly 25 Ma and 17 Ma (Fig. 15), which overlaps with the

timing of development of the exposed mid-Tertiary mylonites and with a part of the uplift

history of the Catalina core complex (Dickinson, 1991; Force, 1997; Fayon et al., 2000).

Although individual sets of normal faults begin and end in the intervening 50 km, a

down-plunge structural view from the Catalina core complex looking northwest suggests

that deeper structural levels of the study area may look similar to a Cordilleran

metamorphic core complex. Prior to the last 4 to 12 m.y., the area now occupied by the

Santa Catalina Mountains may have looked much like the present area 50 km to the

north, as mylonites probably were not exposed until uplift associated with slip on the

Pirate and Martinez Ranch faults (Dickinson, 1994; Davis et al., 2004).

The presence or absence of core complexes may largely be an issue of level of

exposure. Mylonites and other characteristics of core complexes may underlie much of

the Basin and Range province, including places such as the Rio Grande rift that have no

exposed core complexes.
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Model for Continental Extension

Models of continental extension, especially those incorporating the origin of

metamorphic core complexes, can be arrayed between two end members. A simple shear

mechanism uses a gently dipping, rooted normal fault with imbricate, brittle, high-angle

faults at shallow levels and a ductile shear at deeper levels down dip (e.g., Wernicke,

1981, 1985; Lister and Davis, 1989). A pure shear mechanism uses imbricate, brittle,

high-angle faults directly overlying a region of ductile stretching ± intrusion (e.g., Miller

et al., 1983; Gans et al., 1985). Both models depict steeply dipping faults merging

abruptly downward with and kinematically linked to a more gently dipping surface, either

a detachment fault that initiated at shallow dips (~20-30°) or a subhorizontal décollement

inferred to form at the brittle-ductile transition. A third model, which many workers

regard as consistent with active extension in the Basin and Range province but

inapplicable to formation of core complexes (e.g., Lister and Davis, 1989), involves

steeply dipping, widely spaced sets of normal faults without an underlying detachment.

This model is similar to certain field-inspired interpretations (Anderson, 1971; Proffett,

1977) and the mechanical model of interacting flexural cantilevers (e.g., Kusznir and

Ziegler, 1992).

The relationships in east-central Arizona can be interpreted in terms of a

superimposed half-graben model (Seedorff, 2006), which can be regarded as a variation

on the third model above. Various styles of complex half grabens form in the shallow

crust in response to stretching of the underlying lithosphere. Each half graben contains

imbricate sets of subparallel faults that flatten only gently with depth, initiating with dips
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of ~60° and rotating to lower angles as they move, and accompanied by crustal flow and

flexure to help maintain structural balance. Brittle faults change character downward into

mylonitic shear zones, governed by the depth of the kilometers-thick transition from

brittle to ductile conditions. The faults ultimately merge into a zone of ductile stretching,

mid-crustal flow, and intrusion, without any underlying fault detachment fault or

décollement. As the half graben initiates, it defines a narrow rift. With time, the rift

widens and the crust thins. After faults rotate from 60° to ~20-30°, the normal faults of

the first half graben fail to accommodate further extension, so a new half graben forms at

the surface if lithospheric extension continues. The younger half graben is defined by a

new set of imbricate normal faults, which cut cleanly across older faults and shear zones

and themselves grade downward into mylonitic shear zones, depending on the new depth

of the brittle ductile transition, which may be shallower than when the first generation of

faults initiated. The boundaries of older generations of half-grabens are obscured by

sediments deposited in younger half-grabens, because unconformities need not develop in

their region of overlap, and stratal overstepping conceals the locations of older faults

(e.g., Mack and Seager, 1990). Extreme net extension is achieved by superposition of

numerous half grabens.

The superimposed half-graben model may have broad applicability (Seedorff, 2006,

2007), as it explicitly applies to metamorphic core complexes, other areas of high-

magnitude extension, and areas of low-magnitude extension, such as certain Mesozoic

rift basins in eastern North America (e.g., Schlische and Anders, 1996) and basins in the

East African rift (e.g., Morley et al., 1999). The model implies that there is no
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fundamental difference between the various expressions of continental extension (e.g.,

Hamilton, 1987) and that the “detachment” model should be abandoned.

Application to Ore Deposit Modeling and Exploration

The principles of structural geology are fundamental to effective mineral exploration

and mining. Several industry geologists were early to recognize that many low-angle

faults in the Basin and Range province are normal faults that initiated at higher angles

(Lowell, 1968; Proffett, 1977) and used the concept to make discoveries of new mineral

deposits in the 1960s and early 1970s (Wilkins and Heidrick, 1995). Since then, the

structural concepts have been refined, and the extraordinary cross-sectional exposures

afforded by Tertiary extension (Fig. 3) have been used to good advantage scientifically

(e.g., Lowell and Guilbert, 1970; Carten, 1986; Dilles, 1987; Dilles and Einaudi, 1992;

Dilles and Proffett, 1995; Dilles et al., 1995, 2000).

Recent academic investigations in east-central Arizona and nearby areas are

improving the understanding of the local deposits and their broader geologic context and

offering models of hydrothermal mineral zoning and space-time relationships in the roots

of porphyry systems that can be applied in extensional terrains worldwide (e.g., Barton et

al., 2007; Stavast et al., 2007, in revision; Maher et al., in prep., Seedorff et al.,

submitted, a, b). As the study area is roughly 60% covered by post-Laramide rocks, there

is considerable potential to find new Laramide porphyry copper systems or faulted

fragments of known systems, as illustrated by the discovery of a huge porphyry copper

deposit under cover near Superior in the mid-1990s (Manske and Paul, 2002; Ballantyne

et al., 2003; Paul and Manske, 2005).
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Continental extension is increasingly being recognized not only as an important

process in the North American Cordillera but as a globally important phenomenon (e.g.,

Verdel et al., 2007). Extended terrains have enhanced potential for preserving deposits

from erosion (Barton, 1996; Staude and Barton, 2001), which has implications for

porphyry copper exploration in orogenic belts worldwide (Seedorff et al., 2005).

CONCLUSIONS

A portion of the Laramide arc in east-central Arizona was severely dismembered and

variably tilted by normal faulting between roughly 25 Ma and 17 Ma, exposing rocks that

originated at <1 to ~15 km beneath the Laramide surface. Approximately 15 crosscutting

sets or generations of Tertiary normal faults, each ~25 to 50 km long, formed over time

and partially overlapped in space. The sets have characteristics that can be grouped into

three structural styles, and each set defined a complex half graben. Normal faults,

including many newly recognized faults within the crystalline basement, initiated at high

angles but progressively rotated to lower angles as they moved, also tilting the bounding

fault blocks. The process was repeated as new faults cut older inactive faults and then

passively rotated them, commonly to lower angles but locally back-rotating them to

higher angles. Crustal blocks were tilted locally >90°, rotating early faults through

horizontal. Consequently, present-day geologic maps in much of the area approximate

Laramide cross sectional views. The spatial integration of this superposition process

produced a tilt domain boundary that tracks northwesterly across the area, resulting in a

crudely synclinal distribution of dips on Tertiary rocks that is generally mimicked by the
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dips of underlying pre-Tertiary supracrustal strata but with local exceptions produced by

Laramide reverse faults.

The complex extensional history vertically telescoped the middle and upper crust,

exposing many structural levels at the present surface, including the copper-bearing ore

zones and locally underlying barren root zones from ~12 porphyry copper systems.

Palinspastic reconstruction, which incorporates a component of crustal flow and flexure,

indicates that the study region was extended ~100% overall, but the amount of extension

in sub-regions varies from <20% to >200%. Normal faults are nearly planar, flattening

only slightly with depth. Faults appear to continue to the deepest levels of exposure (10-

15 km), becoming thin mylonitic shear zones but without merging with a “detachment”

fault. The space-time relationships of faulting are consistent with an interpretation that

individual faults ultimately enter a zone of ductile stretching, mid-crustal flow, and

intrusion, without any intervening master fault. A down-plunge structural view from the

broadly contemporaneous Catalina core complex, looking northwest, suggests that deeper

structural levels of the study area would be a Cordilleran metamorphic core complex.

Future work could be focused on seeking macroscopic evidence for the crustal flow

and flexure implied by reconstructions that honor broader geologic constraints.

Substantial additional work is warranted in the Tertiary sedimentary rocks, especially

north of areas studied by Dickinson (1991, 2001, 2002b), to refine the location of

individual basins as a function of time. Detailed mine-scale structural reconstructions of

individual copper deposits could be developed to extend the system-scale reconstructions

of Maher et al. (in prep.).
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FIGURE CAPTIONS

Figure 1. Extended regions in southwestern North America highlighting highly extended

domains that typically exhibit >100% extension, showing locations of porphyry copper

deposits and metamorphic core complexes and transport directions of their upper plate

rocks. Adapted from Seedorff (1991a) and Dickinson (2002a).

Figure 2. Location map of the study area in east-central Arizona, showing geographic

features, including mountain ranges, rivers, towns (stars), and porphyry copper deposits

(circles). Screened geologic contacts correspond to Figure 4.

Figure 3. Block diagram of the Laramide crust depicting spatial and geometric

relationships geologic markers for structural reconstruction, including hydrothermal

alteration. Most middle Tertiary faults formed with strikes subparallel to the front face.

After 90° of net tilting on multiple sets of faults, the Laramide cross sectional view of the

front face corresponds to the present-day map view of a large fault block.

Figure 4. Simplified geologic map of the study area in east-central Arizona. Map shows

rock types, faults, and lines of cross section. Note that most faults visible at this scale are

relatively young faults, as older faults were segmented by younger faults, covered by

younger sedimentary rocks, or lie in the subsurface beneath exposed bedrock units (see

cross sections below); circles show where low-angle faults have been penetrated by drill

holes or identified in mines.  Legend is same as for Figure 3. Sources are explained in

text.
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Figure 5. Regional dip domains and magnitude of net tilting. Map shows selected stratal

dips, black for Tertiary rocks and gray for pre-Tertiary rocks. Heavy dashed line

approximately separates east- and west-dipping domains of older middle Tertiary rocks.

Thin dashed lines separate areas with different magnitudes of net tilting. Low net tilt does

not necessarily equate with low magnitudes of extension, as some areas with low net tilts

underwent complex tilting histories involving faults with opposing dip directions.

Figure 6. Map of known and exposed faults, keyed to faults sets. Most faults visible at

this scale are relatively young faults, because older faults were segmented by younger

faults, covered by younger sedimentary rocks, or lie in the subsurface beneath exposed

bedrock units. Circles indicate unexposed segments of low angle faults (see Figure 4).

Figure 7. Map outlining extent of various fault sets, as enumerated in the text. Arrows

show general sense of displacement for each set.

Figure 8. Tertiary sedimentary basins. Rocks are subdivided by age (see legend of Figure

3) using the timeline provided by the Apache Leap tuff and conforms approximately to

net present tilt in each of the tilt domains (see text). Some areas with less tilted rocks

cover areas with steeper dips, but only surface exposures are shown. Columns show dip

orientation and scaled thickness of the stratigraphic section in each basin, estimated from

dips, map thicknesses, and drill hole data, where available, and on one measured section

in the Hackberry Wash area. Unrecognized internal fault repetition would result in

overestimates of thickness. Some older Tertiary sedimentary rocks may be partially

eroded and recycled into younger sedimentary basins.
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Figure 9. Examples of structural markers and piercing points used in reconstructions. A.

In the Miami area, the unconformity at the base of Proterozoic strata overlies a steeply

dipping, easterly striking intrusive contact in basement rocks. This approximates the

intersection of two planes, creating a west-plunging line that is repeated and intersects the

present surface or near surface (where covered by later rocks) multiple times. The

intersection of these lines, or their projections, with the fault surface creates a series of

points that are shown on the surface in the simplified map. One or more causative faults

must intersect the present surface between each point but may be covered. B. This is a

diagrammatic representation of stepwise development of piercing points. C. In the Tea

Cup area, the fault panels of supracrustal sedimentary rocks, now tilted ~90°, are exposed

to the south and repeated by faults at least three times. A cluster of diabase sills occurs in

the basement rocks near the upper Precambrian unconformity. This cluster of sills and the

occasionally observed feeder dikes for the sills are crosscut by Laramide stocks and east-

northeast trending dikes. These two planar features intersect to form a steeply plunging

line that is repeated. Refer to Figure 4 for geologic units (screened in gray here).

Figure 10. Superior-Miami cross section, with final and two intermediate reconstruction

steps. Three significant, crosscutting, down-to-the-east fault sets occur in the eastern part

of the section, two comparable sets of down-to-the-west faults occur to the west. Some

overlap occurs with a separate, late, down-to-the-east fault set that projects from the

south into the central part of the section.  The tan unit on each section (Figures 10-13)

represents the upper Precambrian sedimentary rocks. The screened tan unit is the upper
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plate repetition of these rocks in the hanging wall of a Mesozoic reverse fault. Color-

coded faults correlate to faults sets on Figures 6 and 7.

Figure 11. Mineral Mountain-Globe cross section and reconstruction. Three significant

down-to-the-west fault sets are present in the western part of the section that produced a

net tilt of over 90°. Early down-to-the-west fault segments have been tilted past

horizontal. A younger down-to-the-east fault set has partially back-tilted rocks and older

faults segments back to the west. Along the eastern part of the section, two early fault sets

with significant displacement have tilted rocks steeply westward by as much as 70° and

early fault segments to low angles. Late, overlapping down-to-the-east and -west fault

sets with comparatively minor displacement and tilting have segmented earlier faults.

Figure 12. Ray-Mescal cross section and reconstruction. Three significant down-to-the-

west fault sets are present in the western part of the section with a net tilt of nearly 90°.

Early down-to-the-west fault segments have been tilted past horizontal, and a younger

down-to-the-east fault set has partially back-tilted rocks and older faults segments back to

the west. Along the eastern part of the section, two early fault sets with modest to

significant displacement have tilted rocks moderately westward by as much as 50° and

early fault segments are tilted to low angles. The reconstructed tan units (Apache Group

rocks; see Figure 10-11) at the west end of the section show the probable hanging wall

rocks of a restored Mesozoic reverse fault.

Figure 13. Kearny-Hayes Mountains cross section and reconstruction In the western end

of the Kearny-Hayes Mountains section, at least three down-to-the-west fault sets rotate
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rocks nearly 90° to the east. Along the eastern part of the section, at least two early fault

sets have tilted rocks moderately westward by at least 45°.

Figure 14. View north from the Ray mine overlook in ~2002, looking north up Mineral

Creek Valley. Annotated version shows key geologic features, simplified alteration types,

and selected dips of strata. Simplified cross section shows key structural relationships;

see text for explanation.

Figure 15. Fault correlation diagram. Correlation diagram shows relative age and

approximate tilting of each fault event. The domains are generally arranged from east to

west. Vertical axis is age in years before present (millions of years). Horizontal bands are

dated horizons, with uncertainty shown by width of band. Fault sets represented by blue

lines with final net tilt shown after tilt on all subsequent fault sets. Lines in the hanging

wall side of each fault set represent net tilt of sedimentary units; colors correspond to

rock units in Figure 3. Double arrows are used to correlate fault sets that may be part of

the same generation of faults.

Figure 16. Palinspastic map and cross section during the Laramide. A. Laramide plan

map. Upper Paleozoic rocks are present across much of the region. A wedge of late

Mesozoic volcanic rocks begins in the middle of the study area and thickens toward the

south-southeast. An east-northeast verging reverse fault with basement rocks in the

hanging wall extends into the study area from the southwest. Small-scale folds and

reverse faults occur locally in the footwall ahead of the thrust about midway across the

study area to the northeast. A series of intrusive centers and related magmatic
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hydrothermal systems were emplaced in the upper crust subsequent to reverse faulting

and are shown projected to the surface; no known volcanic rocks are related to these

centers. B. Schematic Laramide cross section of the Laramide arc, with intrusive centers

and hydrothermal systems projected into the section. Arrows above section indicate

associated porphyry copper deposits and their relative economic importance.

Approximate limits of observable exposure based on reconstructions of the systems

indicated by dashed line.
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FIGURES

Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 1
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 3
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 5
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 6
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 7
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 8
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 9
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 10
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 11
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 12
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 13
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 14
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 15
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Maher et al., Reconstruction of Extension in the Laramide Arc, Figure 16
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Abstract

Structural reconstruction of the post-ore extensional deformation of a segment of the

Late Cretaceous – Paleocene (Laramide) arc in east-central Arizona provides a new view

of the porphyry copper systems of the region and its metallogeny, with implications for

mineral assessment and exploration prospectivity. East-central Arizona, which includes

the Resolution deposit, the Magma vein and mantos, deposits in the Globe-Miami

district, and the Ray and Christmas deposits, contains 12 or more porphyry copper

systems of contrasting characteristics, which are associated with nine diverse intrusive

centers emplaced between about 75 and 60 Ma.

Multiple sets of normal faults developed in spatially and temporally overlapping

domains across the study area. These normal faults, which were active mostly from about

25 to 15 Ma, variably extended and tilted the upper crust and its contained intrusive

centers and porphyry systems. Porphyry systems in the western end of the study area

have been tilted eastward as much as 100° by multiple sets of down-to-the-west faults,

whereas systems in the eastern end of the study area are tilted moderately to steeply

westward by multiple sets of down-to-the-east faults. Porphyry systems are little tilted in

a wide zone transecting the center of the study area, broadly parallel to the axis of the

Laramide arc, where the two main orientations of normal faults overlap. Extensional

deformation exposed structural levels from near the paleosurface to paleodepths of >10

km in the most tilted parts of the study area, which is at or well below the root zones of

the porphyry systems.
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In their Laramide orientations, porphyry bodies can be traced downward into cupolas

on underlying batholiths of megacrystic to equigranular texture. The mineralized

intrusive centers vary in composition from granitic, such as the Schultze pluton in the

Superior-Miami-Globe area and the Granite Mountain pluton in the Ray area, to

granodioritic in the Christmas area. In the reconstructed systems, hydrothermal biotite

and quartz ± K-feldspar veins with variably developed K-feldspar envelopes occur within

the hypogene orebodies and below them, where the quartz veins are largely barren.

Sericitic alteration in some cases occurs largely above the hypogene orebodies. In the

Resolution porphyry system, the Magma vein, and, to a lesser extent, the Old Dominion

deposit in the Globe-Miami-Superior area, however, ore was deposited concurrent with

sericitic alteration and even into low- and intermediate-temperature advanced argillic

alteration, mostly as enargite, bornite, or digenite. Distinctive, coarser-grained muscovite-

bearing veins (greisen) are best developed at Granite Mountain, which, prior to faulting,

would have been located in the root zone directly beneath the Ray porphyry deposit.

Greisen is at least weakly developed in a deep central position in all systems in the area

where root zones are exposed. Greisen locally is mineralized with chalcopyrite and

bornite, and fingers of greisen may extend up into the lower part of orebodies. Calcic,

sodic-calcic, and sodic assemblages occur on the flanks of the root zone of the

reconstructed Tea Cup system. Base- and precious-metal veins and replacement deposits

that are mainly of limited economic significance typically occur in the distal environs at

higher structural levels and/or along the flanks of the systems. The recognition of igneous

and hydrothermal characteristics of the sides and roots of hydrothermal systems permits
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porphyry exploration in the region to proceed “from the bottom up” and “from the sides

inward,” as well as the traditional approach “from the top down.”

The Resolution deposit, a fault-bound piece of a larger system, by itself is likely a

world-class deposit in terms of contained copper content. The Miami Inspiration and

Granite Mountain systems both attain world-class status upon aggregation of deposits

that are the segments of once-continuous systems prior to post-ore normal faulting. Such

reassembly of faulted systems makes systems of the Laramide porphyry province closer

in size to their central Andean counterparts than is commonly recognized, which has

implications for mineral assessment and exploration prospectivity. In highly extended

areas, repeated episodes of normal faulting of crudely cylindrical, vertically elongate

porphyry systems generally spreads them out subparallel to the present surface, creating

geometries that make a greater fraction of the system easily amenable to mining, further

raising the prospectivity of the study area.

Introduction

The Laramide (Late Cretaceous to Paleocene) magmatic arc of south-central Arizona

represents one of the world’s premier porphyry copper provinces, and was the target of

major exploration initiatives and mine development in the 1950s, 60s and 70s. Since the

mid-1970s, exploration efforts have largely been focused elsewhere and few new

discoveries have been made. However, the past ~10 years have seen significant advances

in our understanding of regional tectonics and crustal architecture, and this presents a

new opportunity for application of these concepts to mineral exploration at the regional,

district, and deposit scales (Fig. 1). This paper will present and discuss district and
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deposit-scale implications for several new tectonic and structural models in south-central

Arizona.

Continental and island arcs and their associated porphyry deposits, mainly of

Mesozoic and Tertiary age, occur throughout the circum-Pacific region (Titley and

Beane, 1981; Schroeter, 1995; Garwin et al., 2005; Sillitoe and Perelló, 2005). Portions

of these arcs and their porphyry systems have been dismembered and tilted by post-ore

Tertiary extensional faulting within the Basin and Range province of the North American

Cordillera (Wilkins and Heidrick, 1995), extending from central British Columbia,

Canada, in the north at least as far south as Sinaloa, Mexico (Stewart et al., 1998).

Certain parts of Asian and western Mediterranean porphyry provinces may be similarly

affected by extension (Seedorff et al., 2005). Regions with a large body of earlier

geologic work, such as the Laramide porphyry copper province of Arizona and

surrounding areas of southwestern North America (e.g., Titley and Hicks, 1966; Titley,

1982a; Jenney and Reynolds, 1989; Pierce and Bolm, 1995), offer opportunities for

increased scientific understanding of the dismembered magmatic-hydrothermal systems

and for discovery of new deposits if movement on post-ore normal faults can be

reconstructed.

Lowell (1968) chronicled the discovery of the Kalamazoo deposit in Arizona, which

involved recognition that a gently dipping, post-ore fault that truncated the San Manuel

orebody was a normal fault, rather than a thrust fault. A single normal fault with 2.4 km

of slip, the San Manuel fault, was responsible for dismemberment of the once-contiguous

San Manuel-Kalamazoo orebody during the Miocene (Lowell, 1968; Force et al., 1995).
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The complementary exposures provided by the San Manuel and Kalamazoo deposits

contributed to an advance in understanding alteration-mineralization zoning and an

improved exploration model for porphyry copper deposits (Lowell and Guilbert, 1970).

Proffett (1977) and Proffett and Dilles (1984) mapped the Yerington district, Nevada,

which spans several mountain ranges and intervening valleys, and deciphered its history

of normal faulting and associated tilting. Tertiary extension in the Yerington district is

related to several crosscutting sets of Miocene normal faults, all with down-to-the-east

movement (Proffett, 1977; Dilles and Gans, 1995; Surpless et al., 2002). The district

contains at least three porphyry copper systems (prior to dismemberment) and several

other Cu, Fe, and Au deposits, all interpreted to be related at least broadly to a single

Jurassic batholith that formed within one m.y. (Dilles and Wright, 1988; Dilles and

Proffett, 1995; Dilles et al., 2000). A single tilted fault block in the south-central part of

the district represents a Jurassic cross-sectional view through the Ann-Mason

hydrothermal system, with ~6 km of continuous paleo-vertical exposure and ~3 km of

lateral exposure (Dilles, 1987; Dilles and Einaudi, 1992). The Jurassic cross-sectional

views available in the Yerington district also provided exceptional opportunities to

constrain the space-time evolution of hydrothermal fluids, the flow paths of hydrothermal

fluids, and the sources of components (e.g., Carten, 1986; Dilles et al., 1992, 1995).

This study examines a region in east-central Arizona that is larger and more

structurally complex than either the San Manuel-Kalamazoo deposit or the Yerington

district (Maher et al., submitted). The study area, which includes the Superior, Globe-

Miami, Ray, and Christmas districts, is located within one of the world’s premier
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porphyry copper provinces, the Laramide (~80-40 Ma) arc of southwestern North

America (Titley, 1982b; Long, 1995). The part of the arc that constitutes the study area

contains about a dozen Laramide porphyry systems that were formed over a period of 15

m.y. (Seedorff et al., submitted, a). These systems have been of long-term economic and

scientific interest (Titley and Anthony, 1989; Hammer and Peterson, 1968; Koski and

Cook, 1982), and a major new discovery was made in the mid-1990s, the Resolution

(Magma Porphyry) deposit in the Superior district (Manske and Paul, 2002; Paul and

Manske, 2005). Early application of extension to the understanding of the distribution

and zoning of, and exploration for, porphyry deposits in the study area was notable (e.g.,

Keith, 1983, 1986; Corn and Ahern, 1994; Wilkins and Heidrick, 1995). Most studies of

these systems, however, were completed prior to widespread recognition of extreme

continental extension in the region and its relationship to Cordilleran metamorphic core

complexes (Davis, 1980; Rehrig and Reynolds, 1980; Reynolds et al., 1988; Spencer and

Reynolds, 1989).

The study area offers excellent exposure at the surface by virtue of the arid climate,

rugged topography with more than a kilometer of relief, and man-made exposures

including drill holes near prospects and mines, and thus provides a good opportunity to

use the tectonic setting to good advantage to resolve key scientific questions. In this

paper, we synthesize data from new geologic mapping and structural analysis and

compilation of earlier work on twelve porphyry copper systems. We show that post-ore,

mid-Tertiary extension has variably dismembered and tilted the many magmatic-

hydrothermal systems in the study area into a series of tilted fault blocks. The present
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surface through many of the systems approximates cross sections through the Laramide

crust (e.g., Wilkins and Heidrick, 1995). We restore the effects of post-ore extensional

deformation to reconstruct the Laramide geometry of the magmatic-hydrothermal

systems. The reconstructed views provide new insights into the geometries of porphyry

systems at an unprecedented scale. In turn, this offers the opportunity to compare and

contrast the various systems, to consider why certain systems are productive and others

are not, and to develop strategies for exploring for porphyry copper deposits in extended

terrains.

We first summarize the structural geology of the area from the recent work of Maher

et al. (submitted), with its implications for the degree of dismemberment and tilting of the

porphyry copper systems. Then we review the types of alteration and the known deposits

and prospects in the study area and utilize the fault-by-fault structural reconstructions of

Maher et al. (submitted) to reassemble the porphyry copper systems. We integrate

reconstructions of the individual systems into a view of this portion of the Laramide arc

in plan and longitudinal cross section prior to mid-Tertiary extensional deformation.

Finally, we discuss the implications of these reconstructions for genesis of porphyry

copper deposits, the different sizes and grades of deposits, their weathering and

enrichment history, and the exploration for new deposits and dismembered structural

fragments of known deposits.
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Geologic setting

Regional Geology

The study area is located in the Basin and Range province in east-central Arizona,

approximately 100 km east of Phoenix and 100 km north of Tucson, Arizona (Fig. 2).

The area encompasses variably, but generally highly extended domains in a segment of

the Laramide magmatic arc in the Tortilla, Dripping Spring, and Pinal Mountains.

The Laramide magmatic-hydrothermal systems described in this paper were

generated within crust that had a complex history beginning in the Paleoproterozoic

(Shride, 1967; Davis, 1979; Keith, 1986; Wrucke, 1989; Dickinson, 1989). The oldest

exposed rocks are Proterozoic (1.7-1.8 Ga) wackes and felsic volcanic rocks of the Pinal

Schist that were metamorphosed to greenschist facies. These rocks were intruded by

variably deformed granodioritic to dioritic rocks at ~1.6 Ga, including the Madera

Diorite. Post-metamorphic, regionally extensive granitic plutons (~1.4 Ga) with

andalusite-bearing contact aureoles were emplaced into this sequence. Subsequently, the

Apache Group, a relative thin sequence (~ 1 km) of regionally extensive marine

sedimentary rocks dominated by siliciclastic and minor carbonate rocks, was deposited

across the region and then capped by the Troy Quartzite. During the latter stages or

following deposition of the Apache Group, basaltic magmas were emplaced at about 1.1

Ga as sub-horizontal diabase sheets (sills and sill-like bodies) with local, steeply dipping

feeder dikes. These intrusions occur dominantly in the upper 2 km of crust and locally

reached the surface as the basalt flows. These masses of diabase are important ore hosts



153

and provide key markers used in reconstructing Laramide reverse and mid-Tertiary

normal faults (Maher et al., submitted).

Following the rifting of the western North American margin in the Late Precambrian,

the sea occasionally lapped onto the area from the west, depositing a thin section of

Cambrian to Permian marine sedimentary rocks. The oldest rocks are dominantly

siliciclastic rocks and grade upward with several major disconformities to Devonian and

younger carbonate rocks.

Active margin tectonics began in Arizona in the Triassic with the development of a

composite arc across the southern part of the state and adjoining regions, but no record of

this activity is known in east-central Arizona until the beginning of the Laramide orogeny

in the Late Cretaceous (~80 Ma). The classic Laramide orogeny is characterized by

basement-cored uplifts bounded by reverse faults, generally concentrated in the foreland

region continentward of the main zone of the belt of thin-skinned thrusting, from

Montana through eastern Utah and Arizona and areas farther east, which is generally

attributed to a period of low-angle subduction (Matthews, 1978; Davis, 1979; Schmidt

and Perry, 1988; Schmidt et al., 1993).

Magmatism migrated eastward into the study area during the Laramide from well-

developed arcs in California and northwestern Mexico (e.g., Coney and Reynolds, 1977;

Dickinson and Snyder, 1978). Laramide volcanic and volcaniclastic rocks are locally

preserved in the study area (e.g., Williamson Canyon Volcanics, Willden, 1964), where

they generally overlie upper Paleozoic rocks disconformably. Prior to early Tertiary

erosion, they might have been present over a larger portion of the area (see Appendix A).
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Broadly correlative Laramide volcanic and clastic rocks occur widely elsewhere in

southern Arizona, and the remnant section thickens southward in the study area

(Dickinson, 1989). In the study area, regional contraction took place within the next few

million years and is expressed as kilometer or smaller scale folds and local reverse faults

with tens of meters to perhaps as much as a few kilometers of displacement (Keith, 1986;

Richard and Spencer, 1998a, b; Maher et al., submitted). In certain parts of the study

area, there is evidence for local strike-slip and normal faulting (Manske and Paul, 2002).

Evidence available to date suggests that deformation had ceased by the time porphyry

copper formation began in the study area at ~75 Ma and continued until ~60 Ma.

Mineralization was associated with emplacement of a number of felsic to intermediate

plutonic rocks at intermediate to shallow levels of the crust (Titley, 1982b, Seedorff et al.,

submitted, a).

Beginning at ~25 Ma (late Oligocene) and continuing until ~15 Ma (middle

Miocene), normal faulting dismembered and variably tilted the upper crustal rocks in this

region (Spencer and Reynolds, 1989; Maher et al., submitted), providing an exceptional

three-dimensional view of the Laramide arc and related porphyry systems (Wilkins and

Heidrick, 1995; this study). Concurrent with extension, moderate erosion was

accompanied by deposition of fluvial and alluvial sedimentary rocks and intermediate to

felsic volcanic rocks. Some of these units (e.g., the Whitetail Conglomerate and Quiburis

Formation) contain significant thicknesses of syn-tectonic conglomeratic, debris-flow,

and landslide deposits that accompanied faulting events in the region. Continued erosion,
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deposition of fluvial and alluvial sedimentary rocks, and minor extensional faulting

associated with local mafic volcanism continued until about 6 Ma.

Geology of the study area

The Globe-Miami-Superior-Ray-Christmas study area contains the Proterozoic to

Cenozoic framework rocks and at least nine major Laramide igneous complexes

collectively exposed in two intersecting domains of mid-Tertiary extensional tilting (Fig.

2). The intensely faulted but relatively upright Dripping Spring Mountains separate a

western domain of highly eastward tilted rocks from an eastern domain of highly

westward tilted rocks (Maher et al., submitted). Except for less tilted parts of the

Dripping Spring Mountains, individual fault blocks are tilted from ~20° to greater than

90°. This tilting and associated crustal extension was generated by multiple,

superimposed sets of normal faults that initiated at high angles (~60°) and cut and tilted

syn-extensional sedimentary rocks and earlier formed faults (Maher et al., submitted).

The tilt sets overlapped in space and time such that some faults characteristic of one tilt

domain cut rocks and other faults with an opposing dip direction, resulting in back tilting

of previously tilted rocks and faults. Structural reconstruction of these faults across the

region reveals that the aggregate extension was roughly 100%, although the amount of

extension of subregions within the study area ranges from about 20% to more than 200%.

The net result of this complex extensional history is the vertical telescoping of the middle

and upper crust, such that many structural levels are exposed at the present surface, and

large parts of present-day geologic maps approximate Laramide cross sections (cf. the

Yerington district, Nevada; Proffett, 1977; Proffett and Dilles, 1984, 1995). The current
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surface exposures represent levels from near the Laramide paleosurface to more than 10

km below the surface of the arc (Appendix A, Stavast et al., 2006). The sequential

palinspastic reconstruction of this area (Maher et al., submitted) forms the basis for

reinterpreting the number and nature of hydrothermal systems in the region and their

relationship to known plutons.

Nine major Laramide intrusive centers are recognized in the study area (Fig 2; Table

1). Recent geochronologic and petrochemical studies on these igneous centers are

presented elsewhere (Lang and Titley, 1998; Seedorff et al., submitted, a; Stavast et al., in

prep.) and build on earlier regional studies by geologists of the U.S. Geological Survey

and other workers (e.g., Ransome, 1903, 1919; N. Peterson, 1962; Willden, 1964; D.

Peterson, 1969; Cornwall et al., 1971; Balla, 1972; Creasey, 1980, 1984; Creasey et al.,

1983; Keith, 1986; Howard, 1991). At the northern end of the study area, the large (>50

km2), felsic, 64-Ma Schultze Granite intrudes mainly the Pinal Schist and Ruin Granite.

In present-day exposures, outcrops of the Schultze Granite lie between the deposits of the

Globe-Miami district and the Superior district. Other distinct centers are located to the

south, including the Granite Mountain complex, the Tea Cup pluton, the Rattler-Tortilla

plutons, and the southern Dripping Spring intrusive complex. The Ray porphyry copper

deposit is associated with the Granite Mountain granodiorite; smaller or less productive

hydrothermal systems occur with the dioritic to granodioritic Tortilla-Rattler and the

composite Tea Cup centers, and Christmas-Chilito-Ripsey systems associated with

several granodioritic intrusive centers along with andesitic volcanic rocks in the southern

part of the Dripping Spring and Tortilla Mountains (Fig. 2).
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Igneous Rocks

Laramide magmatism began in the Late Cretaceous (85-75 Ma) with emplacement of

the basaltic to andesitic volcanic rocks of the Williamson Canyon Volcanics and as

hypabyssal dikes, sills, and stocks in the southern part of the study area (e.g., Koski and

Cook, 1982). Laramide intrusions within the study area are diverse, ranging from diorite

to monzogranite in composition (e.g., Cornwall, 1982; Creasey, 1984; Lang and Titley,

1998; Stavast, 2006; Seedorff et al., submitted, a). These granitoids are all oxidized

(igneous magnetite ± sphene); most contain biotite and variable amounts of hornblende

and/or pyroxene. Variations are rare, the most notable occurs in the Tea Cup pluton

where the youngest phase is a magnetite-bearing biotite-muscovite(-garnet) granite that

only slightly postdates the main biotite(-hornblende)-bearing phases (Barton et al., 2005).

All plutons have relatively coarse textures (1-20 mm grain size) that range from

hypidiomorphic-granular to seriate to coarsely porphyritic. Numerous dikes and

apophyses exhibit more varied textures that are commonly aplitic to porphyritic with

widely varying crystal contents. Aplitic (phenocryst-poor) dikes and sills tend to occur

within or near the larger intrusive masses. In contrast, strongly porphyritic dikes with

variable crystal contents and crystallinity form in cupola or apex environments in plutons,

but also extend as dike swarms many kilometers beyond the main masses. Porphyry

copper mineralization is closely related to porphyritic dikes and masses that are

phenocryst-rich (30-60%) and have an aplitic groundmass.

Overall, there is a broad progression from older stocks (76-70 Ma) that are typically

dioritic to granodioritic in composition to younger intrusions (69-61 Ma) that are
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granodioritic to granitic in composition (Seedorff et al., submitted, a). Dioritic to

granodioritic stocks include the Tortilla, Rattler, Tea Cup, Chilito, Ripsey, and Christmas

centers. Although some of these stocks are solely dioritic (e.g., Tortilla), most are

composite and can have substantial compositional variations ranging from ~55-70% SiO2

(Cornwall, 1982; Lang and Titley, 1998). The broadly younger, biotite-dominated and

hornblende-poor Granite Mountain (Ray) and Schultze intrusive complexes are more

compositionally uniform and considerably more felsic (~69-74% SiO2), though they still

contain well-defined internal contacts (Cornwall, 1982; Creasey, 1984; Stavast, 2006).

Hydrothermal systems and copper mineralization are associated with both age groups

but are best developed with the younger, more felsic and homogeneous intrusive centers

– the Schultze and Granite Mountain complexes (Fig. 2; see also Fig. 14 below). This

observation is intriguing: Titley and Anthony (1989) observed that there is little

compositional difference between mineralized and barren Laramide plutons in Arizona;

we suggest elsewhere that size and evolution of the magma chamber, now reflected in

pluton homogeneity as revealed by Tertiary extension, may be a key factor in

metallogenic productivity (Seedorff et al., submitted, a).

Types of hydrothermal alteration

The hydrothermal occurrences in this region contain multiple types of hydrothermal

alteration; these types span much of the spectrum seen in porphyry systems. Figure 4 and

Table 1 summarize the main alteration types, while Table 2 summarizes the features of

the individual deposits and fault-bounded fragments, including the distribution and

relative intensity of alteration. Variations in mineral assemblages result from differences
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in both wall-rock composition and intensity of alteration. Correlating alteration types

between wall rocks of different compositions is guided by field relationships and is

consistent with predictions from phase equilibria (Einaudi, 1982b; Barton et al., 1991;

Seedorff et al., 2005). Rather little has been published on vein types and mineral

assemblages given the economic significance of these deposits. Of the group, the

Resolution, Christmas, and Ray deposits are the best described (Table 2).

Acid alteration

The acid alteration types present in the study area include sericitic and low- and

moderate-temperature advanced argillic alteration (Table 1, cf. Seedorff et al., 2005).

Sericitic alteration occurs in many deposits and dominates in some, whereas advanced

argillic alteration is described only in the Superior (Pioneer) district. In both types,

alteration is characterized by complete destruction of feldspars concurrent with

development of aluminous minerals, with the presence of abundant pyrite and variable

amounts of Cu-Fe sulfides.

Sericitic alteration: Sericitic alteration consists of quartz + sericite + pyrite in felsic

and quartz-rich rocks, with variably abundant chlorite in more mafic host rocks. Sericite

partially to completely replaces K-feldspar, plagioclase, and primary mafic minerals.

Hypogene iron oxides are absent; sulfides typically constitute >5% of the rock; and pyrite

to chalcopyrite ratios are high (>5:1). Alteration occurs as distinct envelopes on veins

with sulfides and variable quartz and yet can be pervasive over a large volume of rock.

This style typifies many deposits in the region (Table 2), and such zones can extend for

>1 km in several directions, with true extents known only when systems are
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reconstructed. As the intensity of acid alteration increases, hydrothermal quartz becomes

more abundant both as veins and in wall rocks. At Resolution, the sulfide assemblage

shifts from pyrite + chalcopyrite to pyrite + bornite (Manske and Paul, 2002).

Conversely, where the intensity of sericitic alteration decreases, chlorite may join sericite

in the assemblage, particularly in mafic mineral sites. In rocks of intermediate to mafic

composition (e.g., andesite to basalt, diorite and quartz diorite, diabase), chlorite may

proxy for sericite, such that the typical assemblage is chlorite + pyrite ± quartz (e.g., in

basaltic andesites at Christmas; in the Proterozoic diabase at Ray and other deposits,

Table 2).

Advanced argillic alteration: In environments with the most intense acid alteration,

characteristic advanced argillic minerals develop including dickite or kaolinite along with

accessory alunite, topaz, zunyite, and pyrophyllite. Ore mineral assemblages include

pyrite with coexisting bornite, chalcocite / digenite, or enargite and are characteristic of

highly acidic conditions and relatively high sulfidation states in fluids (e.g., Einaudi et al.,

2003). These assemblages are present in the Magma vein, at Resolution, and possibly in

the Old Dominion area (Table 2). Zones of advanced argillic alteration are typically vein-

controlled, typically extending no more than about a kilometer in maximum dimension.

The copper mineralization in these veins constitutes some of the highest grade hypogene

ores in the region (e.g., 25 Mt @ 5% in Magma vein). If originally present elsewhere,

these assemblages either have not been recognized or may have been removed by

erosion.
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Potassium silicate alteration

Many types of potassium silicate alteration and related vein assemblages occur in the

area, and multiple types can be present in the same deposit. All are characterized by the

development of hydrothermal biotite and/or K-feldspar at the expense of other mafic

minerals and igneous feldspars (Table 1). Although K-silicate alteration formed in many

systems, only a few areas are reasonably well described (Table 2), notably Christmas

(Koski and Cook, 1982), Resolution (Manske and Paul, 2002), Ray (Metz and Rose,

1966; Phillips et al., 1974), and Pinto Creek (roots of Miami Inspiration; Stavast, 2006).

Biotitic alteration: Biotitic alteration is characterized by fine-grained, commonly

polycrystalline aggregates of hydrothermal biotite that replace hornblende, magmatic

biotite, pyroxene, or olivine in proximity to hairline fractures and through-going veins of

biotite. Replacement of the mafic minerals is commonly pervasive over large volumes of

rock. Where alteration is more intense, biotite may replace K-feldspar and plagioclase in

the fine-grained groundmass of porphyries, but feldspars also may be altered to K-

feldspar. The chalcopyrite to pyrite ratio is generally considerably greater in biotitically

altered rocks than in sericitic alteration, but the total sulfide content is generally much

less (<0.1 to 2 vol %). Typical veins may include thin monomineralic biotite veins, thin,

sulfide-rich veins with biotitic envelopes, or quartz ± sulfide veins with biotitic

envelopes. At Pinto Creek, coarse-grained (up to 5 cm) black biotite forms distinctive

veins with K-feldspar, muscovite, and quartz, locally with K-feldspar envelopes. Like the

chloritic variant of sericitic alteration, biotitic alteration is particularly well developed in
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mafic host rocks, such as the basaltic andesite at Christmas and the Proterozoic diabase at

Ray and elsewhere in the Tortilla Mountains.

Although intimately associated with zones of copper mineralization in several of the

systems, biotite alteration may also extend for considerable distances outside of zones of

mineralization. In the Ray system, sulfide-poor biotitic alteration of host diabase and

diorite extends for hundreds of meters away from mineralization (Phillips et al., 1974);

similar extents are well documented in andesitic host rocks at Christmas (Koski and

Cook, 1982). Biotitic alteration can also be well developed near intrusions that lack

significant known mineralization as, for example, around the Tortilla pluton south of Ray

and in Ruin Granite along the flanks of the Tea Cup pluton (Barton et al., 2005).

K-feldspar alteration: K-feldspar-quartz alteration is another, generally more intense

form of potassic alteration. Fine-grained, brown hydrothermal biotite may still be present,

but quartz veins with K-feldspar envelopes become the dominant expression of alteration.

K-feldspar also occurs as envelopes on biotite-bearing veins or as replacement of

groundmass in zones of more pervasive alteration.

There are many K-feldspar-bearing assemblages. Most are characterized by quartz

veins that are barren or contain variable but relatively minor amounts of sulfides (pyrite-

chalcopyrite, chalcopyrite, or bornite), with a K-feldspar envelope. Less commonly, K-

feldspar occurs within the veins with quartz, either as distinct larger growths of K-

feldspar interspersed with quartz or as bands of quartz and K-feldspar that suggest

multiple opening and growth events. In some cases, thin (1 to 3 mm) veins containing

only K-feldspar are observed; these commonly contain pockets of open space and also
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may have wedge-shaped casts that suggest the possible former presence of anhydrite. K-

feldspar and anhydrite-bearing veins occur together at Ray. In other variants, transitional

with the greisen type described next, muscovite and/or black biotite join quartz in the

veins. In a few areas, such as Pinto Creek, quartz-K-feldspar veins show evidence of

ductile deformation during emplacement. Larger (few mm to cm) veins may be

discontinuous over short distances, may be folded, may pinch and swell (boudin forms),

or contain lineated quartz and, in more extreme cases, lineated K-feldspar. K-feldspar

alteration with related veins is widespread and is intimately associated with Cu(-Mo)

mineralization in some areas (e.g., Bluebird-Oxhide, Ray, Christmas, Pinto Valley,

Resolution; Table 2), but also occurs over substantial areas in a number of plutons far

removed from known mineralization (e.g., Tea Cup, Granite Mountain, Schultze).

Greisen alteration

Greisen alteration comprises distinctive, low-sulfide, commonly K-feldspar-stable

assemblages that are characterized by coarse-grained (1-15 mm) pale green hydrothermal

muscovite that occurs in vein fillings and associated alteration envelopes (Seedorff et al.,

2005; submitted, b). This texture contrasts with the fine-grained hydrothermal white mica

(sericite) that occurs in sericitic alteration described above. Hydrothermal muscovite is

most commonly, but not necessarily, associated with quartz and sparse pyrite or

chalcopyrite. The sulfides are generally pyrite (pyrite >> chalcopyrite), but rare bornite

occurs. K-feldspar envelopes occur on some veins and locally are well developed. Less

commonly, coarse biotite and magnetite occur with muscovite; a few rare occurrences

contain fluorite, wolframite, scheelite, and beryl. A few veins have wedge-shaped
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cavities that may have contained anhydrite. Vein widths range from 1-25 mm with

comparable envelopes. These veins typically form sheeted sets, locally making up 10-50

vol % of the rock, and commonly overlap with K-silicate alteration in areas such as Pinto

Creek, Copper Springs, and Granite Mountain.

Sodic(-calcic) and propylitic alteration

Propylitic alteration and sodic(-calcic) alteration have in common the conversion of

plagioclase to more albitic feldspar and the development of combinations of chlorite,

epidote, and actinolite at the expense of igneous minerals. They differ in the abundance

and identity of other minerals and in the intensity of metasomatism. Metasomatism

consists mainly of volatile addition in propylitic alteration but extensive exchange of

sodium, potassium, and calcium in sodic-calcic alteration. Neither type hosts porphyry

style mineralization, but they can envelop base-metal and Fe-oxide(-Cu) veins.

Sodic(-calcic) alteration: Sodium and/or calcium metasomatism of igneous wall rock

produced a variety of sulfide-poor sodic, calcic, or sodic-calcic assemblages. In all

varieties, igneous feldspars are converted to sodic plagioclase, iron is mobile (either

added or subtracted), and assemblages typically have only one or two newly formed Mg

minerals. The calcic assemblages, which include endoskarn, may contain garnet,

oligoclase, actinolite, sphene, and epidote replacing igneous minerals. The sodic-calcic

assemblages generally contain oligoclase, actinolite, sphene, and epidote. Both the calcic

and sodic-calcic assemblages may exhibit leaching of silica, leaving a vuggy mass of

quartz-poor rock. Calcic and sodic-calcic assemblages are also depleted in iron and, by

comparison with other regions (e.g., Yerington, Dilles and Einaudi, 1992), they are
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probably also depleted in base metals. The sodic assemblages are characterized by

minerals such as albite, chlorite, and epidote, magnetite or specular hematite, and local

Cu-Fe sulfides. These areas can have associated mineralization consisting of structurally

controlled zones that are rich in magnetite and/or hematite along with quartz, chlorite,

and minor Cu-Fe sulfides.

Force (1998) described weak, Cu-depleted sodic(-calcic) assemblages in Proterozoic

diabase throughout the Dripping Spring Mountains and nearby areas. It is apparently best

developed in the vicinity of the Laramide intrusive centers, and near the deposits

themselves it overlaps with zones of biotitic alteration and Cu enrichment. These diabase-

hosted assemblages most likely formed in the Laramide; however, some could be

Proterozoic in age. Sodic, calcic, and sodic-calcic assemblages are well developed around

the Tea Cup pluton and shallower equivalents, where they occur in distal positions and

along the flanks of the magmatic-hydrothermal system(s) (Barton et al., 2005). Epidote-

rich alteration of volcanic rocks near Christmas represents a shallow calcic variant (Koski

and Cook, 1982).

Propylitic alteration: Propylitic alteration is characterized by chlorite or more rarely

actinolite that replaces mafic minerals and by epidote, albite, sericite, and carbonate

minerals that replace plagioclase feldspar. Minor amounts of pyrite and hematite can be

present. The principal chemical changes reflect the addition of volatiles in otherwise

isochemical reactions. Veins are rare and there is little if any copper added to these rocks.

Propylitic alteration is variably developed in most igneous rocks in the region that lack

more intense types of metasomatism; it is best expressed in the Laramide volcanic rocks
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(e.g., near Christmas and Superior), in the Proterozoic diabases (e.g., in the Ray area,

Force, 1998), and in the distal parts of many of the porphyry centers (e.g., near Pinto

Valley).

Skarns, replacements, and vein deposits

Distinctive alteration types include carbonate-hosted alteration and vein deposits that

lack well-defined alteration halos. Highly reactive wall rocks, such as carbonate rocks or

mafic igneous rocks, may host economically significant skarns or replacement bodies.

Carbonate-hosted alteration consists of anhydrous and hydrous metasomatic calc-silicate

assemblages (skarns) and a variety of lower-temperature features that range from silica-

pyrite rock to Mn-rich and base-metal replacement deposits. These features are typical of

porphyry Cu-related skarn and replacement deposits (Einaudi, 1982a, b). Non-carbonate

rocks locally contain analogous polymetallic veins.

Skarn, hornfels and marble: Calcic skarns and related high-temperature metamorphic

features consist principally of andradite ± magnetite skarn, diopsidic hornfels, and

wollastonite-bearing marbles with superimposed hydrous assemblages. Hydrous

assemblages contain actinolite, epidote, chlorite, chalcopyrite, pyrite, and various clay

minerals; they are typically fracture-controlled and overprint anhydrous assemblages.

Magnesian skarns, represented by serpentine, brucite, tremolite, talc, and similar

minerals, are rare aside from local occurrences at Christmas (Koski and Cook, 1982),

presumably reflecting the paucity of dolostone in the sedimentary section. Chalcopyrite

to pyrite ratios in skarns exceed unity and commonly can be very high (>10:1). Where

mineralized Laramide stocks cut carbonate rocks, skarns constitute large and higher-than-
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average grade parts of the Cu orebodies (e.g., Resolution, Christmas; e.g., Einaudi,

1982a; Koski and Cook, 1982; Manske and Paul, 2002). Skarn and marble generally

extend less than 200 m from the intrusive contacts.

Fe-rich and Mn-rich alteration and replacements: Carbonate rocks are replaced by

several distinct types of alteration including silica-pyrite, hematite-Cu-Fe sulfide, base-

metal-carbonate-quartz, and Mn-oxide-carbonate. Silica-pyrite alteration consists of

quartz + pyrite ± hematite and other phases, commonly in carbonate rocks in the vicinity

of intense sericitic alteration, with which it has been correlated (Einaudi, 1982b). Skarn,

if present, predates silica-pyrite. It is present in the Superior district in the vicinity of the

Magma vein (Hammer and Peterson, 1968; Einaudi, 1982a; Friehauf, 1998; Pareja, 1998)

and probably at the Old Dominion deposit (Bjorge and Shoemaker, 1933; Peterson,

1962). Chalcopyrite to pyrite is << 1. Transitional with silica-pyrite(-hematite) and

fringing it toward the host carbonate rocks are specular hematite-chalcopyrite-bornite

replacement deposits. These constituted the principal ores in the eastern part of the

Magma vein, and similar materials were mined elsewhere from carbonate and mafic host

rocks (e.g., in the Globe Hills and around the Chilito deposit).

Mn oxide(-carbonate) replacement bodies are widespread in carbonate rocks beyond

the skarns, but within a few km or less of several of the porphyry centers. The Mn oxide-

carbonate ± silica replacement and vein deposits in Paleozoic carbonate rocks in the

Superior district were sufficiently extensive to serve as wartime Mn ores (Hammer and

Peterson, 1968; Pareja, 1998). Similar occurrences are known in carbonate exposures in

the southern Dripping Spring and Tortilla Mountains.
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Base-metal, precious-metal vein and replacement deposits: Complex base metal-,

polymetallic-, and/or precious metal-bearing siliceous vein and replacement deposits

commonly occur as discrete features with little or no wall-rock alteration. Quartz-sulfide

veins are up to a few meters wide with strike lengths up to hundreds of meters. If present,

the alteration envelopes are narrow and generally contain clay and carbonate minerals.

Replacement deposits are fairly widely distributed (up to several km from known

intrusive centers) and consist of siliceous Pb-Zn(-Cu-Ag-Au) mantos, chimneys, and

veins in the same general area (greater Dripping Spring Mountains). Certain veins have

such distinctive unusual metal associations that veins in different fault blocks can be used

as structural piercing points (e.g., the Continental and Money Metals veins of the Globe-

Miami district). Although relatively small, these silver-rich deposits were important

because they were the first ores to be exploited in the region.

Synthesis of hydrothermal centers

The structural reconstructions of regional-scale cross sections of Maher et al. (Maher

et al., submitted), supplemented by reconstructions of additional cross sections included

here, are used to reassemble the hydrothermal systems in the study area to their pre-

extension geometries. Hydrothermal features are one of many geologic markers used in

the reconstructions (Maher et al., submitted), and they are especially valuable markers in

areas where rock types are fairly uniform over large areas, e.g., Ruin Granite or Pinal

Schist.

The well-documented tendency for porphyry systems to be clustered at various scales

(e.g., Seedorff et al., 2005) combined with the post-ore structural dismemberment of
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systems present challenges in nomenclature. To preserve a factual organization to the

descriptions, the syntheses are grouped by geographic area. After each area is described,

the evidence is evaluated to assess the degree to which a given area represents single or

composite magmatic-hydrothermal events that may be partially separated in space and/or

time from one another, and to what extent there are novel interpretations including the

presence of undiscovered deposits.

For the purposes of this study, we take care to distinguish deposits from hydrothermal

systems from hydrothermal centers. A hydrothermal system is defined as a spatially

contiguous (prior to structural dismemberment), temporally distinct (at the m.y. time

scale) zone of hypogene features with dimensions of hundreds of meters to a few

kilometers. Each system is localized on a composite intrusive center--typically near its

apex, even though a system may have both magmatic and non-magmatic fluid

components. A hydrothermal center may have several temporally discrete hydrothermal

systems, although this is often difficult to resolve with available data – examples are

discussed on a case-by-case basis below. A single ore-forming hydrothermal system or a

composite center may give rise to multiple, spatially separated mineral deposits in their

current geometries, via dismemberment by faults or by chemical or mechanical erosion,

transport, and re-deposition of minerals or metals in the near-surface environment.

The centers

This section summarizes nine recognized mineralized hydrothermal centers and their

associated 12 hydrothermal systems. Most of the centers contain at least one deposit of

economic significance and at least a few represent superimposed hydrothermal systems
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(Fig. 3). Beginning in the north and working generally southward, these systems are (1)

Pinto Valley-Copper Cities, (2) Miami Inspiration, (3) Copper Springs, (4) Resolution,

(5) Magma, (6) Teapot Mountain, (7) Granite Mountain, (8) Troy, (9) Kelvin-Riverside,

(10) Ripsey, (11), Chilito, and (12) Christmas. For each system, the present-day

distribution of rock types, hydrothermal features, and faults is described, which is

followed by an interpretation of how these features are distributed in a reconstructed view

in three dimensions.

These centers are part of larger groups that share other geological characteristics. The

Pinto Valley, Miami-Inspiration, Copper Springs, Resolution, and Magma groups appear

to comprise a cluster that is related to the Schultze Granite, whereas the others appear to

reflect fully separate intrusive centers at the present level of exposure. Extensional fault

sets and histories overlap for those in similar extensional domains (cf. Maher et al.,

submitted).

Pinto Valley-Copper Cities center

The Pinto Valley-Copper Cities center (Table 2; Figs. 2, 3, and 5) extends from Pinto

Valley / Castle Dome mine east-northeastward through the Copper Cities mine and into

the northern end of the Globe Hills. It lies along the northern to northeastern flank of the

reconstructed Schultze Granite intrusive complex. The Castle Dome mine exploited a

chalcocite blanket adjacent to and overlying the underlying hypogene mineralization

operated as the Pinto Valley mine many years later, in part concurrent with mining of the

Copper Cities deposit, using new infrastructure (Li and Carter, 1975).
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At least three sets of down-to-the-east-northeast normal faults have displaced higher

structural levels of the system to the northeast of deeper levels. The dismemberment of

the system and the direction and magnitude of displacement of the pieces are supported

by the fault-repeated, consistently southwest-tilted Precambrian unconformity adjacent to

each fragment of the system, tilted post mineral sedimentary rocks, repeated intrusive

rock contacts within the crystalline basement rocks, and distinctive hydrothermal features

of the system.

The main (and productive) pieces of the exposed system are the Pinto Valley and

Copper Cities blocks. A small deposit, the Diamond H, was developed just west of

Copper Cities. The Pinto Valley (Castle Dome) deposit is the lowest productive structural

level exposed. The orebody is bound in several directions by normal faults, but a largely

unbroken progression from potassic (± greisen) to sericitic to propylitic alteration can be

observed from the center of the deposit to its eastern fringe (Breitrick and Lenzi, 1987).

The deposit is floored by a gently dipping post-ore fault (Breitrick and Lenzi, 1987) that

may displace it from an even deeper level of the system (to the southwest?).

The Copper Cities deposit, which is dominated by sericitic alteration and was mined

for supergene chalcocite (Simmons and Fowells, 1966), is a higher-level block of the

Pinto Valley system. Repeated contacts of intrusive rocks and unconformity-related

piercing points indicate that at least one additional large fault block, the Day Peaks block,

occurs between the Pinto Valley and Copper Cities blocks (Figs. 3, 5). Drill hole data

suggest that another block, the Empress block, probably occurs between the Day Peaks

and Pinto Valley blocks (Fig. 3). Other mineralized fault blocks likely are additional
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pieces of the Pinto Valley center (Figs. 3, 5), including a down-dropped block north-

northwest of the Copper Cities block, the Sleeping Beauty block of Simmons and Fowells

(1966), and levels above the Copper Cities portion of the deposit that have been down-

faulted to the east beneath post-mineral sedimentary rocks in the Pinal Creek valley. The

Ben Hur fault cuts off significant alteration to the east and juxtaposes deeper level rocks

on the west (basement rocks and rocks in the immediate structural vicinity of the basal

Apache Group unconformity) with rocks at a higher structural level in the Apache Group

that contain extensive diabase to the east (Figs. 3, 5). Where the better-mineralized center

of the system would be repeated again, post-mineral rocks cover the bedrock, with

adjacent parts of the center exposed to the east as satellite vein deposits in the Globe Hills

to the southeast (Fig. 3). These pieces have potential for better primary mineralization

where this structural level of the center may have been emplaced in greater volumes of

reactive diabase and carbonate wall rocks.

Given the extensive cover in this area, several structural interpretations are permitted,

but the preferred regional reconstruction (Maher et al., submitted) suggests that the

observed portions of the Pinto Valley center encompass more than 5 km vertically of

Laramide exposure (Fig. 5). The Pinto Valley deposit is a deep portion from the western

side of the reconstructed center. Its present day limit in plan is approximately 1 by 2 km,

but the modern surface is a series of oblique slices through the center. If, as seems

reasonable, the Pinto Valley deposit has been tilted 50 to 60°, then this deposit exhibits

about 1.5 km of vertical exposure. Copper Cities is the next major exposed piece of the

center to the east. It represents a higher level of the system from its central to eastern



173

portions. This piece is tilted more than Pinto Valley area, probably 60 to 70°. Across the

modern surface, the alteration associated with the Copper Cities portion of the system is 1

km wide and extends 3 km from southwest to northeast, to where it is truncated by the

Sleeping Beauty fault, and persists to a depth of 0.5 km. Small faults repeat this part of

the system, such that the surface exposures in the Copper Cities block only represent

about 1 km vertically prior to extension. Although the total range of exposure of the Pinto

Valley center likely spans ~10 km vertically, about two-thirds is under cover.

The Pinto Valley-Copper Cities center may represent a single system, given that it

lacks features such as vein reversals or veins truncated by mineralized intrusions that

would indicate superimposed systems. Although the granitic roots to this center are not

exposed, mineralized granite porphyry from the Pinto Valley mine is dated by U-Pb

zircon at ~64 Ma, which is coeval with much of the Schultze Granite (Seedorff et al.,

submitted, a).

Miami Inspiration center

The Miami Inspiration center lies across the eastern flank of the Schultze Granite

pluton (Table 1; Figs. 3, 6) and has been dismembered by the same structural style and by

many of the same faults as the Pinto Valley center. The center crops out between Pinto

Creek on the west and the central part of the Globe Hills on the east. The Miami

Inspiration center includes the Oxhide, Bluebird, Miami Inspiration, Van Dyke, and

Miami East deposits (Peterson, 1962; Reed and Simmons, 1962; Olmstead and Johnson,

1966). The area has a long history of underground and open pit mining, including

backfilling and joining of older open pits, which complicates the naming of deposits, but



174

the Miami or Miami Inspiration deposit generally refers to the areas of the Live Oak, Joe

Bush, and Thornton pits.

The known pieces of the Miami Inspiration center are demonstrably fault bound (e.g.,

Ransome, 1903; Peterson, 1962; J. Clark, pers. comm., 2004). The Miami Inspiration

center was emplaced almost entirely in Schultze Granite and Pinal Schist, which lack

distinctive piercing points. Nonetheless, geologic markers and faults can be traced or

projected into the Miami Inspiration system from the southeast and northwest and can be

used to identify the dismembered fragments of the system and the direction and

magnitude of displacement on faults. Nearly all of the system is exposed at or near the

present surface; thus, changes in dominant alteration types can be readily tracked (Fig. 7).

Locally, portions of the Miami Inspiration system are overlain by post-mineral

sedimentary rocks that dip up the 50° to the southwest, which is a measure of the net

tilting of the system. Early-formed supergene enrichment blankets of chalcocite and small

exotic oxide copper deposits in post-mineral sedimentary rocks dip up to 20° to the

southwest, and their attitudes reflect continued extension and associated tilting following

their formation (Ransome, 1903; Peterson, 1962; J. Clark, pers. comm. 2004).

Many of the large fault blocks that contain pieces of the Pinto Valley center also

contain large pieces of the Miami Inspiration center (Figs. 3, 5, and 6), which are now

exposed at comparable structural levels. In the southwestern end of the Miami Inspiration

center, the deepest levels are exposed in the Pinto Creek area. There is no economic

mineralization at this level; however, quartz veins, K-silicate assemblages, and greisen

veins are well developed over an area of a few km2. A horst block to the east exposes
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deep lateral flanks of the center with weakly developed greisen alteration. In the next

major fault block to the east, the Oxhide and Bluebird deposits represent the deep core of

the mineralized part of the center, which formed 1-2 km shallower than the Pinto Creek

area. These reconstruct to comparable structural levels to the Pinto Valley deposit.

The next fault block to the east contains the transition from dominantly K-silicate

alteration to dominantly sericitic alteration, which occurs at the Live Oak deposit (Fig. 7).

Supergene enriched quartz-sericite-pyrite alteration dominates the next three large fault

blocks (present eastward), which contain in succession the Miami, Van Dyke, and Miami

East deposits. Additional fault blocks are likely present under cover northeast of the

Miami East deposit, and they should contain a paleo-vertical as well as paleo-eastward

transition into copper-rich vein deposits in the Globe Hills (e.g., the Keystone, Highline,

Irene veins; Peterson, 1962; Table 2), flanked by other base and precious metal-rich vein

deposits in the vicinity (e.g., Defiance, Rescue, Mineral Farms, Big Johnnie, etc;

Peterson, 1962).

The Miami Inspiration center reconstructs to a volume that is approximately 1.5 km

in diameter and 7 km high (Fig. 6). The deepest exposures, at Pinto Creek, represent a

Laramide paleodepth of ~10 km (hornblende barometry, Stavast, 2006). They originally

spanned about 1.5 km vertically. With the exception of the next shallower segment that

was uplifted between two younger faults and eroded, the mineralized parts of the center

appear to be relatively complete. From bottom to top, the Oxhide-Bluebird portion of the

system probably represents about 1 km vertically, whereas the middle to upper portions

of the mineralized volume, including the Live Oak, Miami, Van Dyke, and Miami East
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areas span 3-4 km vertically. These areas are more severely dismembered than deeper

blocks because they are cut by multiple generations of closely spaced down-to-the-east

normal faults. In comparison with the Pinto Valley-Copper Cities center, the Live Oak

portion correlates with the hidden parts near Day Peaks and elsewhere, whereas the

Miami, Van Dyke, and Miami East portions collectively represent similar structural

levels as the Copper Cities block to the north.

Mapping in the roots of the Miami Inspiration center demonstrates that there were

multiple intrusive phases, several of which were associated with repeated fluid release

events (Creasey, 1982; Stavast, 2006, Stavast et al., in prep.), though no evidence

indicates temporally distinct thermal events (e.g., porphyries cutting out grade or cutting

low-temperature vein types). As with the Pinto Valley center, existing U-Pb dates of ~64

Ma (Seedorff et al., submitted, a) are concordant with the principal phases of the Schultze

Granite.

Copper Springs center

The Copper Springs center starts within the southeastern quadrant of the Schultze

Granite pluton and is inferred to extend northeastward to the central Globe Hills,

including the Old Dominion mine (Table 1; Figs. 3, 8). The exposed parts of the Copper

Springs center are mainly hosted by crystalline rocks. These were overlain by Apache

Group rocks that are presently exposed only to the northeast, and both crystalline and

stratified rocks were intruded by diabase sheets. The exposures are cut by numerous low-

and high-angle faults and lie 3-8 km south of the structural piercing points available in

the main Globe-Miami district and 8 to 15 km north of the reappearance of layered rocks
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to the southeast (Fig. 8). Nonetheless, displacements on faults can be constrained and a

plausible reconstruction generated by combining interpolation from sections from the

north and south with other, albeit less precise, structural markers, such as repeated

swarms of diabase sheets (Maher et al., submitted) and alteration characteristics. A

minimum west-tilt of 40˚ can be inferred from the dip of exposed strata that were

deposited in the upper part of a mid-Tertiary basin, which formed in the hanging wall of

the gently east-dipping Pinal fault (Fig. 3, 8).

Three distinct areas along this trend contain hydrothermal alteration. From southwest

to northeast these are the Copper Springs area, the Azurite prospect, and the high-level

deposits of the Old Dominion area (Figs. 3, 8). Copper Springs itself is an area of

alteration exceeding 2 km2 that is associated with several porphyritic intrusive centers

and possibly several related hydrothermal systems (Stavast, 2006). Southwestern-most

portions of the Copper Springs center contain greisen assemblages with chalcopyrite-

pyrite (Fig. 4); these resemble the exposures near Pinto Creek in the Miami Inspiration

center. Across the Santa Anna fault to the northeast, the rocks contain greisen muscovite

and quartz-K-feldspar veins with high chalcopyrite : pyrite ratios, similar in appearance

to the deep levels of the Pinto Valley deposit. Reconstructions based on the structural

history that dismembered the Pinto Valley and Miami Inspiration systems to the north

and on analogous relationships in the Pinal Pass area of the Mescal Mountains to the

south, low-angle faults above the present portion of the central portion of the Copper

Springs system should have displaced higher levels of the Copper Springs system

eastward. A small fault block in the hanging wall of an early generation low-angle fault
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that is cut by the Pinal fault is dominated by quartz-sericite-pyrite alteration and is known

as the Azurite prospect. About 1 km to the north near Granite Point, unaltered rocks lie

immediately beneath the projection of the same low-angle fault over the present-day

surface are barren of hypogene mineralization but contain secondary copper

mineralization in fractures (Table 2). This exotic mineralization was plausibly sourced

from the overlying, mineralized fault block during its weathering and erosion.

From the Azurite prospect and Granite Point east to the Old Dominion deposit on the

southwestern margin of the Globe Hills, post-mineral sedimentary rocks and alluvium

cover everything. The Old Dominion deposit is a copper-rich vein and manto deposit that

exhibits a transition into porphyry-style alteration and mineralization at its southwestern-

most flank (Bjorge and Shoemaker, 1933; Peterson, 1962). The reconstruction indicates

that large, unexposed portions of the Copper Springs system should lie beneath the

intervening post-mineral cover rocks. These areas likely have favorable wall rocks,

including significant diabase.

The only significantly exposed portion of the reconstructed Copper Springs system is

the Lonesome Pine prospect and surrounding area (Fig. 3), which presently is fault-

repeated over an area ~1 by 2 km (Fig. 8). The original vertical extent of this exposure

was 1 to 1.5 km. Another, now eroded fragment from between the Azurite prospect and

Granite Point likely represented another vertical kilometer within the center. The

combined offset of the earlier faults and the Pinal and Miami faults (Fig. 8) dropped and

spread the higher parts of the center to the northeast. These are the parts of the center that

are now hidden beneath post-mineral sedimentary rocks, except for the highest, eastern
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levels, which are exposed in the Globe Hills around the Old Dominion mine. The covered

area is analogous in structural setting to the Miami, Van Dyke, and Miami East pieces of

the Miami Inspiration system and the Day Peaks to Copper Cities portion of the Pinto

Valley system.

The Copper Springs center exhibits multiple intrusive events, local reversals in

hydrothermal features, discrete loci of intense alteration, and permissive

geochronological evidence for temporally distinct episodes of magmatism. The system is

not well dated but based on a single U-Pb date it may have formed principally at ~61 Ma

in an intrusive cluster emplaced at the southern edge of the variably altered ~64 Ma

Schultze Granite (Seedorff et al., submitted, a). These features suggest that there may be

several distinct hydrothermal events, or even temporally distinct systems, present in the

Copper Springs area, much as there are in some other Arizona porphyry centers (Stavast,

2006).

Superior center (Resolution and Magma systems)

The hypogene Resolution, Superior East, and Magma deposits lie east of the town of

Superior along the covered western flank of the Schultze pluton (Figs. 3, 9). With the

exception of the western end of the Magma vein, these deposits are hidden by younger

cover. Although the critical relationships are not exposed at the surface because of

extensive post-mineral cover, the bedrock alteration patterns, distribution of Cu/Zn metal

ratios, dramatic differences in arsenic content, and U-Pb ages of intrusive rocks suggest

that there are at least two distinct, adjacent, east-tilted hydrothermal systems in the
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Superior area – the Resolution and Magma systems (Table 2; Figs. 3, 9; Manske and

Paul, 2002).

The first system, the Resolution system, contains the Resolution (Magma Porphyry)

and Superior East porphyry copper deposits that were discovered by deep drilling beneath

Tertiary Apache Leap Tuff on Oak Flat, and both contain relatively high hypogene grades

of ~1.5% Cu (Sell, 1995; Manske and Paul, 2002; Ballantyne et al., 2003, Schwarz,

2007). The second hydrothermal system in the Superior area, the Magma system, is

located northwest of the Resolution system. It includes the Magma vein and associated

mantos of the Magma mine (Short et al., 1943; Hammer and Peterson, 1968; Paul and

Knight, 1995), which mined high-grade copper ores (~5% Cu) by selective methods for

about a century.

The Resolution deposit includes an extensive volume of sericitic and advanced

argillic-altered rock with arsenic-poor high-sulfidation mineral assemblages (Table 2;

Troutman, 2001; Manske and Paul, 2002). These are superimposed on a complex K-

silicate altered domain that contains multiple generations of quartz ± K-feldspar-bearing

veins with molybdenite and chalcopyrite and pervasive, intense biotitization of Laramide

igneous rocks and Proterozoic diabase (Manske and Paul, 2002; Ballantyne et al., 2003).

Garnet-rich skarns with complex hydrous overprint replace carbonate rocks within

several hundred meters of the Laramide porphyries. The Superior East deposit, located ~6

km northeast of the Resolution deposit, is apparently hosted within Pinal Schist and

contains similar alteration including local advanced argillic assemblages (Sell, 1995).
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Like the Resolution deposit, the Magma vein also contains high-sulfidation mineral

assemblages associated with sericitic and advanced argillic alteration, but it differs in that

it is notably rich in arsenic. Arsenic-poor, chalcopyrite-bornite-hematite-rich mantos

developed in favorable calcareous beds in the Paleozoic (Paul and Knight, 1995). The

Magma deposit comprises a Cu-rich base-metal lode that is characteristic of the upper

levels of a porphyry system (Einaudi, 1982a), but neither porphyry stocks nor porphyry-

style mineralization have been intersected to the deepest levels (~1,400 m below the

surface); the only igneous rocks being a narrow, altered quartz-feldspar porphyry dike.

The sulfidation state of opaque assemblages and Cu/Zn both increase downward and to

the west in the Magma vein (Gustafson, 1961; Hammer and Peterson, 1968), pointing

away from Resolution, which lies in the same structural block.

The geology depicted in the cross section and reconstruction are based on outcrops

north and east of the town of Superior, projections from other outcrops in the region, drill

hole data, and underground published maps. The section includes a fault-repeated section

of a Laramide fold and reverse fault that cuts up section in a pre-tilt easterly direction and

is a structural marker that helps constrain the displacement along down-to-the-west faults

(Maher et al., submitted). The Resolution deposit occupies a graben formed by pre-, syn-,

and post-mineral faults that bound its western, northern, and southern edges and that

preserves a thick sequence of Mesozoic rocks (Manske and Paul, 2002; Maher et al.,

submitted). The subvertical Magma vein formed in a Laramide strike-slip fault zone

(Manske and Paul, 2002), extending from the modern surface down through the 45˚ east-
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dipping Paleozoic section into underlying Proterozoic strata and interleaved sills of

diabase (Hammer and Peterson, 1968).

The basement block that contains both Magma and Resolution is overlain with slight

angular discordance by post-mineral sedimentary rocks that dip at least 35° to the east,

and apparently fan upwards to a disconformity beneath the gently east-dipping Apache

Leap Tuff. This relationship shows that there was at least 35° of net eastward tilt about a

northerly axis of rotation as a result of Tertiary extension (Manske and Paul, 2002), thus

accounting for most or all of the 40-50° easterly dip of the Paleozoic and Proterozoic

beds (Figs. 3, 9). A middle Tertiary leached cap, weak supergene blanket, ferricretes, and

extensive exotic copper in Tertiary lacustrine sediments are present at the base of the

White Tail Formation at and to the east (down dip) of the Resolution deposit (Manske

and Paul, 2002; Sell, 1995).

These relationships require at least one gently west-dipping normal fault beneath the

this block that is in turn offset by younger steeper faults such as the Devil's Canyon,

Anxiety, and Concentrator (Appendix A). Given this interpretation, the Superior East

deposit is seen to be a relatively small piece of the Resolution system that is left behind in

the footwall of the shallowly west-dipping fault. Compared to many of the porphyry

systems in east-central Arizona, however, the Resolution system is relatively intact,

occurring mostly within a large, moderately east-tilted fault block that is only slightly

disrupted by younger faults. Because the axis of rotation for the tilt of bedding is

perpendicular to the Magma vein, Tertiary tilting had little effect on the strike and dip of

the vein but caused the vectors of changing sulfidation state and metal ratios in the
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Magma vein to rotate westward, pointing to an unidentified source of mineralization,

presumably a porphyry center west-southwest of the outcrops of the Magma vein.

Reconstruction shows that this center should be in the hanging wall of the Concentrator

fault, somewhere west-northwest of the town of Superior. An early exploration effort

(Eyde, 1973) encountered porphyry dikes and "quartz-pyrite" alteration of diabase in

deep drill holes in the area; these could belong to the fringe of the inferred porphyry

system.

Both Resolution and Superior East have been dated by the U-Pb zircon method at ~64

Ma, and broadly similar dates for Resolution have been obtained by Ar-Ar methods

(Ballantyne et al., 2003; Seedorff et al., submitted, a). The Magma system is not well

dated but a mineralized dike yielded an imprecise U-Pb date of ~69 Ma (Seedorff et al.,

submitted, a), and an outcropping granite porphyry dike immediately south of the vein

and below Apache Leap gave a date of ~66 Ma. Although the evidence points to at least

close-by but spatially distinct hydrothermal systems, there could be more than these two,

particularly at Resolution as hinted at by the spectrum of reported ages and the

superposition of a zone of intense acid alteration (advanced argillic and sericitic) through

the core of earlier K-silicate alteration (e.g., Manske and Paul, 2002; Schwartz, 2007).

Ray center (Granite Mountain and Teapot Mountain systems)

The Ray center comprises mineralization and related igneous rocks within and

adjacent to the Ray (Mineral Creek) district (Table 2; Figs. 3, 10). The area contains

widespread alteration of Laramide igneous rocks, Paleozoic and Proterozoic strata,

underlying crystalline rocks of the Pinal Schist, and diabase sheets in an area that extends
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southwesterly from the western flank of the Dripping Spring Mountains toward North

Butte (Ransome, 1919, 1923; Force, 1998). Alteration patterns, crosscutting

relationships, associated igneous rocks, and radiometric age dates demonstrate that the

area contains at least two hydrothermal systems, the Granite Mountain and Teapot

Mountain systems (Metz and Rose, 1966; Phillips et al., 1974; Banks, 1982; Cornwall,

1982; Seedorff et al., submitted, a).

The Granite Mountain system includes most of the Ray mine which is focused on

small bodies of Granite Mountain Porphyry, a texturally and compositionally varied

group of granite porphyry dikes that are the lateral (original upward) equivalent of the

Granite Mountain pluton. Little studied copper occurrences extending west from Granite

Mountain are inferred to belong to the Granite Mountain hydrothermal system(s). These

contain materials with intense sericitic, biotitic, and skarn type alteration in both coherent

fault slices and debris flow deposits (Miller, 1994; Phillips, 1976; Dickinson, 2001).

The Ray deposit itself was originally mined from several underground mines and

open pits that have now coalesced into one large pit. Structural blocks of contrasting rock

types and alteration are separated by numerous high to low-angle faults within the Ray

deposit. Characteristics of the largest of these pieces are summarized in Table 2. They

range from intense sericitic alteration with high total sulfide and pyrite >> chalcopyrite

with the principal ores being supergene chalcocite (e.g., in the West Pit), to lower total

sulfide and pyrite ≥ chalcopyrite > molybdenite in areas with sericitic alteration

overprinting variably intense biotitic alteration (e.g., the Pearl Handle and

Calumet/Ballpark areas) to strongly biotitically altered zones with little or no sericitic
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alteration, low total sulfide and chalcopyrite >> pyrite (e.g., Sonora Hill area). Pinal

Schist hosts intense sericitic alteration in the West Pit and elsewhere in the hanging wall

of post-mineral low-angle faults, whereas structurally lower Apache Group sedimentary

rocks and diabase sheets as well as Pinal Schist and Tortilla Quartz Diorite host the more

intense biotitic alteration.  Some low-angle faults, notably the Emperor fault, are reported

to predate the porphyries and alteration and locally place Pinal Schist over younger rocks

(e.g., Phillips et al., 1974).

West of Arizona Highway 177, a transition occurs from Granite Mountain porphyry

to a fine-grained porphyritic phase of the Granite Mountain pluton, which contains sparse

chalcopyrite in sheeted veins with minor biotite and K-feldspar envelopes. Still farther

west, the main, equigranular mass of the Granite Mountain pluton contains widespread

sulfide-poor greisen veins (Fig. 10; Barton et al., 2005). East of the mine, small base and

precious metals veins with little or no wall rock alteration scatter along the western flank

of the Dripping Spring Mountains.

The Teapot Mountain system, most of which is under cover, lies slightly to the north

but partially overlaps with the Granite Mountain system. This younger system is

associated with another intrusive suite (the Teapot Mountain porphyry; Cornwall, 1982)

and it encompasses the Red Hills area just north of the Ray pit but may extend eastward

into sediment-hosted alteration of the Monitor area and westward into weakly altered

exposures. Although there are small bodies of Teapot Mountain porphyry to the west of

Teapot Mountain itself, on the north flank of the Granite Mountain pluton (Creasey et al.

1983) there are no large plutonic masses exposed from which the porphyry would have
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been derived.  Pyritically altered Teapot Mountain dikes cut mineralization in the Ray pit.

Farther north, in the Red Hills prospect, sericitic alteration with copper mineralization is

known in the subsurface. Pebble dikes associated with Teapot Mountain porphyry contain

clasts of the same and also contain high-grade mineralization in other clasts. These

lithologies presumably reflect (paleo) deeper alteration assemblages. Scattered copper-

silver vein and replacement occurrences to the east of Red Hills along the trend of Teapot

Mountain dikes may represent outer or upward continuations of this system.

The Ray center occupies an area of exceptional structural complexity wherein faults

from the two major tilt domains overlap and disrupt a zone containing at least one

Laramide reverse fault. The dismembered Laramide reverse fault and related folds are

best exposed in the Walnut Canyon area immediately to the north of the Ray center

(Creasey et al., 1983; Keith, 1986; Richard and Spencer, 1998a, 1998b). At Ray, several

sets of Tertiary down-to-the-west faults of the western tilt domain were subsequently cut

by down-to-the-east faults such as the Ray fault (Clarke, 1952; Maher et al., submitted).

Most of the observed center lies in the dominantly down-to-the-west fault domain, as the

oldest Tertiary sedimentary rocks in the area dip 70-90° east (Maher et al., submitted).

The cumulative displacement on those down-to-west faults is ~15 km. Part of the system

(of its pre-tilt eastern side?), however, lies in areas dominantly affected by down-to-the-

east faults.

 From map relationships and drill hole data, it is clear that there are several early

generation, down-to-the west, presently low-angle normal faults with total displacement

aggregating ≥10 km. Later, down-to-the-west faults offset (some with >1 km
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displacements) and further extend the center across this domain, while at least one set of

young down-to-the-east faults cut and drop the central and eastern parts of the center. The

early generation faults include at least two that underlie the West Pit area, Last Turn Hill,

and the Red Hills. The enigmatic, low-angle Emperor fault, that locally places older rocks

over younger rocks, may represent several overlapping low-angle structures, some of

which predate the Granite Mountain system and thus are likely reverse faults correlated

with the Walnut Canyon thrust, whereas others cut mineralization and place higher levels

of sericitically altered Pinal Schist over deeper, biotitically altered Apache Group and

diabase in the footwall of the thrust (see the sequential reconstructions in Fig. 10 for a

possible interpretation of these relationships).

Farther west, across two higher angle normal faults, these low-angle structures are

repeated again at, or below, the present day surface, as evidenced by at least three, thin

(~100 to 200 m thick) bedrock repetitions of sericitically altered rocks (Fig. 10). One

bedrock slice underlies Copper Butte, which is a syn-extension exotic deposit of

mechanically eroded and transported copper-bearing altered rocks sourced from the Ray

deposit (Table 2). Continuing west, at least two additional structural slices occur near the

Buckeye/Pioneer-Alabama prospects, which are exotic deposits like Copper Butte but

composed of sericitically altered rocks and minor skarn. Down-to-the-east faults,

including the Ray fault (after Clarke, 1952) that has ≥1 km of displacement, back tilt (to

the west) the Dripping Springs Mountain and help create the horst block that contains the

Red Hills prospect and pieces of the Ray deposit (Fig. 10; Maher et al., submitted).
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Figure 10 shows a working model for reconstructing the cross section through the

Granite Mountain system. What is clear is that intensely sericitically altered blocks,

presently distributed largely to the west-southwest of the Ray mine area, restore to

originally high structural levels in the system, which are mainly hosted by Pinal Schist in

what was the hanging of a Laramide reverse fault system (= Emperor fault(?), possibly

the Walnut Canyon equivalent).  In this model, sericitic alteration overlapped with and

graded down into potassic alteration in the vicinity of and below the Laramide reverse

faults, wherein the highest-grade hypogene mineralization was hosted by potassically

altered diabase sheets within the Apache Group and upper Pinal Schist. Beneath this,

potassic alteration weakens and grades into the sheeted K-feldspar and then greisen veins

of the Granite Mountain pluton. Although this reconstruction broadly honors the

available structural, stratigraphic, and alteration observations within and beyond the cross

section, there are unresolved issues, particularly at depth where considerable lateral flow

is required to balance the section (see discussion of this problem in Maher et al.,

submitted).

The Teapot Mountain system is difficult to reconstruct, but, due to it’s proximity,

must have the same general structural relationships as the Granite Mountain system. The

best mineralized parts of the Red Hills prospect are fault bounded on the east and west by

relatively late, steeply dipping faults with displacements of a kilometer or more, and

above by a low-angle, post-mineral fault (Fig. 10). The latter fault and related structures

project under the steeply tilted Whitetail Conglomerate to the west and must help bound

this basin. Bedrock farther beneath this sedimentary rock sequence contains exotic
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jarosite along fractures in unaltered rocks and permissively represents a lateral or exotic

part of the Teapot system. The reconstruction indicates that the most likely location for

deeper structural levels of the Teapot system would be beneath the down-dropped

western edge of the Dripping Spring Mountains; conceivably this could include a higher

grade core as implied by the pebble dike clasts. Higher-level pieces, if present, would

underlie post-mineral sedimentary rocks northwest of Copper Butte.

Structural complexity and a paucity of detailed mapping have obscured the identity of

the distinct hydrothermal systems in the Ray center. Available evidence requires the

presence of at least two temporally distinct, partly overlapping centers: First, there is the

Granite Mountain center at about 69 Ma based on U-Pb dating of the porphyritic granite

from the eastern slope of Granite Mountain and a major mineralizing porphyry in the Ray

mine, the Sonora porphyry (Seedorff et al., submitted a). The cross-cutting Teapot

Mountain porphyry, yielded a U-Pb date of ~66 Ma (Seedorff et al., submitted, a). Within

the Granite Mountain center, alternative reconstructions indicate there are probably two

(or more?) distinct cupolas with associated (but overlapping?) hydrothermal systems

(Fig. 10).

Tea Cup center (Kelvin-Riverside and Grayback systems)

The Tea Cup center is located in the northern Tortilla Mountains, south-southwest of

the Ray center (Figs. 3,11). A large intervening mass of older Tortilla Quartz Diorite sits

between the Ray and Tea Cup centers but lacks known mineralization and has only weak

biotitic alteration in present exposures (Barton et al., 2005). The Tea Cup center is

focused on a dismembered composite pluton that intrudes Proterozoic Ruin Granite and is



190

presently distributed over at least 15 km along an east-northeast trend (Figs. 3, 11;

Schmidt, 1971a; Bradfish, 1979; Cornwall, 1982). The principal exposures of the pluton

zone crudely inward and westward from outermost hornblende-biotite quartz

monzodiorite to main phases of biotite-hornblende granodiorite and biotite granite with a

youngest, interior and westernmost biotite-muscovite±garnet granite (Barton et al., 2005).

Although an economic deposit has not been found in this system, numerous

mineralized prospects demonstrate the presence of at least three distinct families of

hydrothermal alteration belonging to at least two separate systems. Porphyry copper

mineralization occurs in thin fault slices in the Kelvin-Riverside district, east of the main

exposures of the Tea Cup pluton (Schmidt, 1971a; Zelinski, 1973; Corn and Ahern, 1994;

Wilkins and Heidrick, 1995). These are part of a pattern that changes from dominantly

sericitic alteration with high pyrite contents in the east (near Kelvin-Riverside) where it is

associated with sparse porphyry dikes, into relatively sulfide-poor, potassically veined

and altered plutonic rocks around the Tea Cup pluton to the west. The easternmost

exposures near the towns of Kelvin and Riverside contain zones of sericitic alteration,

including breccia pipes that were cemented with pyrite, quartz and chalcopyrite (Figs. 3,

11). K-feldspar-quartz veins and the most intense biotitic alteration and Cu ± Mo sulfide

mineralization are centered on porphyries that crop out farther west; sparse muscovite-

pyrite greisen veins occur in the westernmost exposures of this alteration. To the north

and, particularly, to the south of the zone of most intense porphyry style alteration,

propylitic, chloritic, iron-oxides-rich, and sodic-calcic alteration is developed. In central

and eastern areas, these are mainly iron-oxide-rich (specular hematite and magnetite)
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assemblages that contain chlorite and quartz along with minor copper and iron sulfides.

In roughly equivalent positions farther west along the southeastern flank of the Tea Cup

pluton, sodic and sodic-calcic assemblages including endoskarn are widespread. Sodic

assemblages contain quartz, albite, chlorite, and epidote, whereas actinolite-oligoclase-

epidote and local garnet and quartz leaching comprise sodic-calcic assemblages.

A second, separate hydrothermal system contains weak Mo-Cu mineralization in a

zoned, greisen-dominated area surrounding the Mount Grayback two-mica granite and

abundant pegmatite and aplite dikes (Figs. 3, 11). Eastern and outer quartz-muscovite-

chalcopyrite-molybdenite-pyrite veins overlap with and are superimposed on inner and

western quartz-K-feldspar-muscovite±biotite± sulfide veins. This system is separated by

several kilometers of less altered rocks from the porphyry to iron-oxide/sodic system to

the east.

The area contains three sets of down-to-the-west normal faults and a fourth, younger

set of down-to-the-east faults. The oldest Tertiary sedimentary rocks dip ~90° east, which

indicates that the system is tilted on its side (Barton et al., 2005; Maher et al., submitted).

A Laramide reverse fault (Walnut Canyon equivalent?) is present as demonstrated by

cataclastic zones, repetition of diabase sheets, and crosscutting Laramide intrusive rocks.

Breccia pipes in the eastern part of the district locally contain sedimentary rocks,

demonstrating the presence of overlying or overthrust supracrustal rocks at the time of

mineralization.

The Tea Cup center reconstructs to a crustal column that is roughly 10 km high

that exhibits systematic zoning and stacked hydrothermal systems (Fig. 11). A central
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porphyry copper system has shallow acid alteration overlying and overlapping with K-

silicate alteration, all centered on a spire of porphyry emanating from the crest of cupola

of the biotite-hornblende granodiorite phase of the pluton. At the same structural levels, a

flanking hydrothermal system changes from hypogene iron-oxide-rich mineralization at

shallow levels paleo-downward into metal-depleted sodic-calcic alteration. The greisen

dominated Mo-Cu system that related to the Grayback two-mica granite formed at deep

levels, 8-10 km beneath the Tertiary unconformity and perhaps as much as 10 km or

more beneath the Laramide paleosurface.

Initially, these two distinct levels were considered to be entirely separate centers,

one a hybrid porphyry system with saline external fluids creating marginal iron-oxide-

rich mineralization, and then an entirely separate, perhaps much younger system

associated with the strongly peraluminous granite (and consistent Eocene ages on similar

granites elsewhere in southeastern Arizona). New U-Pb dating of zircons shows,

however, that Tea Cup pluton formed in no more than about 1 m.y., commencing at

~73.5 Ma (hornblende biotite granodiorite) and concluding at ~72.5 Ma with the

Grayback two-mica granite (Barton et al., 2005; Seedorff et al., submitted, a), thus

demonstrating the stacking of distinct hydrothermal systems within the overall thermal

lifetime of this intrusive center.

Christmas center

The focus of the Christmas center is the Christmas mine, stock, and related dikes, on

the eastern end of the Banner mining district in the Dripping Spring Mountains (Eastlick,

1968; Koski and Cook, 1982; Einaudi, 1982a). The system is located near the
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southeastern end of the Dripping Spring Mountains in an area of overlapping structures,

straddling the regional tilt domain boundary (Figs. 3, 12). Christmas is a relatively small

porphyry-skarn system associated with granodioritic intrusions, and the main

mineralizing intrusion has been dated at ~65 Ma (Seedorff et al., submitted, a). The

granodioritic intrusions were emplaced into Paleozoic carbonate rocks and the overlying

Late Cretaceous Williamson Canyon Volcanics of intermediate to mafic composition.

The deposit lies in the footwall of a reverse fault that has a broad, northeast-verging,

overturned anticline in its hanging wall (Willden, 1964; Maher et al., submitted). The

upper crust in the immediate vicinity apparently is not significantly extended, but the area

is along a regional tilt domain boundary, where east- and west-dipping sets of faults

overlap. The deposit is generally upright but may have been tilted as much as 15-20° to

the west-southwest (Einaudi, 1982a). Deeper levels are exposed to the west and shallower

levels to the east due to two down-to-the-east faults with moderate displacement, the

Joker and Christmas faults. Displacement on these faults totals about 1 km, providing

~1.5 km of vertical exposure of the system (Einaudi, 1982a).  Quartz-K-feldspar veins are

most abundant in the western portion (deeper) of the deposit, and much of the deposit has

hydrothermal biotite replacing igneous mafic minerals in the intrusions and the andesitic

wall rocks. Sericitic alteration occurs dominantly in the down-dropped eastern portion of

the deposit in the hanging wall of the Joker fault and is limited in extent, sitting inboard

of the limit of biotite alteration.  Where the porphyries cut carbonate rocks, skarns are

well developed and contain the highest copper grades in the deposit. Both calcic and

magnesian skarns formed, respectively, in limestones and dolostones.
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The Christmas system is, by comparison to others in the study area, easily restored

because of the minor post-ore deformation and relatively small size of the system.

Sericitic alteration is relatively weakly developed and sits within and above a larger

volume of K-silicate alteration and associated skarn. There is no direct evidence for the

nature of the underlying pluton.

Chilito center

The Chilto system is located ~5 km west of Christmas, on the western end of the

Banner mining district in the Dripping Spring Mountains (Fig. 3; Kiersch, 1951; Eastlick,

1968). Chilito is a porphyry copper system associated with swarms of east-west trending

latite and rhyodacite dikes and stock-like intrusive masses of diorite and quartz diorite

porphyry. The main intrusive center at Chilito consists of two, adjacent, cylindrical lobes

of quartz diorite porphyry approximately 0.5 kilometers in diameter (Figs. 3, 13).  The

northern lobe is apparently barren, whereas the southern lobe has two spatially separated

and apparently distinct shells of mineralization, with a vertical separation of more than

300 m (John and Fountain, 1994; Borrok, written comm.., 1999). Alteration and Cu(-Mo-

Ag-Au) mineralization is distributed spatially around the southern quartz diorite porphyry

lobe and is dominantly K-feldspar – biotite associated with chalcopyrite(-bornite) in a

halo extending from 100 to 200 m outward from the contact of the southern lobe of

quartz diorite with the surrounding rocks. Minor quartz-sericite-pyrite(-chalcopyrite)

alteration occurs in the southern part of the southern quartz diorite porphyry lobe. The

upper ore zone is oxidized, consisting of copper carbonates, oxides, and silicates, whereas
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the lower ore zone retains original sulfides. Supergene enrichment is apparently absent,

consistent with the low pyrite content and the acid-consuming nature of the mineralogy.

Small replacement deposits in Apache Group and Paleozoic rocks surround Chilito

for distances up to a few kilometers. Minor amounts of weakly Cu-Mo-Ag-Au

mineralized Troy Quartzite was mined for silica flux from the 1950’s until 1982. The 79

mine (~1.5 km to the west of Chilito) was mined for base metals from replacement bodies

in limestone of the Naco Group. Various other small prospects surrounding Chilito

yielded minor base and precious metals.

As at Christmas, Chilito lies in the relatively upright central Dripping Spring

Mountains (Fig. 3). The Chilito deposit lies in a horst between the northerly striking,

steeply dipping Keystone and O’Carroll faults that each have about 1 km of

displacement. Numerous other small-displacement faults (< 100 meters) are present, but

the Chilito deposit is apparently intact (Fig. 13). The Chilito system is undated.

Troy center

The Troy center is located ~10 km northwest of Chilito and ~10 km southeast of Ray

in the Troy (Dripping Spring) mining district (Fig. 3; Cornwall et al., 1971). The district

is centered on the composite, variably porphyritic Rattler pluton, which varies from

sparse melanocratic diorite to the dominant granodiorite phase and is cut by numerous

dikes, including porphyries. Most of the pluton is unmineralized (e.g., C. Wendt, written

comm.., undated), but areas in the southwestern part of the pluton contain some

disseminated sulfides and copper oxide minerals that have been described as porphyry

style alteration (P. Tillman, written comm., 1993; reported as eastern in Cornwall et al.,
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1971). Proximal Cu skarns and local base-metal replacement zones in the limestones that

occur around the pluton are best developed along the southern side.

As at Christmas and Chilito, the Rattler pluton is apparently largely intact and not

strongly tilted. Numerous small to modest (generally less than 1 km) displacement faults

offset rocks in the district and may conceal other pieces of this center; however, high-

level parts are probably not preserved. A U-Pb age of ~73 Ma is roughly concordant with

previous K-Ar dates (Seedorff et al., in revision).

Comparison of reconstructed centers

The reconstructed centers (Figs. 5-13) permit a broad comparison and consideration

of some of the reasons for the differences among the various centers (Fig. 14). From the

reconstructions and descriptions above, it is clear that the deposits themselves differ in

many ways—even within the same center—because they commonly represent disparate

pieces of a zoned hydrothermal system.

The hydrothermal centers differ significantly in the extent of their exposures, the

sizes, shape, character and distribution of their hydrothermal systems, the relationship

and nature of host and cogenetic igneous rocks, and the magnitude of known and likely

resources.  Unfortunately, the paucity of detailed, deposit-scale geologic and geochemical

studies limits comparisons.

Vertical exposure, size and geometry of hydrothermal centers

Scales and exposure of hydrothermal systems:  The hydrothermal centers differ

greatly in size, magnitude of known and likely resources, and extent of exposure. When
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restored, those systems that lie within the highly extended domains have the greatest

paleovertical exposure – these include Pinto Valley-Copper Cities, Miami Inspiration,

Copper Springs, Ray, and Tea Cup. In each of these centers, 7-12 km of the Laramide

crust can be seen (Figs. 5-7, 10-11) ranging from relatively high levels in these systems

(within 1-3 km of the paleosurface for each) to levels that expose the deepest parts (roots)

of the magmatic hydrothermal systems. Deposits that lie closer to the tilt domain

boundary, or are in less extended domains, exhibit less vertical exposure – typically less

than 2-3 km vertically (with drilling) – these include the systems at Superior, Chilito,

Christmas, and Troy (Figs. 9, 12-13).

Original lateral extents of intense alteration are uncertain in most centers, but, with

several tilted fault blocks of some centers exposed, some limits can be ascertained. The

better mineralized centers typically have maximum observed dimensions of 1.5 to 3 km;

less productive systems tend to have smaller known horizontal extents (e.g., Chilito, the

replacement bodies near Rattler, or the Tea Cup systems). In the extended deposits, these

comparisons are based on distances measured along northerly to northwesterly strikes – a

direction in Laramide deposits that is commonly 20-50% narrower than the predominant

pre-tilt ENE-WSW directions of Laramide dikes and veins (pre-tilt; cf. Heidrick and

Titley, 1982; compare also to Yerington, Dilles and Proffett, 1995; Dilles et al., 2000).

These sizes and vertical extents are similar to large porphyry systems elsewhere in the

world (e.g., Seedorff et al., 2005), but in this area it is now possible to compare multiple

systems over substantial vertical intervals. Considered in total, all hydrothermal centers
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appear to share broadly cylindrical geometries; alteration fades downwards but is rooted

in underlying plutons; it extends upwards, perhaps flaring outward near the paleosurface.

Volumes of alteration and mineralization:  Based on these results, reconstructed total

volumes of intensely altered rock range from about 1-2 km3
 in the smallest systems to

>25 km3 in the largest. These numbers are minimum values as it is not possible to

account for what was removed by erosion prior to extension, nor what is still hidden at

deeper levels in the less-extended centers. These values compare well with estimates

made for other magmatic hydrothermal centers by Johnson (2000). Volumes of

economically mineralized rock – a moving target – approach or exceed 1 km3 in the

largest systems (Superior, Pinto Valley-Copper Cities, Miami Inspiration, Ray) and could

be substantially larger (several km3, i.e., exceeding 5 Gt) if all possible pieces are

counted. Nonetheless, these volumes represent less than 25%, commonly on the order of

10% of the total volume of strongly altered rock.

Grade and tonnage of restored systems:  Reassembly of the various hydrothermal

centers shows that the restored systems are considerably larger than their component

parts (Figure 15). In several cases, even the largest piece comprises less than half the total

and, in a number of cases, large pieces of the original systems are missing and may exist

in the subsurface or have been eroded (e.g., Pinto Valley–Copper Cities, Copper Springs;

Figs. 5, 8). Examination of these results suggests that there are at two distinct size

populations – one with large deposits associated with the large, felsic, relatively

homogeneous intrusions, and another associated with the intermediate composition

intrusions or compositionally diverse centers.
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Nature of associated rocks

Compositions of wall rocks and depths of emplacement:  The reactive wall rocks –

Mesozoic volcanic rocks, the Paleozoic sedimentary section, and the Proterozoic diabase

– occur mainly in the upper 2-3 km of pre-extension crustal column (Fig. 3) except where

Laramide reverse faults placed older rocks over younger (e.g., Ray; Figs. 10, 14). Where

supracrustal rocks and diabase are abundant (e.g., Resolution, Chilito, Christmas, Ray),

skarns and relatively high grade potassic alteration are present in those lithologies,

whereas deeper exposures or systems emplaced primarily in crystalline rocks

(Proterozoic or Laramide) typically have lower hypogene grades but exhibit greater

supergene enrichment in sericitic alteration (e.g., Miami East, Copper Cities, West Pit at

Ray). Conversely, based on zircon inheritance patterns (Seedorff et al., submitted, a), it is

apparent that centers emplaced (rooted) in Pinal Schist show no obvious difference with

those emplaced in Ruin Granite.

Although the more reactive rocks such as carbonate rocks and diabase commonly

have higher grades when compared with the mineralized porphyries (typically twice),

there are equally large or larger differences in grade between systems. The origin of these

differences is enigmatic.

Composition and homogeneity of batholithic roots:  As described above, economic

deposits are associated with a spectrum of intrusive rocks that range from quartz diorite

to granite and have differing degrees of compositional and textural homogeneity. Where

deeper portions can be seen, the most intensely mineralized centers formed above or

within large felsic intrusions – the Schultze and Granite Mountain plutons. Although,
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uniformly felsic, these plutons show multiple textural varieties and can have widespread,

though commonly subtle, internal contacts, some of which are clearly part of internal

cupolas that sourced overlying porphyry complexes (e.g., the Pinto Creek area; Stavast,

2006; Barton et al., 2007).

Other large plutons, which are exposed at moderate to deep structural levels (i.e., ≥ 5

km paleodepths), are either compositionally heterogeneous (e.g., Tea Cup, Fig. 11;

Barton et al., 2005) or intermediate in composition (e.g., Tortilla). Their associated

hydrothermal systems are apparently considerably weaker and/or more diffuse than those

of the massive felsic centers. The nature of the plutonic roots of the less extended

systems, such as Christmas, Chilito and Troy are unknown, but their roots might look like

the Tortilla or Tea Cup systems that they resemble in composition.

Character and distribution of hydrothermal features

The nature of hydrothermal alteration and mineralization correlates with a

combination of wall rock, igneous compositions, level of exposure, and supergene

effects.

Differences in ore mineralogy: Broad mineralization types, and hence the derived ore

types, differ greatly, varying from sulfide-rich acid alteration assemblages to relatively

sulfide poor K-silicate and/or skarn assemblages (cf. Table 2). The principal hypogene

ore types are dominated by chalcopyrite, typically with abundant pyrite. Other hypogene

copper-iron sulfides and iron oxides are uncommon. Pyrite (± chalcopyrite) is abundant

in intense sericitic alteration, where pyrite to chalcopyrite ratios can exceed 10, and total

sulfide contents typically exceed 5 volume percent; such ore assemblages dominate the
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high levels of the felsic associated centers where they are hosted by quartzo-feldspathic

rocks (e.g., Copper Cities, Miami Inspiration and Miami East deposits, Ray –West Pit,

Kelvin prospect). Lower pyrite to chalcopyrite ratios, commonly below unity, are typical

of the wide variety of K-silicate assemblages that comprise the more deeply emplaced ore

bodies (e.g., Pinto Valley, Miami Inspiration – Bluebird-southwestern Live Oak-Oxhide

deposits) and those formed in more reactive rocks (e.g., much of Resolution, Ray – Pearl

Handle area, Christmas).

In contrast to chalcopyrite(-pyrite)-rich ore types, hypogene bornite- and

chalcocite(digenite)-bearing assemblages are uncommon. Bornite with or without

digenite, but typically with chalcopyrite occurs in relatively low-sulfidation assemblages

in several settings. These include K-silicate veins at Pinto Valley, Christmas, and

possibly Chilito, locally in skarns at Christmas and Chilito, and prominently in the Fe-

oxide-rich replacement bodies of the Magma deposit. High-sulfidation assemblages with

bornite plus pyrite and other copper sulfides are present with advanced argillic alteration

at Resolution-Superior East and in the Magma vein.

Minor magnetite is present in a number of systems, commonly as a deep phase in K-

silicate assemblages (e.g., Miami-Inspiration, Pinto Valley centers), a minor component

of ore-related veins (e.g., Christmas, Ray), or in reactive host rocks, such as diabase at

Ray, and carbonate rocks in the skarn and replacement systems. It is also present with

specularite and is common in the fringes of many systems. Only in two settings is

specularite abundant with Cu-mineralization: these are (1) the sediment-hosted lode

deposits of the Magma vein system and the Globe Hills (e.g., the Old Dominion mine),
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and (2) the hematite-magnetite-chlorite-quartz(-chalcopyrite) lodes in Ruin Granite on

the flanks of the Tea Cup center.

Distribution of hydrothermal alteration near ore bodies:  Intense acid alteration is

best developed at higher levels and in felsic host rocks and with the more felsic intrusive

centers. The Resolution and Magma systems have ore in advanced argillic alteration, and

Copper Springs system may have; the other systems associated with the felsic rocks lack

known advanced argillic alteration, although that could be a function of preservation and

exposure. Even after accounting for differences in wall rock, intense acid alteration is

much less common at high levels in the composite and intermediate composition centers.

The Pinto Valley, Miami-Inspiration, Copper Springs, Resolution, and Magma

systems of the Globe-Miami and Pioneer mining districts are all spatially associated with

the Schultze Granite, and there are many similarities between the Pinto Valley, Miami

Inspiration, and Copper Springs systems. The mineralizing intrusions for these systems

are granites with variations in texture but almost identical compositions. The three

systems have remarkably similar hydrothermal characteristics and were all emplaced at

nearly the same depths, with the transition from biotitic to sericitic alteration located in

crystalline basement, a short distance (in the range of 0-2 km) below the unconformity

upon which Proterozoic strata were deposited. The three systems are similar in size in

reconstructed plan view and in vertical extent, but they differ in contained copper in the

order Miami Inspiration > Pinto Valley > Copper Springs. The large differences in

reported resources of these three centers probably reflect different levels of exposure and

degrees of burial and/or erosion of the productive levels of each center. The Miami
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Inspiration system is mostly exposed, Pinto Valley is at least half covered, and nearly all

of the Copper Springs system is covered and/or eroded.

The geometries and configurations of zones of acid alteration are difficult to deduce,

in many cases due to the degree of structural disruption within the study area. In places

such as Resolution, which appears to represent a the upper portions of an intact porphyry

system, however, the geometry of zones of acid alteration appear to expand and extend

upwards from within more proximal zones of potassic alteration, similar to the “type 2”

styles of acid alteration described in Seedorff et al. (2005). Other systems in the area

which lack evidence for advanced argillic assemblages may more closely resemble the

types 1a or 1b of Seedorff et al. (2005), where zones of acid alteration are developed

largely above, or distal to zones of potassic alteration and the bulk of economic copper

mineralization.

The geometries of ore bodies are likewise difficult to constrain in many cases but

appear to vary substantially between centers and correlate with the type of the local host

rock. Well-mineralized (hypogene) zones appear to be vertically extensive (>2 km) in

those systems that are hosted primarily by felsic crystalline rocks, either the Pinal Schist

or the Ruin Granite. The best documented are the Pinto Valley-Copper Cities and Miami

Inspiration systems, and it appears to have been the case in the Kelvin-Riverside part of

the Tea Cup system. Conversely, deposits hosted by Proterozoic diabase and Proterozoic

to Paleozoic sedimentary rocks at Resolution and Christmas have relatively squat

geometries (≤ 1 km vertical with similar lateral extents) for their higher grade hypogene

mineralization. The strong correlation of grade with diabase at Ray and the possible
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stacked ore bodies in the supracrustal rocks at Chilito imply that these systems, too, may

have had less vertical extent of ore, but in neither case is geologic control presently

sufficient to be confident of their shapes.

Alteration types at deep levels:  The highly extended domains reveal contrasting

characteristics in the root zones of several centers (Stavast, 2006; Seedorff et al.,

submitted, b). Deep alteration in the well-mineralized centers is characterized by well-

developed, typically sheeted greisen-type and K-silicate (K-feldspar and biotite) veins.

These altered zones have relatively low total sulfide contents and pyrite to chalcopyrite

ratios typically >1. Intense alteration is localized in the roots of the porphyry centers,

commonly near and over recognized cupolas in the subjacent plutons. Near the cupolas,

complex crosscutting relationships demonstrate syn-magmatic development of

hydrothermal features (e.g., Pinto Creek). Sodic(-calcic) assemblages, including

endoskarn, occur at moderate to deep levels (5-9 km) flanking the less-intensely

mineralized and composite Tea Cup pluton. It is not clear why the Granite Mountain and

Schultze plutons lack this style; it might be unavailability of saline external fluids or

perhaps an aspect of the hydrologic system that precludes circulation of such fluids.

Dioritic plutons, such as the Tortilla, have relatively weak alteration, mainly propylitic

overprinting scattered and weak development of secondary biotite. The feeble nature of

alteration in dioritic centers may reflect a protracted, composite origin as evidenced by

the small size of other dioritic intrusions (Seedorff et al., submitted, a).

Metal contents and metal ratios:  As with hydrothermal alteration and ore mineral

assemblages, metal contents and zoning should vary with geologic factors; unfortunately,
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few numbers are available on metals apart from production data (e.g., Long, 1995; Titley,

2001). Supergene ores (both chalcocite and oxide) in most districts produced copper,

minor silver but little or no molybdenum or gold. None of the districts in the study area is

gold-rich, the highest average grades produced (0.9 g/t) occurred in the high-grade

(4.6%) Cu ores from the Magma mine and Cu/Au always exceeds 10,000 (by weight).

Porphyry and skarn ores contain less than 0.1 g/t Au, typically <0.01 g/t, and are

commonly not reported. There is a hint that the less felsic systems (Chilito, Christmas,

Magma(?)) have somewhat higher gold contents, but none approach the elevated contents

(>0.1 ppm) seen in some other southern Arizona deposits (e.g., Ajo, Dos Pobres, Bisbee;

Long, 1995). Molybdenum contents appear to be highest in those deposits associated the

more felsic magmas  (Ray, Resolution, Pinto Valley, Inspiration, Grayback), and more

commonly at deeper levels, although variations with ore type (supergene vs. hypogene)

and production method (mill vs. leach) preclude simple analysis.

Discussion and implications

 The presence of contrasting porphyry copper systems in the study, several of which

are exposed over depth intervals of 10 km or more, provides an unusual opportunity to

examine important questions about the genesis of porphyry copper deposits and to

develop strategies for exploring in areas of post-mineral extension.

Recognition of tilted systems and their reconstruction

An assessment of the amount of post-ore deformation in a metallogenic province is

fundamental to any scientific or practical investigation, and the geology of this province
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is more complicated structurally than previously thought (e.g., Wilkins and Heidrick,

1995). Post-ore extensional deformation is likely in the Basin and Range province of the

North American Cordillera (Stewart et al., 1998), in the western Mediterranean (Gautier

et al., 1993), and in parts of Asia (Northrup et al., 1995). A variety of geologic criteria

can be used to assess whether a given hydrothermal system is (1) relatively intact and

upright, (2) relatively upright but exposed at several levels by normal faulting, or (3)

strongly dismembered and steeply tilted (Seedorff et al., 2005). The most useful

information is the distribution and attitude of post-ore cover rocks, i.e., whether they are

faulted and tilted. Depending on the amount of earlier deformation, attitudes of older

strata and features in crystalline rocks may also be used to assess the amount of tilting

(Maher et al., submitted). Normal faulting repeats piercing points and other structural

markers, including alteration boundaries, across a map surface. Although mineralizing

intrusions are not necessarily emplaced vertically, their initial plunge generally is within

a few tens of degrees of 90°, so the presence of gently plunging intrusions (e.g., Yan and

Hu, 1980) is another sign that a system may be tilted and dismembered. Paleomagnetism

and geobarometry can confirm the amount of tilting in crystalline rocks (Stavast et al.,

submitted).

 In the study area in east-central Arizona, nearly every deposit is fault bound along at

least one margin. The amount of post-ore deformation varies considerably between

subregions within the study area, in parallel with the variations in the amount of

extension. Porphyry systems in the Dripping Spring Mountains (e.g., Christmas)

generally are relatively intact and upright or exposed at several levels by normal faulting.
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In the more highly extended subregions, the systems range from moderately tilted and

somewhat dismembered (Resolution and Superior East deposits of Resolution system) to

highly dismembered and steeply tilted (e.g., Miami Inspiration, Granite Mountain, and

Tea Cup systems), depending on the number of generations and orientations of post-ore

normal faults that have affected a system. The Tertiary net extension direction in this area

is roughly east-northeast (Maher et al., submitted), as it is in many parts of the southern

Basin and Range (Richard, 1994), which is perpendicular to the orientation of the

Laramide continental margin and arc. Although Laramide geologic features, such as

elongate igneous centers and orientations of veins, in many cases were preferentially

oriented east-northeast (e.g., Schmidt, 1971b; Rehrig and Heidrick, 1972), many of the

present-day east-northeast belts or trends reflect the direction of dismemberment by

Tertiary extension.

Multiple generations of extensional faults produces a complex distribution of rocks.

Regional-scale geologic maps (e.g., scales of 1:100,000 or smaller) generally lack

measurements on bedding attitudes and have little geologic and topographic detail and,

thus, are of little use in assessing the amount of tilting. High-quality geologic maps at

scales of 1:62,500 or better generally are required to determine the architecture of

extensional faulting in an area, i.e., orientations, numbers of generations, and relative

ages of normal faults. Maps of adequate quality and level of detail commonly do not

exist, even in most of the North American Cordillera. Additional work, in the form of

careful remapping of key areas with a focus on crosscutting relationships between various

sets of faults and the nature of contacts (e.g., unconformable, intrusive, fault) and access
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to subsurface information also may be needed to fully assess the amount of tilting of a

system, to develop meaningful three-dimensional reconstructions of porphyry systems,

and to generate block models that are adequate for resource estimation, metallurgical

treatment, and mine planning.

The original size and grade of deposits, with implications for metallogeny and

exploration potential

An improved understanding of the genetic causes for the size, grade, and contained

metal content of mineral deposits is a longstanding goal of economic geology (Hunt,

1991). Although mineral resource and ore reserve estimates are strongly affected by non-

geologic factors such as availability of data, mining method, and economic and social

inputs, they have been used to address various geologic and geochemical questions and

are an important input for mineral resource assessments (Cox and Singer, 1992; Singer,

1993). The data that are available for porphyry deposits in various regions (e.g.,

Laznicka, 1976; Gilmour, 1982; Long, 1995; Kirkham and Sinclair, 1996; Sillitoe and

Perelló, 2005; Garwin et al., 2005) form the basis for perceptions of the geologic

endowment of metallogenic provinces, which affects where companies choose to explore

(Sillitoe and Thompson, 2006). The Laramide province of southwestern North America is

commonly regarded as the world’s second most important porphyry copper province,

behind the central Andes of Chile and southern Peru (e.g., Clark, 1993). Most of the

porphyry copper deposits of the study area are dismembered portions of originally larger

(intact) systems. For example, the Schultze Granite is spatially associated with more than

25 deposits in the northern part of the study area (Table 2). Geologic reconstructions
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indicate that the Schultze Granite probably produced at least five separate centers: Pinto

Valley, Miami-Inspiration, Copper Springs, Magma, and Resolution.  Hence, a

comparison of systems in this metallogenic province with those in other parts of the

world is geologically valid only if the tonnage and grade of the component fragments of

the reconstructed systems are aggregated (Fig. 15).  When reconstructed, the size and

contained metal content of the known fractions of many systems increase significantly

relative to other global deposits (Figs. 3, 14, 15). Considering that the rest of the

Laramide porphyry copper province of southwestern North America has been

comparably affected by Tertiary extension (e.g., Stewart et al., 1998), the grades and

tonnages of many systems in the rest of the province should be considered similarly.

One implication of this analysis is that the grade-tonnage models of porphyry deposits

may need revision (Fig. 15), which may affect what constitutes a “giant deposit.” A

second implication is that the size and contained metal content of the geologic systems in

the Laramide province, after account for the effects of extensional dismemberment,

probably are closer to their counterparts in the Andean province than commonly depicted

(e.g., Clark, 1993), which may impact the perception of the prospectivity of the province.

Even a “piece” of one of these Laramide systems can constitute a “world class” deposit,

and the discovery of the Resolution deposit (Manske and Paul, 2002; Paul and Manske,

2005) demonstrates that that deposits with the largest sizes and highest grades in a

province are not necessarily found early in the search.
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Implications for use of deposit-scale zoning

Descriptive and genetic models for porphyry copper systems (e.g., Lowell and

Guilbert, 1970; Gustafson and Hunt, 1975; Sillitoe, 2000) incorporate zoning

relationships, such as from deeper feldspar- and biotite-stable alteration assemblages to

shallower feldspar-destructive assemblages and from lower total sulfide and lower pyrite

: chalcopyrite ratios at deeper levels to higher total sulfide and higher pyrite :

chalcopyrite ratios at shallower levels. The mineralogical and geochemical vectors and

geophysical models employed in exploration effectively constitute overlays on these

models. The implicit assumption in applying any such models is that the deposits are

substantially in their original orientation. Not surprisingly, the alteration patterns of

porphyry copper deposits in study area (e.g., the Ray deposit, Phillips et al., 1974) have

been difficult to place in the context of generalized porphyry copper models because of

the complex post-mineral structure. In east-central Arizona, the original zoning

relationships are largely preserved in the less extended area along the axis of the Dripping

Spring Mountains, such as around the Chilito and Christmas deposits. In the more

extended portions of the study area, a deposit may occur in a sufficiently large fault block

that most of the system is intact, albeit in a tilted geometry (e.g., Resolution), but most

deposits represent smaller, tilted slices through the zoning pattern of the overall system.

Certain parts of the pattern typically are disproportionately represented in a given deposit.

In the Pinto Valley system, for example, the fragment in the Copper Cities deposit is

dominated by sericitic alteration and relatively high total sulfide content, whereas the

fragment in the Pinto Valley deposit is dominated by biotitic alteration, although the
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transition outward to sericitic alteration, propylitic alteration, and relatively fresh rock is

preserved on one side of the deposit (Breitrick and Lenzi, 1987).

Many porphyry deposits in terrains characterized by post-ore extensional deformation

are cut by multiple sets of faults, resulting in extremely complex juxtaposition of portions

of an overall zoning pattern. Tilted and dismembered porphyry systems must first be

structurally reconstructed fault-by-fault before zoning relationships can be used to further

understand the genesis of the deposits.

Geologic diversity of systems

A measure of the genetic understanding of a type of mineral deposit such as porphyry

deposits is to be able to explain both the similarities and differences between deposits at

the scale of mining districts, regions, and orogenic belts (Gustafson, 1978; Clark, 1993),

which remains a great challenge (Seedorff et al., 2005). Previous investigations have

attempted to link productive or prolific systems to crustal provenance or certain types of

magmas (Clark, 1993; Lang and Titley, 1998; Titley, 2001).

Certain porphyry systems in the study area are linked to intrusive centers that are

quartz-monzonitic to granodioritic, generally associated with the more productive

porphyry copper deposits. These porphyry systems, however, actually vary significantly

in quantity and grade of contained copper metal. Other systems are linked to silicic

granitic intrusive centers that commonly tend to be correlated with porphyry molybdenite

deposits. However, the silicic (> 70 wt %; Stavast, 2006) Schultze Granite is linked to

multiple productive porphyry copper deposits, including at least one and perhaps several

that are world class.
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Preservation, enrichment, and dispersal

The tops of most porphyry copper systems were formed 1 to 6 km below the

paleosurface, and mineralized rock commonly persists for several kilometers vertically in

intact, upright systems (Seedorff et al., 2005), as is evident for deposits in the study area

from the reconstructions presented above (Figs. 5-13). The exposure and preservation of

the mineralized interval in a porphyry copper system depends on its history of

weathering, erosion, uplift, and burial. Depending on the rate of uplift, the mineralized

portion of the vast majority of porphyry systems in an entire orogenic belt can be

removed in ~10-50 m.y., but a period of crustal extension and associated normal faulting

prolongs their survival (Barton, 1996; Staude and Barton, 2001). Weathering porphyry

systems undergo measurable seasonal changes (Enders et al., 2006), and deep oxidation

and mature enrichment can be achieved in as little as tens to hundreds of thousands of

years (e.g., Lichtner and Biino, 1992), although it is interpreted that most mature enriched

zones took at least 3 to 9 m.y. of largely uninterrupted supergene activity to form

(Sillitoe, 2005).

The study area lies within one of the world’s premier supergene copper provinces,

and weathering took place both prior to and since the inception of mid-Tertiary and

younger crustal extension (Anderson, 1982; Cook, 1994; Sillitoe, 2005). As a result,

supergene processes have affected most of the near-surface fault blocks. The base of

oxidation commonly parallels the modern erosion surface. The effect of crustal extension

was to shorten the vertical dimension and widen the horizontal dimension in the direction

of extension, as movement on each normal fault tectonically removed cover on the
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footwall block, resulting in a locally complex uplift process. On average, normal faulting

delays the exposure of the hanging wall block to weathering and erosion, especially if

subsequently buried with sedimentary and volcanic rocks, but hastens exposure of the

footwall block. In the many porphyry copper systems of the study area that were affected

over time by several generations of faults, each of which constituted a set of subparallel

faults (Maher et al., submitted), a large fraction of the vertical column of mineralized

rock eroded and weathered simultaneously. Hence, adjacent fault blocks formed

enrichment blankets or oxide copper deposits concurrently, depending primarily on

lithologies and alteration-mineralization characteristics exposed in each block (e.g., Figs.

6, 7). Supergene profiles constantly adjusted to the changing hydrologic regime as

faulting and tilting proceeded. If the top of the water table at any time fell below a

previously formed blanket or hypogene sulfides, the older weathering profiles would be

modified. In contrast, if older profiles were submerged by ground water, their profiles,

including their enrichment blankets, would be tilted and fossilized in their tilted positions,

as is observed in the Resolution system (Manske and Paul, 2002) and at Miami (Peterson,

1962).

The consequence of this dynamic process is that many supergene blankets in this

setting should have multiple periods of formation, and supergene systems are active

today (Hayes, 2004). Undiscovered enrichment blankets probably remain to be found in

the study area and in other areas affected by post-ore crustal extension, and those

blankets may have been fossilized in a tilted position.
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Exotic copper deposits

Exotic copper deposits form as a natural consequence of near-surface geologic

processes. The best known of these are deposits formed primarily by chemical processes,

whereby metals (including Fe, Cu, and Mn) dissolved in groundwater from an actively

weathering porphyry system flows down hydrologic gradient laterally and precipitate

metals distal from the hypogene source, at the surface, within channels of gravel, or in the

underlying bedrock, in a chemically zoned system (Munchmeyer, 1996). The Andes

contain large exotic copper deposits that formed concurrent with development of

supergene enrichment blankets (Sillitoe, 2005). Nonetheless, exotic systems can also

develop that are dominantly physical in origin, especially in areas of crustal extension. In

the exotic deposits that were formed by physical processes, the copper is contained in

clastic fragments contained in sedimentary deposits of various origins, including (1)

megabreccia bodies emplaced as essentially dry debris avalanches in giant rockslides, and

(2) wet debris flows in alluvial fan and fluvial systems (Schmidt, 1971a; Krieger, 1977;

Yarnold and Lombard, 1989; Richard and Spencer, 1998a; Gawthorpe and Leeder, 2000;

Maher et al., 2004). Such clastic debris can be shed from both the hanging wall and

footwall blocks of extensional half grabens (e.g., Fig. 28 of Dickinson, 1991).

The study area contains many exotic deposits of various types, which illustrate the

complexity of the structural evolution and resultant erosion and weathering of the crust

(Table 1 and Fig. 3). Indeed, small exotic copper systems formed by chemical processes

in the Holocene (Phillips et al., 1971) and are actively forming today (Hayes, 2004).

Three of the best known exotic deposits in the study area are the Copper Butte deposit
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west of Ray, where chrysocolla and copper wad occur in debris flow deposits the

Whitetail Conglomerate (Phelps, 1946; Phillips, 1976; John, 1994; Dickinson, 1995,

2001), the Cactus deposit southwest of Pinto Valley, where a landslide breccia deposit of

sericitically altered Pinal Schist occurs in the Whitetail Formation (Peterson, 1962), and a

large occurrence between the Superior East and Resolution copper deposits in which

native copper occurs in lacustrine beds of the Tertiary Whitetail Conglomerate (Sell,

1995; Manske and Paul, 2002). Certain of the mechanical deposits are large-scale single-

or limited-event landslides and rock-avalanche deposits (e.g., Cactus, blocks in the

Hackberry Wash area), whereas other mechanical deposits are fluvial or alluvial

sedimentary rocks that accumulated over time, including as debris flows (e.g., Copper

Butte, Pioneer-Alabama, Gila). The deposits formed throughout the period of middle

Tertiary extension. Some deposits formed early and are now in highly tilted rocks (e.g.,

Pioneer-Alabama); other deposits formed after significant faulting and tilting had already

occurred (e.g., Black Warrior, Superior East exotic (?), Copper Butte, and perhaps

Cactus); other deposits formed late, after extension had largely ceased (e.g., Gila,

Solitude exotic); and several deposits are forming in the modern environment (e.g.,

Copper Springs, Black Copper Wash, Cochran area, Mineral Creek, Rattlesnake Canyon)

(Table 1). Several of these deposits are significant enough to be economic or sub-

economic, (e.g., Copper Butte, Cactus, Pioneer-Alabama, Gila, Black Warrior), but most

are small or their grade was diluted during transport or deposition. Some new discoveries

may prove to be economic, but they are more likely to be most valuable for the evidence
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they provide weathering of a nearby hypogene system that has yet to be discovered (e.g.,

Hackberry).

Depending on the relative timing of formation of an exotic deposit during the

extensional history, the distance of lateral transport of copper, either in solution or within

clastic fragments, may differ from the present-day distances of separation. Stepwise

structural reconstructions are required to determine the transport distances at the time of

formation. The origin of the exotic deposits, including the determination as to whether

clastic debris was shed from the hanging wall block or footwall block for exotic deposits

formed by physical processes, has implications not only for determining the distance of

transport, but also for determining the present location of the hypogene source of copper.

As noted in the previous section, the dynamic structural setting of active extension

promotes broadly synchronous weathering of a large fraction of the vertical column of

mineralized rock in a porphyry system, but this tectonic setting may inhibit the formation

of long-lived, laterally continuous, drainage systems of the type that seem to have hosted

the chemically transported exotic copper systems of the central Andes.

Exploration from the bottom up

Exploration for porphyry copper deposits employs geologically “top down”

exploration approaches that incorporated variable degrees of geophysical input, including

recognition of weakly mineralized high-level acid alteration zones, identification and

analysis of the Fe-oxide minerals generated by weathering in the leached caps, and

recognition of barren lithocaps to find underlying productive systems (e.g., Anderson,

1982; Titley and Marozas, 1995; Sillitoe, 1995, 2005).
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The traditional tools have been used successfully in many parts of the world,

including in the study area. However, certain discoveries were made in the study area by

primarily using other methods, including an important role for structural geology (e.g.,

Resolution, Kelvin), which will also be necessary to discover deposits in the future in

certain parts of the study area (e.g., Day Peaks, Copper Springs, Magma). Mineral zoning

patterns or geochemical trends can be used in extended terrains to vector towards ore, but

the exploration geologist should attempt to account for effects of faulting and tilting (e.g.,

Lowell, 1968; Wilkins and Heidrick, 1995; Dilles et al., 2000; Paul and Manske, 2005).

Another opportunity is to carry out “bottom up” exploration in these terrains.

Commonly, deep levels of these systems (e.g., Pinto Creek, Tea Cup, or Copper Springs)

are already recognized or postulated. One possibility is that the upper, productive parts of

the system have been eroded. However, if the rocks are significantly tilted, higher levels

of the system may have been displaced downward on normal faults and may now be

positioned lateral to the observed, deep-seated pieces. Piercing points or other lines of

geologic evidence can be used to vector upward or inward, in the frame of reference of

the structural reconstruction of the system, toward the missing, mineralized pieces of the

system (Seedorff et al., submitted, b). The opportunities are huge in the study area

because post-mineral rocks cover more than sixty percent of potentially mineralized

bedrock (Fig. 3). In some cases, unaltered bedrock fault slices may structurally cover

mineralized bedrock (e.g., Kelvin, Wilkins and Heidrick, 1995), providing an even

greater fraction of prospective ground. Recognition of tilting relationships, structural

piercing points and other geologic markers, alteration zoning, including in the root zones
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(Seedorff et al., submitted, b), can lead to predictions of where hidden mineralized

bedrock should occur (e.g., the Pinto Valley or Granite Mountain systems). Any small

bedrock prospect or exotic copper occurrence becomes a potential link to a new,

undiscovered copper deposit. Although provinces become less prospective over time

without breakthroughs in geologic understanding or exploration techniques (e.g., Leveille

and Doggett, 2006), the discoveries of Resolution in the study area (Manske and Paul,

2002; Schwarz, 2007) and of Oyu Tolgoi, Mongolia (Perelló et al., 2001; Kirwin et al.,

2005), and Pebble, Alaska (Lang et al., 2007) in other porphyry provinces show that the

biggest and highest-grade porphyry copper deposits may be found after considerable

earlier exploration in a province.

Conclusions

Structural reconstruction of the post-ore extensional deformation of nine diverse

intrusive centers and 12 or more related porphyry copper systems, which include the

Resolution deposit, the Magma vein and mantos, deposits in the Globe-Miami district,

and the Ray and Christmas deposits, provides a new view of the metallogeny and

exploration potential of this segment of the Laramide arc in east-central Arizona.

Porphyry systems in the western end of the study area have been tilted eastward; systems

in the eastern end of the study area are tilted westward; and systems in the center of the

study area—where both east- and west-dipping normal faults occur—are little tilted.

Extensional deformation exposed structural levels from near the Laramide paleosurface

to paleodepths of >10 km in the most tilted parts of the study area, where the root zones

of the porphyry systems are exposed.
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Repeated episodes of normal faulting of crudely cylindrical, vertically elongate

porphyry systems spread them out subparallel to the present surface and disperse some of

the components in exotic deposits formed by both chemical and physical processes.

Normal faulting and tilting facilitates supergene enrichment and creates geometries such

that are greater fraction of the porphyry system is easily amenable to mining. The

Resolution deposit, a fault-bound piece of a larger system, likely constitutes a world-class

system, and two other once-continuous systems attain world-class status upon

aggregation of associated dismembered deposits. Systems in the Laramide porphyry

province were closer in size to their central Andean counterparts prior to structural

dismemberment, which has implications for mineral assessment and exploration

prospectivity. The recognition of igneous and hydrothermal characteristics of the sides

and roots of hydrothermal systems permits porphyry exploration in the region to proceed

“from the bottom up,” as well as the traditional approach “from the top down.”
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Figure Captions

Figure 1. Extended regions in southwestern North America highlighting areas highly

extended domains that typically exhibit >100% extension, showing locations of porphyry

copper deposits and metamorphic core complexes and transport directions of their upper

plate rocks. Adapted from Seedorff (1991) and Dickinson (2002).

Figure 2. Location map of the study area in east-central Arizona, showing geographic

features, major intrusive centers, and generalized hydrothermal centers. Approximate

middle Tertiary extension directions are shown.

Figure 3. Mineral deposit pieces located on a simplified geologic map of the study area.

Map shows rock types, significant faults, lines of cross section, and porphyry deposits

and related prospects. Note that most faults visible at this scale are relatively young

faults, as older faults were segmented by younger faults, covered by younger sedimentary

rocks, or lie in the subsurface beneath exposed bedrock units. Block diagram (inset) of

the Laramide crust depicting spatial and geometric relationships geologic markers for

structural reconstruction, including hydrothermal alteration. Most middle Tertiary faults

formed with strikes subparallel to the front face. After 90° of net tilting on multiple sets

of faults, the Laramide cross sectional view of the front face corresponds to the present-

day map view of a large fault block. Lines of section are indicated for each of the

reconstructed centers shown in figures 5-13. Sources are explained in text.
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Figure 4. Examples of hydrothermal alteration types from the study area (see Table 1): A.

Porphyry from Ray mine with quartz-sericite-pyrite vein; B. Porphyry from Superior

center (core) with quartz-sericite-pyrite veins; C. Pinal Schist from Ray mine with quartz-

sericite-pyrite veins; D. Diabase from Superior center (core) with quartz + pyrite +

chlorite veins with sericitic envelopes; E. Globe-Miami area (Miami area) granite with

quartz-sericite-pyrite veins; F. Porphyry from Ray mine with quartz + K-feldspar veins

and hydrothermal biotite in groundmass; G. Pinal Schist from Globe-Miami area

(Oxhide-Bluebird area) with quartz + pyrite + chalcopyrite + molybdenite veins with thin

quartz-sericite-pyrite envelopes and hydrothermal biotite in groundmass; H. Diabase

from Superior center (core) with quartz + chalcopyrite + pyrite veins with biotite

envelopes; I. Globe-Miami area (Oxhide-Bluebird) granite with quartz ± chalcopyrite

veins with K-feldspar envelopes and hydrothermal biotite veins; J. Globe-Miami area

(Oxhide-Bluebird) granite with quartz + K-feldspar veins with K-feldspar± biotite

envelopes; K. Porphyry and Pinal Schist from Ray mine with quartz veins with K-

feldspar envelopes and hydrothermal biotite in groundmass; L. Porphyry from Ray mine

with quartz + chalcopyrite veins with biotite envelopes; M. Pinal Schist from Globe-

Miami area (Copper Springs) with quartz veins with K-feldspar envelopes and biotite in

wallrock; N. Globe-Miami area (Pinto Valley) granite with numerous crosscutting veins

(at least 4 sets) that include sheeted quartz-K-feldspar veins cut by barren quartz veins ±

K-feldspar envelopes, cut by quartz + muscovite veins ± K-feldspar envelopes, cut by

chalcopyrite ± quartz ± bornite veins with muscovite envelopes; O. Globe-Miami area
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(Copper Springs) granite with numerous crosscutting veins with nearly identical

relationships to those observed in N. (above) along with fine-grained hydrothermal biotite

in groundmass; P. Globe-Miami area (Pinto Creek) granite with sheeted quartz +

muscovite ± pyrite veins with muscovite ± K-feldspar envelopes; Q. Globe-Miami area

(Copper Springs) granite with quartz + chalcopyrite veins with coarse muscovite

envelopes; R. Globe-Miami area (Pinto Creek) granite with quartz + pyrite veins with

muscovite envelopes; S. Globe-Miami area (Pinto Creek) granite with deformed quartz +

K-feldspar veins with K-feldspar envelopes; T. Granite adjacent to Tea Cup pluton with

endoskarn (epidote + garnet) replacement of groundmass.

Figure 5. Cross section and reconstruction of the Pinto Valley center. The line of section

and reconstruction is drawn through a series of structural markers just southeast of the

dismembered Pinto Valley system (projected into the line of section, Figure 5 A.). The

Pinto Valley center lies on the northwestern flanks of the Schultze pluton in the eastern

tilt domain where at least two sets of down-to-the-east faults have displaced higher

crustal levels eastward across the district. An intermediate set of modest-displacement

down-to-the-north faults cut the deeper part of the center to the west and south and a

shallower part of the center to the east and north (subparallel to the line of section)

creating a complex gap relative to the center of the reconstructed center (parts are

projected). Later down-to-the-east and down-to-the-west faults have further extended

these crustal blocks and locally modified tilts.  The net tilting is on the order of 70° to the

west-southwest with about 200% extension across the district. Above the modern cross
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section, the numbered blocks show the range and number of known repetitions (most

smaller offsets of this are not accounted for in the reconstruction) of an important local

structural marker (see figure 7 for explanation). A large area of post-mineral rocks covers

the area between the deep and shallow exposures of this center and provides exploration

opportunities. The heavy line with arrows above the section (Figure 5 B.) indicates the

part of the restored section shown in (Figure 5 C.). Figure 5 D. shows the simplified

reconstruction of the Pinto Valley system and indicated known and covered or missing

pieces. See Figure 3 for additional explanation.

 Figure 6. Cross section and reconstruction of the Miami Inspiration Center. The Miami

Inspiration center lies just south of the Pinto Valley center on the east central flanks of

the Schultze pluton and is cut by many comparable faults.  Much more of this center is

exposed at or near the present day surface (e.g., see Fig. 7), though a significant part of

the upper structural level is covered between the Miami Fault and the Globe Hills and is

identified by drilling and underground mining. See Figure 3 for additional explanation.

Figure 7. Panorama of the Miami Inspiration Center. showing distribution of different

deposit pieces of this center across the surface and near surface of the Globe-Miami

district. The view is to the northwest and taken from the location labeled “Pierce Point”

on the map.  The field of view is indicated by lines and open, curved arrows. Note the

change in color of mined areas as a function of the weathering of the original primary

sulfide minerals. Accompanying map shows deposit pieces for the Pinto Valley and
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Miami-Inspiration centers. The schematic dismemberment of the structural marker

formed by the intersection of the basement intrusive contact between Pinal Schist and

Ruin Granite and overlying Apache Group rocks is shown by the block diagram (inset)

and pointed out on the figure and map with brown circles and black arrows (cf. Appendix

A, Figure 9). Several significant (most not shown; See Figure 5) repetitions of this

structural marker are indicated on the map (most occur in or just south of the Pinto Valley

center) and correlate with repetitions of larger fault bound blocks of Willow Springs

Granite and pieces of the adjacent porphyry centers.

Figure 8. Cross section of the Copper Springs Center. This center is cut by comparable

faults as in the Pinto Valley and Miami-Inspiration centers (Figs. 5-7). Here, however,

the hanging wall of Pinal fault is largely covered by post mineral sedimentary rocks that

mask levels of the system equivalent to the Copper Cities and Miami-Inspiration levels

and crosscutting faults east of the Pinal Fault in those centers to the north. Further, the

markers used to reconstruct the centers to the north are more deeply eroded in the rocks

exposed west of the Pinal Fault and provide less constraints on faults offsets. (see

Appendix A). See Figure 3 for additional explanation.

Figure 9. Cross sections and reconstructions of the Superior Center that includes the

Resolution and Magma systems. Figure A (top) shows the reconstruction of a

hypothetical system(s?) that we consider the projected source of the Magma Vein. The

top part of Figure A is a map of the area that shows the line of section along the Magma
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vein and projected zoning relationships in present plan view of the Resolution deposit

and Magma vein. Below the map is a present day cross section through the Magma Vein

with projected metal zoning along the vein and the reconstructed section. Figure B (next

page) is a reconstruction through the Resolution deposit (See Figure 3 for additional

explanation). The reconstruction shows a part of the Laramide reverse fault (that overlies

the present surface across the Magma system reconstruction to the north), but intersects

the surface to the southwest, south of Picketpost Mountain. A part of this reverse fault is

apparently preserved in the down-dropped graben that hosts the Resolution deposit that is

projected onto this cross section from the north (graben not show in this line of section

which is south of the south boundary area).

Figure 10. Geologic map (A), cross sections (B,F), reconstructions (C, E, G) and map of

alteration (D) of the Ray Center that includes the Granite Mountain and Teapot Mountain

systems. Reconstruction of the Ray Center is complicated by the overlap of several fault

sets, including significant displacement on faults of opposing dips that cut earlier

Laramide age reverse faults and folds. At least three sets of down-to-the-west faults cut

and tilted rocks eastward from the eastern Dripping Spring Mountains to the west end of

the study area. A late set of down-to-the-east faults tilted rocks westward from the eastern

part of the study area to about the west end of the San Pedro Valley and partially back

tilted earlier east tilted rocks where the faults overlapped. The Ray center lies in this area

of overlap and is complexly faulted and tilted and further extended. This resulted in a
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complex distribution of fault bound deposit pieces from different structural levels in the

original system and complex erosional and supergene enrichment histories (E, G).

Figure 11. The Teacup center lies in the western tilt domain where middle Tertiary

normal faults overlap earlier Laramide reverse faults. The Teacup center lies in the

western tilt domain where middle Tertiary normal faults overlap earlier Laramide reverse

faults.  Here, at least three sets of down-to-the-west faults and one set of down-to-the-east

faults have extended the crust by about 150 percent with a net tilt of about 90° east of

crustal blocks.

Figure 12. The Christmas deposit lies in an area of complex overlapping structures and

straddles the regional tilt domain boundary.  Most normal faults affecting other centers in

the region lie outboard of the structural block that hosts the Christmas deposit, so that it is

not significantly faulted or tilted (maybe as much as 15° net tilt).  The single fault set that

dismembers this deposit is analogous to incipient fault sets that cut other deposits in more

highly extended areas. See Figure 3 for additional explanation.

Figure 13. The Chilito deposit, just north of Christmas, lies in an area of complex

overlapping structures and straddles the regional tilt domain boundary and probably has

net tilt of less than 15°. Unlike Christmas, however, it is apparently not dismembered by

any significant faults. Two separate ore shells occur with a vertical separation of about

300 meters. See Figure 3 for additional explanation.
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Figure 14. Map of reconstructed Laramide crust with near surface rock units and the

approximate limits of a northeast verging reverse fault(s?) and related folds.

Approximate limits of reconstructed Laramide plutons are projected to the surface along

with limits of intense porphyry-related alteration (that includes greisen, quartz-K-

feldspar, biotitic, and sericitic, but ignores propylitic) for individual porphyry centers. At

or near-surface dikes and veins are shown based on known exposures and

reconstructions. Adjacent to the southeast Arizona Laramide map are other porphyry

systems shown to scale for comparison (inset). The band of section marks a longitudinal

transect of the Laramide arc with the various plutons and centers projected into the

“plane”. The size, composition, approximate economic significance, and approximate

limits of exposure of the reconstructed centers can be readily compared in this section.

See Figure 3 for additional explanation.

Figure 15. Grade-tonnage diagram (after Singer, 1993) showing distribution of

worldwide porphyry copper deposits (gray background) and a number of the various

identified deposit pieces in the study area. These deposit pieces are color coded by the

dismembered center they likely belong to. The recombined deposit pieces corresponding

to each center are shown with the larger circles. Some of these centers (e.g., Ray, Miami-

Inspiration) recombine to very large original porphyry copper deposits (e.g., Miami-

Inspiration center contains on the order of 10 million tons of copper). Arrows show the
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likely projection of the recombined centers based on recognition of missing pieces in

reconstructions and their anticipated size and grade.
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Figures

Maher et al., Reassembly of Porphyry Systems, Figure 1
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Maher et al., Reassembly of Porphyry Systems, Figure 2
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Maher et al., Reassembly of Porphyry Systems, Figure 3
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Maher et al., Reassembly of Porphyry Systems, Figure 4
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Maher et al., Reassembly of Porphyry Systems, Figure 5
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Maher et al., Reassembly of Porphyry Systems, Figure 6
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Maher et al., Reassembly of Porphyry Systems, Figure 8
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Maher et al., Reassembly of Porphyry Systems, Figure 9
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Maher et al., Reassembly of Porphyry Systems, Figure 9 (cont.)
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Maher et al., Reassembly of Porphyry Systems, Figure 10
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Maher et al., Reassembly of Porphyry Systems, Figure 11
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Maher et al., Reassembly of Porphyry Systems, Figure 12
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Maher et al., Reassembly of Porphyry Systems, Figure 13



Maher et al., Reassembly of Porphyry Systems, Figure 14
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Maher et al., Reassembly of Porphyry Systems, Figure 15
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Tables

Table 1.
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Table 2 (cont.).
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Table 2 (cont.).
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Remarks Regarding Cross Sections

1) These regional scale cross sections are a result of numerous iterations over periods

of time and have thus “evolved” through trial and error, through compilation of

observations made from numerous larger-scale cross sections, through various best-fit

attempts, and through application of new observations/data (e.g., Figure 1a, bottom). The

sections presented below contain corrections and new interpretations updated from those

presented in Appendix A. The author has attempted to maintain internal consistency (e.g.,

labels, colors, symbols, etc. of features between various map and cross section figures), to

the best extent possible, throughout this process.

2) These cross sections are the author’s best attempts to reconstruct middle Tertiary

extensional faults and the Laramide crust and to encompass as many important structures

as possible to generate working reconstructions that best deal with observed geometries

and space/time relationships consistent with known data and observations. It is important

to note, however, that these sections are greatly simplified compared to larger scale

observations and under-represent the complexity of fault sets and their cross cutting

relationships. In a broad sense, many more faults of different ages (generations) exist

than are pictured, and these faults have less individual displacement in the real world than

those shown on the presented cross sections. Nevertheless, though simplified, these

sections provide a much more comprehensive analysis of these relationships than

previous efforts attempted and, therefore, constitute a more accurate representation of the

actual mechanism(s) for extension.
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The restoration of segments of early stage faults and the presence of other faults (e.g.,

those under cover) follow deductively from evidence such as offset structural markers

(e.g., stratigraphy, intrusive contact relationships, etc) regardless of whether or not all of

the faults could be definitely identified in the field or on a map. These

sections/reconstructions should be considered preliminary, and future work is encouraged

to better assess specific areas (i.e., particular porphyry centers that have been highly

dismembered).

3) The following comments regarding individual cross sections address some of these

issues and elaborate on some of the evidence applied to the generation and structural

reconstruction of the sections. See the cross sections below for location of items

discussed.
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Section A-A’ (Figure 1a)

Note: Sections A-A’ and B-B’ are nearly parallel and spaced about 5 kilometers apart,

so many of the relationships discussed here are appropriate for both; Therefore, the

discussion for both cross sections has been combined below. Specific comments about

Section B-B’ are referred back to numbered comments on A-A’ (here).

1) Fold patterns, diabase sheets, and faults in Pinal Schist in the Mineral

Mountain area

These are isolated large-scale fold sequences in Pinal Schist (Xp) that track north-

northwest through the Mineral Mountain Quadrangle. Diabase (Ydb) units are spatially

associated with these fold belts. Assuming that the patterns of normal faults seen to the

north (Picketpost Mountain Quadrangle; Spencer and Richard, 1995), to the east

(Superior Quadrangle; Peterson, 1969), and to the south (the Tertiary unconformity

repetition in the area of convergence of the Grayback Quadrangle, Cornwall and Krieger,

1975b, North Butte Quadrangle, Richard and Spencer, 1997, Mineral Mountain

Quadrangle, Theodore et al., 1978, and Teapot Mountain Quadrangle, Creasey et al.,

1983) project into this area, it follows that these faults must exist in this area somewhere.

However, the exact locations and relationships here are unclear; Xp basement rocks and

younger sedimentary and volcanic rocks (that postdate most of the Tertiary faulting)

either don’t elucidate or otherwise obscure the faults and their interaction with one

another. The patterns represented for this area are therefore projected and/or proposed

and aren’t directly observed. It is assumed that the folds are fault-repeated (displaced)
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parts of the same original sequence and that these are comparable relationships to those

seen in layered rocks nearby; the Ydb sills in the Xp support that assumption. These

relationships closely resemble fault-repeated Ydb occurrences observed to the south-

southeast in the North Butte area as well as in Hackberry-Ripsey areas where the fault

repetitions are coincident with repetitions in Tertiary sedimentary basins and supracrustal

basement rocks. Failing to assume fault repetition would require the unlikely possibility

sill-like intrusions of Ydb at depths of well over ten kilometers in the paleocrust.

2) Telegraph Canyon fold and reverse fault and their pre-extension geometries

Here, the Telegraph Canyon fold (Theodore et al., 1978, Keith, 1986) is exposed.

This is a tight, overturned, steeply dipping fold sequence in upper Precambrian

supracrustal rocks. There is a gently east-dipping fault exposed along the east end of the

folds (just east of Telegraph Canyon south of the line of section) with Xp in the hanging

wall. This is one of the few places in the field area where older rocks are fault-juxtaposed

over the top of younger rocks (a reverse relationship). To the north-northwest, the oldest

middle Tertiary rocks exposed are dipping nearly 40°. To the south-southeast, the oldest

middle Tertiary rocks are dipping nearly 90°. When at least 40° of tilt is removed from

the relationship described above, the relationship becomes the footwall of a thrust fault

with a gently dipping reverse fault overhead. Backing out additional tilt (up to 90° or so)

would steepen the dip of the original reverse fault. In this restoration, about 65° or so of

extension-related tilting is removed.
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3) Low angle faults beneath the Superior basin

These low angle faults are projected from the south (the Bowman Basin area of Keith,

1986) and are the equivalents of faults such as the Lime Point, and several others in the

south end of the Superior Quadrangle (Peterson, 1969) and the North end of the Teapot

Mountain Quadrangle (Creasey et al., 1983). Within a narrow band of exposed bedrock

between the Concentrator Fault and related splays and the Whitetail Formation and

Apache Leap Tuff, there is a series of closely spaced faults with gentle dips that fault-

repeats beds in the supracrustal rocks several times. These faults project into and are cut

off by the later, steeply dipping Concentrator fault and, therefore, must be present in the

hanging wall of this fault. Here, however, they are covered by much younger sedimentary

rocks.  This is shown somewhat schematically on the section in the sense that we have

simplified the number of faults and actual offset on them (at this scale). We have also

assumed that the number of more closely spaced faults occur in this narrow range only

and spaced the adjacent faults out more evenly. This is probably not the case in that the

real frequency, spacing, and offset is probably greater, closer, and less than indicated on

the cross section.

4) Offset on the Concentrator Fault

Offset on the Concentrator Fault (CF) is constrained by several lines of evidence.

Each of these points to less offset than previously proposed by other studies (e.g., >

10,000 feet; Spencer and Richard, 1995). This is consistent with other lines of evidence
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in the area that indicate most individual faults have less displacement than previously

suggested. Earlier work has suggested that the CF has several thousand feet of

displacement based on the need to restore the supracrustal rocks located in the dipping

block of supracrustal rocks exposed west-northwest of Superior (by Happy Camp).

However, repetition of multiple blocks of supracrustal rocks by faults in the Bowman

Basin area (south-southeast of Superior) and the truncation of a number of these faults by

the CF predicts the presence of multiple, repeated blocks of supracrustal rocks under the

younger conglomerates in the basin between the town of Superior and Picketpost

Mountain. Further evidence can be seen between the CF and the “Main” and “Silveride”

splays north-northwest of Superior in the vicinity of Silver King Wash. Referring to the

geologic map of the Superior Quadrangle (Peterson, 1969), this area is devoid of faults.

However, faults are necessary to explain repetition of units and apparent thickness

problems of the Apache Group rocks, some of which are ignored or compensated for by

the assumption of dilation by intrusion of diabase. However, there must be some faults

within these diabase zones that are not well exposed that contribute to the repetition. For

example, between the CF and the Silveride Fault, exposures of Dripping Spring Quartzite

northwest of the west side of Silver King Wash and the same rocks near the Apex Shaft

located approximately 1 kilometer (3 thousand feet) northwest of Superior, the Dripping

Spring Quartzite must be repeated at least three times by faults that are probably

truncated by the CF and comparable to relationships observed to the south of Superior.

Further, looking at the displacement of the Pioneer-Dripping Spring-Mescal contacts

across the CF using the lower and upper limits of outcrops of Dripping Spring Quartzite
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exposed both ~ 600 meters (2000 feet) northwest of Silver King Wash in the footwall and

also nearest to the CF in the hanging wall (these can be measured from several places, the

dips of rocks range from about 35° to 45°, and using a range of dips from 60-70° on the

Concentrator fault), a range of slips can be calculated. The least of the slip calculations is

467 m (1530 ft) and the greatest is 735 m (2410 ft). North of the Silveride and Conley

Spring Faults, repeated supracrustal rocks separated by these faults are eroded; and the

down-dip projection of these faults juxtapose Pinal schist.

Comparison with available subsurface data:

A drill hole penetrated the Martin-Troy contact in the hanging wall of the CF

(described in Short et al., 1943) and shows a 610 m (2000 ft) vertical displacement of

units. Varying the dip of units between 30° and 45° and the CF between 60° and 70°, the

dip slip ranges between 505 m and 600 m (1660 ft and 1970 ft).

The No. 7 shaft intersected Tal in the hanging wall of the CF (1800 ft depth) and it

was also intersected underground in the Magma Mine at the 2000 level, the 2550 level,

and in a drill hole from the 2800 level (Short et al., 1943). Short used this to determine a

minimum total vertical displacement of about 3200 feet from the contact east of the No. 4

shaft. He points out the limitations of this owing to the nature of the relief of the basal

contact of the Tal on an erosional surface. I recalculated this minimum offset at 640 m

(2100 ft) based on the exposed contacts of Tal resting on Martin and Escabrosa

Formations adjacent to the No. 5 shaft (much nearer the observations made in the No. 7
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shaft and mine workings below than the contact at the No. 4 shaft used by Short et al.,

1943).

Regardless, the displacement on the CF is much less than previously thought. The

fact that the bedrock stratigraphy is repeated in drill holes SB-1 and SB-2 (Eyde, 1973)

means that additional faults/steps (at least one, probably a few) are required which is

consistent with observations immediately to the south of Superior in the Bowman Basin

area (Keith, 1986).

Evidence for faults from tilt and erosion history:

It is clear that the CF is a later fault and that it cuts earlier generations of faults in the

area. Evidence of those earlier fault relationships projected from the south (near Ray,

etc.) shows an early generation of tilting associated with those faults. Therefore, prior to

displacement of the CF, tilting of blocks by earlier faults caused erosion of the western

portions (the uplifted portion) of each of those blocks. This in turn necessitates that

relatively later-deposited synextensional rocks (i.e., the Tal) would be deposited on

progressively deeper stratigraphic section to the west on any given earlier-formed

structural block prior to displacement on the CF. This can be seen in the vicinity of the

Magma mine where Tal is deposited on upper Naco Formation in the easternmost

exposures with local thin outcrops of Whitetail Formation, and lower Escabrosa

Formation to upper Martin Formation near the areas where the Magma vein is truncated

by the CF. This suggests deeper levels of erosion to the west prior to deposition of Tal.

However, in drill hole SB-2 (Eyde, 1973), Tal and more than 500 feet of Whitetail
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Formation are deposited Martin Formation. This relationship predicts -- at a minimum --

one large pre-Concentrator-age fault (in addition to a younger, Concentrator-age fault)

between the CF and drill hole SB-2.

5) Reverse fault at Apache Leap

The reverse fault in the vicinity of Apache Leap is proposed from the combined lines

of evidence of: 1) the restoration of the observed thrust relationship at Telegraph Canyon

restoring back to the east toward Superior; 2) the overturned fold relationship observed at

the head of Cross Canyon east of the town of Superior (the “Elm Canyon Thrust”); 3) the

projection from the south of the Walnut Canyon fold relationship (overturned-overturned

fold: see section C-C’, discussion point number 4 below); 4) stratigraphic relationships

observed in the Resolution graben (see discussion below) and the overturned/reverse

fault(?) relationship seen in the South Boundary area (Manske and Paul, 2000).

6) The Resolution Graben conundrum

(Refer to cross sections from Manske and Paul, 2000, and Ballantyne et al., 2003)

The North and South Boundary Faults are east-northeast striking, steeply dipping

faults that separate a graben-like feature from surrounding country rocks to the north and

the south. These faults are known from underground mining and drilling and are not

exposed anywhere at the present day surface, although it is possible that the westward

extension of the South Boundary Fault may be the equivalent of veins in the Belmont

area south of Superior. These faults predated and were probably active during the
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Laramide as they host hypogene mineralization. The rocks between the Boundary Faults

in the Resolution area are downdropped respectively to those to the north and south and

these include a thick section of Whitetail Formation (Tw) and Cretaceous volcanic and

sedimentary (Kv) rocks comparable to the Williamson Canyon volcanic rocks exposed in

the Hayden/Christmas area to the south. Underlying those rocks are units of the Apache

Group and diabase. Specific slip constraints on the graben-bounding faults are lacking

and slip direction and amount have been debated for a number of years. The relative

downdrop required to create a depression to be filled with Kv and subsequent older Tw

rocks suggests that the rocks encountered beneath those sedimentary rocks should be the

uninterrupted Paleozoic section and all underlying rocks adjacent to the graben-bounding

faults; however, Apache Group rocks and diabase are encountered. This requires that

Apache Group rocks be present “above” the adjacent Paleozoic strata and necessitates an

older over younger or reverse relationship to be present in the area prior to downdrop and

deposition of the Kv and, during extension, of the Tw. Overturned section of Paleozoic

rocks including the contact with the Kv between strands of the South Boundary fault,

which was encountered by drill hole MB-12 in 1992 in an area dubbed the Magic

Kingdom (S. Manske, per comm. 1995), further supports the reverse relationship. Given

these observations, it is predicted that the down dropped portion of the Resolution graben

conceals a reverse fault and repeated section at some greater depth. Finally, an older fault

(onlapped with older Tw) dips steeply to the west with upper Paleozoic rocks dipping

moderately into this fault to the west and into Kv to the east. This is an apparent reverse

relationship, but when the dip of older Tertiary rocks is restored to horizontal, this older
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fault has a normal offset (a steep east-dipping fault with Kv in the hanging wall and

Paleozoic rocks in the footwall; see Manske and Paul, 2000).

7) Additional faults beneath the Apache Leap tuff plateau

These faults are constrained by drill holes penetrating the Tertiary cover rocks in

several key areas. Drill holes in the vicinity of the Resolution deposit (e.g., Sell, 1995)

penetrate various supracrustal rocks at depth beneath Tal and Tw. The projection of beds

from exposures west of Apache Leap to the drill hole intercepts requires fault

relationships akin to those observed in outcrops west of Apache Leap. A few of the

youngest faults displace the Apache Leap Tuff (Tal), but most are older and overlapped

by it. Several conclusions can be drawn by projecting various faults and older

synextensional sedimentary rock relationships, such as the Whitetail Formation (Tw),

beneath the Tal and by supplementing those relationships with drill hole intercepts (e.g.,

Sell, 1995). The Devil’s Canyon fault (DCF) is a fairly late fault that cuts Tal and

projects steeply to depth and is inferred to be analogous to the Concentrator Fault. It

projects along the western parts of the Superior East deposit, and may displace a part of

that deposit westward. To the south, it projects to the west end of the Mineral Creek horst

block; it may be dying out at that point or may continue as far south as the eastern flanks

of Granite Mountain. In the area east of Teapot Mountain, the later down-to-the-west

fault- here referred to as the Teapot Fault (and possibly the same as the West End fault at

the Ray Mine), displaces the younger Tw and Tal (see discussion C-C’). Regardless of

the final interpretation of these fault relationships, the dipping Tw section projects under
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the Tal to the north from the Teapot Mountain area and is thicker in the hanging wall of

the DCF. However, it is also present with varying thicknesses in the footwall of the DCF

and to the north in the Haunted Canyon and Pinto Creek areas where it maintains its

eastward dip. This requires an older set of down-to-the-west faults to create tilting and

erosion, basins, and subsequent tilting of deposited Tw to the east. Further, a paleocanyon

cuts Tw in the Resolution graben and was tilted ~30° eastward prior to deposition of Tal

(Manske, 1996, per comm.). These faults are interpreted to be part of the same sets of low

angle faults observed in the Bowman Basin area, in the Mineral Creek/Ray area

(intersected by drilling), and in the Superior East area (some of which were called “slide

blocks” by Sell, 1995, and juxtapose bedrock units). The southeastern margin of the

Apache Leap tuff plateau is bound by another of the DCF set of faults (a late, steep, west-

dipping fault) based on drill holes with deep intercepts of bedrock drilled adjacent to the

bedrock outcrops to the east (e.g., Sell, 1995). Finally, the projection of down-to-the-east

faults of the Dripping Spring Mountains set, particularly the faults bounding the west end

of the Dripping Spring Mountains and the west end of the Dripping Spring Valley, are

projected under the Tal.  Displacement of these faults is dying out significantly to the

north and they don’t apparently have much displacement by the time they intersect this

line of section.

8) Deeper structural levels exposed from overlapping faults of both tilt domains

in the Five Points area
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The combination of down-to-the-east and down-to-the-west faults intersecting each

other from the Pinal Mountains in the east across to the areas underlying the eastern

portions of the Apache Leap Tuff plateau to the west has resulted in the deepest crustal

exposures in this general area. Under the eastern portion of the Tal, the sets of down-to-

the-east faults projected from the northern Dripping Spring Mountains have less

displacement, but still drop higher structural levels to the east. In combination with the

two (or more?) sets of down-to-the-west faults here, they preserve some higher structural

levels in their hanging walls that can be seen in the northern Dripping Spring Mountains

as the repeated Apache Group rocks and underlying diabase sheets in the upper levels of

the Precambrian crystalline basement rocks that project to the north-northwest under the

Tal. Drill holes penetrating bedrock under the eastern parts of the Apache Leap plateau

encounter diabase in basement Pinal Schist. Complexly toggled blocks of basement rocks

-juggled by the opposing fault sets- probably represent structural levels from 3-4

kilometers paleodepth here (where diabase sheets still occur in basement rocks) to more

than 10 kilometers paleodepth in the intersecting footwalls of these fault sets (where over

a large area from Five Points to the Pinal Mountains diabase occurrences in crystalline

basement rocks are sparse or absent). In addition, in the Pinto Creek area east of Five

Points, local ductile deformation was observed that probably represents a deep

transitional magmatic-hydrothermal environment during the Laramide. This is consistent

with local hornblende geobarometry that indicated a depth of about 10 kilometers

(Stavast et al., in prep.).
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9) Low angle faults, fault sets, tilting history, and dismemberment of porphyry

deposits in the Pinal Mountains and central Globe-Miami district

Earlier faults in the Globe-Miami area (now tilted to low angles) in the Pinal

Mountains and Globe-Miami-Pinto Valley areas are difficult to locate; and when they

are, it is difficult to quantify offset and determine direction of slip. The best structural

markers available are dismembered portions of different structural levels of hydrothermal

systems, where comparison of parts of those systems from deeper levels to shallower

levels and slip vectors can be linked to other useful markers such as supracrustal layered

rocks and various intrusive relationships (e.g., Barton et al., 2005, Barton et al., 2007).

In the Globe-Miami area, numerous exposures of low angle faults exhumed by

mining occur in the Miami-Inspiration area, by Needle Mountain (Peterson, 1962), under

the Bluebird and Oxhide deposits, under the Pinto Valley deposit (Breitrick and Lenzi,

1985), under Jewell Hill (intersected by drilling), and in the Copper Cities area. The Van

Dyke Flat Fault, a low angle fault that bounds alteration and mineralization and hosts

secondary copper mineralization was encountered underground (Peterson, 1962) in the

Van Dyke mine and probably bounds the fault-offset Miami East deposit below. Further

evidence is the faulting, erosion, exhumation, and associated development of secondary

copper enrichment (chalcocite blankets) in the parts of the Miami and Globe Hills area

along with local early deposition of Tw. Both Ransome (1903, 1919) and Peterson (1962)

recognized that much of the enrichment of copper ores took place prior to the eruption of

the dacite (Tal). Subsequent deposition of Tal and younger overlying sedimentary rocks

occurred, which mantled the Sleeping Beauty and earlier faults, and was followed by the
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offset of the Miami fault. Later displacement by the Pinal fault sets (now gently to

moderately east-northeast dipping faults) crosscut and tilted the earlier-formed chalcocite

blankets and overlying Tal and younger sedimentary rocks and offset the Miami fault

(generating a series of relatively left-lateral steps in the Miami fault trace), the Sleeping

Beauty fault, and numerous other older features.

These various faults and relationships are projected to the south into the Pinal

Mountains area. Several low angle faults have been directly observed in the northern

Pinal Mountains, but offsets on these faults are even less well quantified. Most are

encountered in drilling and offset relationships are projected a few kilometers from the

north (the Miami area discussed above). Some of these faults form significant boundaries

to alteration and mineralization. Low angle faults can be observed in the Azurite area

along the eastern exposed flanks of the Solitude Granite and in several places in the high

topography of the southern Schultze Granite in the vicinity of Madera Peak (see

Appendix A, Figs. 2, 4, 6, 7, and 9; and Appendix B, Figs 2, 3, 6, and 8). Other faults

were encountered in drill holes in the southern Schultze Granite and in the Madera

prospect area south of Copper Springs Canyon. Here, they bound alteration and

mineralization; but, again, offset is challenging to quantify. Some offset of broader,

though poorly defined, structural blocks can be accomplished by restoration of belts of

diabase sheets that occur in the Pinal schist south of the Schultze Granite. These belts

which occur on the surface and are intersected in drill holes, are schematically grouped

together here and do not represent actual outcrop mapping. These diabase intervals

probably correlate with tilted blocks of supracrustal rocks and diabase sheets in the Pinal
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Pass area (southern Pinal Mountains) about 15 kilometers to the south, though specific

block-to-block correlation is difficult.

The best restoration possible was made by restoring the various levels of observed

alteration and mineralization using observed and projected faults and comparing deposit

pieces with those observed to the north. The intersection of the low angle set that

predated Tal and is associated with minor Tw deposition and tilting across the Globe-

Miami district and the younger, gently dipping Pinal fault set can be observed in the

Azurite area. Here, intense acid-altered (quartz-sericite-pyrite) Pinal Schist and Schultze

Granite are bound below by a flat fault that juxtaposes the Azurite structural block with

unaltered Solitude Granite. The Azurite fault is cut by the gently east-dipping Pinal Fault

(a relationship pierced by several drill holes) and downdropped to the east beneath the

Globe basin/Pinal Creek Valley. There is a complex relationship of intersecting faults in

the intervening space (between the Azurite area and the Schultze Granite to the west) that

is difficult to geometrically solve due to poor exposure and lack of markers. However,

further evidence for the projection of the hanging wall block of the Azurite fault to the

north is provided by the occurrences of transported secondary copper (as black copper

wad) along numerous fractures to the north (in the vicinity of east-southeast of Granite

Point) in the Solitude Granite, an unaltered, two-mica, garnet-bearing granite. This

copper mineralization is proposed to come from the eroded, mineralized, hanging wall

block of the Azurite flat fault.
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10) Low angle faults, tilting, backtilting(?), and complex dips in supracrustal

rocks in the Globe Hills area

To the palo-east of the Pinal Fault, a set of closely spaced faults with generally small

to moderate displacement (on the order of tens of meters to low hundreds of meters)

occurs and gives the impression of being more like a shear zone. Just south of the Copper

Cities area and into the Globe Hills, moderately-tilted blocks of lower Apache Group

rocks are fault repeated on the order of two dozen times with small displacement so that

the Apache Group unconformity and beds of Pioneer Formation, Dripping Spring

Formation and intervening diabase are exposed across about three kilometers of present

day surface, even though only a few tens of meters of stratigraphic section are exposed

(analogous to the separation of a pencil line drawn across a slightly tilted deck of cards).

The present day dips (generally 25°-40°) are slightly less than those seen in the exposures

of the unconformity between Pinto Valley and the Copper Cities area (on the order of 60-

70°). It is possible this is due to some back tilting by the younger down-to-the-west faults

best seen in the Gerald Hills area, and extending as far south as the town of Globe (only

one of these faults is shown on section A-A’, three are shown on B-B’) and east of this

section. This is apparently part of a late set extending from the north (outside the study

area) that affected parts of the northern Inspiration and Globe quadrangles (Peterson,

1962). Another possibility is the supracrustal rocks in this area had a preexisting dip (e.g.,

a gentle eastward dip). Accordingly, various structural levels of erosion might be

expected, but this is not observed; nearly the same fault-repeated structural level is

exposed across several kilometers.
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Exposures of lower angle faults that displace the exposed contact between Pioneer

Formation and Dripping Spring Formation are mapped in the Globe Hills area (e.g., 1-2

kilometers north of Irene Gulch) and flat faults are reported to truncate some vein

deposits (from below) in the Globe Hills (Peterson, 1962). However, it is apparent that

most of the earlier fault set existed between the Pinto Valley/Five Points areas on the

west and the Globe Hills on the east. Therefore, another possibility is that most of the

tilting associated with these early faults was concentrated in the center of the district and

that tilting was decreasing eastward (in the Globe Hills area).

In the southern Globe Hills, specifically in the vicinity of Copper Hill, bedding dips

vary significantly and small blocks of sedimentary rock units are complexly juggled

(Peterson, 1962). Some of these dip fluctuations may be related to complex drag folding

or local tilting on the numerous closely-spaced faults. However, it is also possible that

some of these dips may be associated with deformation in the Mesozoic. (Note that a

large concentration of mineralized east-northeast trending Laramide structures, i.e. veins,

occurs here). Regardless of the complexities in the Copper Hills area, the west-dipping

section in the Old Dominion area is overlain by a 30°-40° west-dipping section of Tw and

overlying Tal, consistent with tilted beds of Pioneer and Dripping Spring Formations to

the north and with stratigraphy in the Old Dominion mine.

Finally, a block of Madera diorite intruded by granite porphyry dikes overlies the Tal

for about three kilometers (trending northwest-southeast) near the Old Dominion mine

(Figure 1b). This block is interpreted to be a landslide (e.g., Kreiger, 1977; PP 1008) and

was likely sourced from the northern Pinal Mountains after they were partially exhumed
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by the early normal fault sets (e.g., Pinto Valley and Lone Pine) and/or at the onset of

displacement on the Pinal Fault set. As mentioned earlier, the Pinal set cuts and tilts the

Tal and overlying younger conglomerates by similar magnitudes across the rest of the

Globe-Miami district. The block is interpreted to be a landslide block based on its relative

stratigraphic position, its conformable dip to the underlying Tal (37° to the southwest

from direct observation in underground workings in the Globe Hills; Ransome, 1919),

and its internal structure (see Figure 1b), which is comparable to other landslide blocks in

the region (Kreiger, 1977 and Maher et al., 2004, Fig. 9). Peterson (1962) interpreted this

“highly shattered” block as a late Tertiary thrust fault and interpreted its dip at ~10°

based on a drill hole intersection a few thousand feet to the southwest (see section H-H’

on plate 2, Peterson, 1962). However, this interpretation of dip does not account for all

the faults intersected between the two locations (Peterson, 1962, this study). Bear in mind

that Peterson (1962), probably due to the lack of good exposure of key contacts coupled

with the shear complexity of intersecting faults, had not correctly interpreted the ages of

faults, mineralization, and intrusion of diabase, which he determined was Mesozoic

instead of Precambrian.
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Section B-B’ (Figure 2)

Note: sections A-A’ and B-B’ are nearly parallel and about 5 kilometers apart so

many of the relationships discussed in A-A’ are appropriate for both. The discussion for

both has been combined, and specific comments about Section B-B’ are referred back to

numbered comments on A-A’.

9a) Evidence for low angle faults in the Pinal Mountains and Copper Springs

area and the projection of the Needle Mountain and Van Dyke faults.

See discussion #9 in Section A-A’ above.

9b) Relative age and evidence for faults that preexisted Tw observed in the

Globe-Miami district (early faults, tilting, and dismemberment of bedrock units,

including the Apache Group unconformity).

See discussion #9 in Section A-A’ above.

9c) Early exposure of porphyry centers, erosion, enrichment, and age

relationships relative to Tw and Tal.

See discussion #9 in Section A-A’ above.
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9d) Age of Sleeping Beauty and Miami faults relative to Tw and Tal and the

Pinal Fault set.

See discussion #9 in Section A-A’ above.

10a) Dramatic repetition of Ya rocks in Globe hills, and area between Copper

Cities and Miami area

See discussion #10 in Section A-A’ above.

10b) Occurrence of repeated bands of diabase in parts of the Pinal Mountains

area south of the Schultze Granite.

See discussion #10 in Section A-A’ above.

10c) Dips of supracrustal rocks in the southern Globe Hills .

See discussion #10 in Section A-A’ above.
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Section C-C’ (Figure 3)

1) Evidence for multiple low angle faults and cross cutting relationships, and

complications in the middle Tertiary rocks including repetition of the middle

Tertiary unconformity and internal unconformities.

In the Pioneer-Alabama area, older synextensional sedimentary rocks of the Whitetail

Formation (Tw), probably correlative with the Hackberry Member of the Cloudburst

Formation (Dickinson, 1991, 1995, 2002b, Barton et al., 2005), crop out north of the Gila

River from the Cochran/Red Mountain area in the southwest to the Copper Butte area in

the northeast (Cornwall et al., 1971; Cornwall et al., 1975b; Theodore et al., 1978;

Creasey et al., 1983; Cox, 1996; Richard and Spencer, 1997). These rocks are

significantly tilted to the east-northeast with dips ranging from ~90° (locally overturned)

to about 30° (Barton et al., 2005; Barton et al., 2007).  Near continuous exposures of Tw

transect about 8 kilometers east-northeast in this geographic area, and rocks of this time

period (middle Tertiary up to the eruption of Apache Leap rhyolite tuff) extend from a

few kilometers from the west end of this section to just east of the Ray mine in the

western end of the Dripping Spring Mountains.

This band of synextensional sedimentary rocks is not stratigraphically contiguous, but

instead is fault-repeated and, in addition, contains several internal unconformities

(erosion and/or onlap of younger synextensional rocks followed by further tilting).

Several fault repetitions of the basal unconformity of Tw on bedrock occur in the area.

The relationships defining two of these structural blocks are well exposed just northeast
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of the Cochran area (about 1 kilometer south of the western end of the line of section)

and are separated by the almost perfectly flat (<3° dip) Cox Fault (Cox, 1996). Additional

fault repetitions are indicated by drill holes that penetrate slabs of both the tilted Tw

section and bedrock of variably altered Pinal Schist separated by typically near-flat faults.

The Tw outcrops are remarkably oligomictic over large areas, but also exhibit significant

variation in clast content in others (Barton et al., 2005). Near the line of section and south

to the Gila River, the most prominent outcrops of steeply-dipping Tw contains clasts of

principally Pinal schist with two distinctive units. One primarily contains clasts of

unaltered Pinal schist and one contains clasts of altered Pinal schist that is marked by a

bright red hematitic matrix. Overlying these units with a distinct angular unconformity is

a polymictic conglomerate that dips gently to moderately (@30-45°; e.g., in the north half

of S3,T3S,R12E).  This conglomerate has many well-rounded clasts of supracrustal rocks

including a number of metasomatized clasts with iron oxide and calc-silicate

replacement.

A key observation of the of the oldest and the most highly tilted part of the

unconformity is that east to west from the Cochran area to Teapot Mountain and north to

south from the Cochran area to near Riverside this part of the unconformity has basement

rocks-both Pinal Schist and Ruin Granite- deposited directly on basement rocks.  My

interpretation is that this is part of the older unconformity in this area that has been

subsequently dismembered by younger middle Tertiary normal faults and, as such, is

displaced/repeated several times in this general region. This means that the basement

rocks were exposed at or very near the surface at the incipient stages of middle Tertiary
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extension. Further, the rocks were eroded into the acid-altered upper parts of a porphyry

system at the onset of deposition of the rocks immediately above the unconformity in this

area. This forms the basis of the interpretation of the approximate north-south limits of an

eastward-projecting lobe of earlier (late Mesozoic?) east-vergent reverse faulting. This

area had to be a topographic high or deeply eroded hangingwall of the reverse fault(s) at

the onset of extension (Appendix A, Figure 16). Elsewhere (e.g., southward along the

unconformity exposed in Hackberry basin) the unconformity lies on younger supracrustal

rocks of the Apache Group, Paleozoic, and locally Mesozoic rocks with basal middle

Tertiary synextensional rocks deposited immediately above the unconformity including

the younger crustal rocks, often with a gross reverse stratigraphic depositional character

(Cornwall, 1975b; Maher et al., 2004; Baron et al., 2005).

2) The Grayback fault: Offset, age, and correlation

The Grayback fault (e.g., Richard and Spencer 1998) is interpreted here to be an

intermediate aged middle Tertiary normal fault with modest (maximum of a few hundred

meters) down-to-the-north dip slip displacement. Several older low angle normal faults in

the Pioneer-Alabama area terminate against it (projected from drill holes) to the south

precluding it from being an older structure (or they would dissect it). It is locally cut by

younger middle Tertiary normal faults (e.g., in the vicinity of Copper Butte, etc). Based

on this relationship, it is probable that a number of the low angle faults in the eastern

portions of the Tea Cup pluton, in the Kelvin-Riverside area, and those underlying the

Hackberry Wash area (e.g., Schmidt, 1971a; Corn and Ahern, 1994; Wilkins and
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Heidrick, 1995; Barton et al., 2005, Barton et al., 2007) are correlative to one or more of

the several low angle faults that underlie the middle Tertiary sedimentary basin north of

the Gila River where they have been displaced downward by the Grayback fault.

This age relationship makes the Grayback fault correlative to sparse east-northeast

striking, modest down-to-the-north and down-to-the-south faults that occur throughout

the study area (e.g., the Sleeping Beauty, Mineral Creek, etc, see Table 1). The geometry

of the intersection of this fault on the cross section (Figure 3) results from the near

parallel relationship of the strike of the fault with section C-C’.

3) Tertiary rock relationships and timing of faults in the Ray area

In the Teapot Mountain area north-northwest of the Ray Mine, a middle Tertiary

sedimentary basin records a complex depositional history (see Appendix A, Figure 14)

analogous to Hackberry Wash southwest of Kearney (Maher et al., 2004, Barton et al.,

2005 and 2007). The oldest synextensional sedimentary rocks of the Whitetail Formation

(Tw) are in contact with basement rocks (Pinal Schist) as at Cochran (see discussion

point 1 above), but the contact here is a fault with indeterminate displacement. This fault

is probably not large (the sedimentary rocks were likely deposited directly on the schist

here), suggesting uplifted and eroded basement here as at Cochran and further supporting

the projection of Mesozoic reverse faults eastward to the Ray Mine area (see discussion

point 4 below and Appendix B, Figure 10).

The oldest Tw dips as much as 70° along parts of the western flanks of the Teapot

basin, but also dip steeply throughout the deepest exposures of the basin and along parts
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of the eastern flanks as well. This is inconsistent with the expected fanning upward

sequence where the expected dips to the east should be much shallower. Exposures in the

basin are generally poor, but the relationships highlighted above and observed outcrops

with nearby dips of dramatically different magnitudes indicate and unconformity exists

within the sedimentary rocks in this basin (See Appendix A, Figure 14). This probably

records complex fault and tilt history as observed in Hackberry Wash (e.g., Maher et al.,

2004), but this relationship demonstrates erosion and recycling of older deposited

synextensional sediments into the younger, evolving basin. Above the unconformity,

beds dip moderately to gently (less than 45°) and fan upward in a fairly conventional

manner to the unconformity with the Apache Leap Tuff (Tal) that caps a number of

erosional remnants of that tuff. The Tuff contact in this area dips about 10-20° eastward

and is consistent with dips of the base of the Tal to the north (e.g., by Superior) and in

fault blocks distributed to the several kilometers to the west-southwest.

Another important observation in this basin is the presence of numerous landslide

megabreccia deposits and oligomictic breccias along the present northeastern flanks of

the Teapot basin. These were mapped in detail by early Ray mine geologists (unpub.

maps), but some of these observations were incorporated into the Teapot Mountain

Quadrangle (Creasey, et al., 1983). These lobate bodies likely source to the footwall of

the fault the bounds the eastern part of the basin (The Teapot/West? fault, a later, steeply

west dipping normal fault) against uplifted basement rocks in the Mineral Creek valley (a

horst block).  These oligomictic breccias are deposited in rocks now dipping moderately

to steeply eastward (generally 40-60°) and record the erosion of the supracrustal rock
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stratigraphy off the Mineral Creek block at intermediate stages of middle Tertiary

faulting and extension. Interestingly, the stratigraphic units in the oligomictic breccias

correspond well to the stratigraphy expected by projecting the east, paleo-upright (now

partly overturned) limb of the Walnut Canyon fold (see discussion point 4 below) under

the Teapot basin. These breccias and host sedimentary rocks are truncated by the

Teapot/West fault, indicating their deposition in the hanging wall of an older, underlying

fault(s) now hidden beneath the Teapot basin. Several drill holes pierce at least one low

angle fault beneath the basin.

On the other side of the Mineral Creek valley horst, a steeply dipping down-to-the-

east fault (the Ray fault) displaces the Tw and Tal down-to-the-east by at least 1-2

kilometers. This contributes to some backtilting of these rocks that were close to flat

lying or dipping gently eastward, as seen regionally. This is part of the western extent of

down-to-the-east faults and westward tilting observed in the eastern part of the study area

and this relationship records part of the overlap between these tilt domains. The oldest

Tw deposited here is just beneath the Tal unconformity. These rocks dip approximately

10-20° eastward in the Teapot basin area, but dip up to 35° westward to the east of the

Ray fault. East of the Ray fault, the Tw and Tal are overlain by younger sedimentary

rocks and even younger volcanic rocks that overlay the Tal several kilometers to the west

(regionally deposited), but were more recently eroded off the structurally high remnants

of Tal in the Teapot Mountain area. Where these younger synextensional sedimentary

and volcanic rocks (equivalent to the Roadrunner and Sleeping Buffalo units?) occur to

the west, they are essentially flat lying (locally dipping a few degrees). However, these
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dip conformably (~35°) with the Tw and Tal in the hanging wall of the Ray fault, which

also truncates them. This postdates the Ray fault relative to these younger volcanic rocks.

The supracrustal rocks (lower Apache Group) underlying the Tw generally dip gently to

the east. When the tilt of the Tw is removed, these supracrustal rocks dip moderately

eastward (45-55°) and apparently record part of the eastward tilting from the earlier

down-to-the-west faults in the region. These earlier down-to-the-west faults are also

partly backtilted so previous gentle west dips are now moderate west dips, making them

difficult to differentiate from younger down-to-the-west faults.

4) Evidence for Mesozoic compressional deformation in the Ray area

There are several lines of evidence for compressional deformation in the Ray area.

There are pre middle Tertiary fold relationships seen at the head of Walnut Canyon

northwest of the Ray mine. Here, rocks have locally been tilted past 180°. The tertiary

tilting can account for at least 60-70°, and perhaps as much as 90°, but the “doubly

overturned” folds in the Walnut Canyon area require an overturned section of rocks to

predate the middle Tertiary tilting. This works with an overturned anticline (a hanging

wall of a reverse fault is a possibility) that has been subsequently rotated tens of degrees

further in the same direction by normal faults (the tilting recorded in the Teapot basin, for

example). To the north the fold in Cross Canyon east of Superior (see section A-A’,

discussion point 5 above) is perhaps the footwall of the same reverse fault. Finally, to the

southeast of the Ray mine, along the western flanks of the Dripping Spring Mountains, an

overturned, tightly folded section of Mescal Limestone outcrops for nearly a kilometer
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along strike.  This may also be a continuation of the Walnut Canyon structure. The

proximity to several fault slivers suggests this could be a local drag effect. But, even with

frequently juxtaposed blocks of supracrustal rocks bound by numerous, closely-spaced

faults that occur throughout the region, this scale of folding and overturned section is rare

and probably attributable to the reverse fault event.

The conundrum in the Ray area has been locating the reverse fault.  Historically, the

Emperor fault at the Ray mine has been identified as a thrust (a flat fault intersected by

mining). However, several lines of evidence contradict this. The most notable, is that if

the hanging wall Pinal Schist were faulted over footwall Apache Group rocks (see the

Sonora Quadrangle; Cornwall et al., 1971), this relationship should persist with continued

excavation by mining to the east into the Dripping Spring Mountains. However, this is

not observed; a normal section has been uncovered. In fact, no apparent reverse

relationships can be found anywhere in the Dripping Spring Mountains. Second, the

Emperor fault offsets alteration and Laramide rocks in the mine, though some reports

claim dikes cross cut the fault. Finally, the feature known as the Emperor fault has been

shown to be several fault segments errantly connected (Unpub. fault maps by Ray mine

geologist). Considering the complexity of extension-related normal faults that post date

and, therefore, must dissect a preexisting reverse fault, the latter conclusion is likely-as is

a combination of above observations. Restated, there likely was a reverse fault in the

immediate vicinity of the Ray mine. It was intruded/or crosscut by Laramide dikes. It was

subsequently complexly dismembered by multiple middle Tertiary normal faults (from

two overlapping tilt domains). This can account for some of the various observations, as
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well as the challenge of locating and following a segment of it for any appreciable

distance here. This certainly contributes to the difficultly of creating a reconstructable

cross section that adheres to, and does not violate, known observations.

5) Low angle normal faults in the Ray area and in the Dripping Spring

Mountains .

There are various low angle faults in the Ray mine area that bound alteration and

locally have highly tilted Tertiary rocks in their hanging walls. Most of these are not

exposed or known to be exposed at the present surface, but segments of these have been

encountered by and locally are traceable through series of drill holes. Examples include:

1) a low angle fault bounding intense quartz-sericite-pyrite alteration at depth beneath

Last Turn Hill; 2) a low angle fault bounds alteration and mineralization above in the Red

Hills area east of Teapot Mountain; 3) a low angle fault bounds quartz-sericite-pyrite

alteration beneath parts of the West pit area (in fact numerous segments of low angle

faults have been mapped in this general area). These low angle faults should project into

the Dripping Spring Mountains where they are cut by the Ray fault. Partial back tilting

would have slightly steepened them so they now dip gently to moderately to the west.

There are several faults that fit this possibility in the range (see Appendix A, Figures 4,6,

and 12).



309

Section D-D’ (Figure 4)

This is a preliminary cross section for this area and is a work in progress. Additional

complications in the western part of this cross section include the displaced, fault-

repeated reverse fault, which is worked out in previous section iterations to the north

(sections A-A’, B-B’, and C-C’), but has yet to be incorporated into this section.

Evidence for this structure occurs in several areas to the west-southwest (as to the north)

such as the block of tilted Apache Group rocks bisected by Smith Wash about 8

kilometers west-southwest of the town of Winkelman marked gently west dipping fault

(particularly along the northern margin of this block). This restores to a moderately west

dipping fault with older rocks in the hanging wall against younger rocks in the footwall.

Note, however, that the flat fault mapped as a thrust fault by Krieger (1974a) north of

Smith Wash (approximately 8 kilometers due west of the town of Winkelman SE corner

Sect 13, T5S, R14E) dips gently westward under the Apache Group rocks (note “V”

pattern where intersecting streams) is actually a low angle normal fault and after back-

rotating the Tertiary sedimentary rocks, this is a steeper, west dipping normal fault

(places younger rocks in the hanging wall against older rocks in the footwall). The

Putnam Wash area in the northwest corner of the Lookout Mountain Quadrangle

(Krieger, 1968c) also apparently shows older over younger relationships (after removing

tilt of the Tertiary synextensional sedimentary rocks). And, in the Camp Grant area,

Mesozoic rocks and oldest middle Tertiary sedimentary rocks are deposited directly on

Precambrian Ruin Granite suggesting early uplift and erosion prior to early Tertiary
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deposition of sedimentary rocks (analogous to the Cochran-Riverside areas?) Further, the

Mesozoic rocks deposited on the Ruin Granite in the Camp Grant area (and farther south)

suggest the reverse faulting is slightly older (or perhaps a different age/generation?) or

the Mesozoic rocks are younger here than farther north in the study area (and postdate

most/all of the folding/reverse faulting).  To the south, the Mesozoic rocks are deposited

directly on basement rocks, whereas to the north and east, they are deposited on upper

Paleozoic rocks and folded/cut by reverse faults.

To the northeast, section D-D’ intersects the Deer Creek syncline, a broad, open fold

(Willden, 1964). There are several complications in the area. A number of lower angle

faults with normal relationships are mapped in the area (e.g., a few kilometers west and

south of Coolidge Dam along parts of the northern Galiuro Mountains) and some areas

correlate well with significantly tilted middle Tertiary rocks. Others areas show mapped

flat faults with reverse relationships in areas of apparently less tilted rocks (e.g., southern

Reed Basin and south-southeast of Christmas).  These are enigmatic and may actually be

reverse faults. But, as can be observed in the Williamson Canyon Formation south of

highway 77 a few kilometers east-northeast of Winkelman, some very large blocks of

Paleozoic rocks are encapsulated in the volcaniclastic rocks and may in fact be landslides

or megabreccia fragments. Another possibility is the Deer Creek syncline is a middle

Tertiary-age fold and marks the southern boundary of several normal faults that

downdrop rocks between the Dripping Spring Mountains and the Mescal Mountains. It is

mirrored by a clearly middle Tertiary-age fold at the northern end of the Dripping Spring

Valley in the vicinity of Government Spring where the same set of faults is terminating to
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the north (southwest corner of the Pinal Ranch Quadrangle, Peterson, 1963). For these

reasons, the structural relationships in the eastern part of the section are still problematic.
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Figures

Maher et al., Discussion of observations and sections, Figure 1a.

Figure 1a. Red circles and comments refer to discussion points above. Below is an

early iteration of a reconstruction in progress of the west central part of the above section

(area of the Apache Leap plateau) showing example of sources of data for generation of

regional sections. See Appendix A, Figure 10 for further explanation.
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Maher et al., Discussion of observations and sections, Figure 1b.

Figure 1b. Photo looking southward of landslide block in the southwestern Globe

Hills. This is Madera Diorite cut by a granite porphyry dike. The block is covered by

younger conglomerate above (dark band across top of photo). Inset (shown by red box) is

enlarged at right to show the shattered nature of the block.
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Maher et al., Discussion of observations and sections, Figure 2.

Figure 2. Red circles and comments refer to discussion points above. See Appendix

A, Figure 11 for further explanation.
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Maher et al., Discussion of observations and sections, Figure 3.

Figure 3. Red circles and comments refer to discussion points above. See Appendix

A, Figure 12 for further explanation.
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Maher et al., Discussion of observations and sections, Figure 4.

Figure 4. See discussion points above. See Appendix A, Figure 13 for further

explanation.
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Tables

Table 1. Notes and preliminary compilation of faults and fault sets in the study area.
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Table 1 (cont.)
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Table 2 (cont.).




