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ABSTRACT 

Subduction of the Farallon slab under North America during Late Cretaceous time 

resulted in compressional forces that deformed and uplifted southern Arizona and 

produced widespread magmatism in several distinct periods. During early Laramide time 

voluminous eruptions of intermediate volcanic rocks and the emplacement of mostly 

barren intrusive centers occurred in the region. Subsequent magmatism resulted in the 

emplacement of numerous productive (porphyry copper) deposits, associated Ag-base 

metal deposits, and barren intrusive units. The timing of these events has been loosely 

constrained by early K-Ar ages and cross-cutting field relationships; in many districts 

early Laramide volcanic rocks host much of the porphyry mineralization, but the genetic 

relationship between intrusive and extrusive units in multiple districts remains poorly 

understood.  

The focus of this work is to investigate the timing of early Laramide magmatic 

events at several localities in southern Arizona (Silver Bell, Chilito/Christmas, Copper 

Creek, San Manuel, Cerro Colorado/Oro Blanco districts, Rosemont, Ajo, Texas 

Canyon/southern Winchester Mts., Dos Cabezas Mts., southwestern Santa Rita Mts., 

Granite Peak (Whetstone Mts.), and Tombstone), with an emphasis on regional volcanic 

units proposed by previous researchers to be 1) regionally equivalent in age and 2) 

genetically associated with the emplacement of porphyry copper mineralization. This 

investigation presents new U-Pb in zircon ages on key igneous units across southern 

Arizona to constrain the onset of early Laramide magmatism and to compare the timing 

of mineralization in several key mining districts with these early events. 

The objectives of this investigation are accomplished through systematic collection 
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of early Laramide volcanic and intrusive rocks in mineral districts and areas adjacent to 

or believed to be associated with or known to host porphyry copper. This investigation 

presents 77 new U-Pb in zircon ages, one new U-Pb in monazite age, one new U-Pb in 

apatite age, two new Re-Os ages, and two new Ar-Ar age from intrusive and volcanic 

units across southern Arizona to document timing relationships through geochronology. 

Special attention was given to areas where intrusive and volcanic rocks are proximal to 

each other (within ~10 km, taking into account Cenozoic extension), and in districts 

where Ag-base metal mineralization is prominent and proposed to be associated with 

porphyry copper systems. 

The results of this investigation show that there is no single early Laramide volcanic 

unit that predates porphyry copper mineralization regionally. Geographic exposures of 

early Laramide volcanic rocks are distinct in age and may predate nearby mineralization 

by as little as 2 million years, and sometimes as many as 17 million years. These new 

data suggest that, while Laramide volcanic and intrusive rocks are present locally, they 

are likely not closely related. These results suggest Laramide magmatism in southern 

Arizona occurred in at least two phases: 1) early Laramide = large-volume volcanism 

(dominantly andesitic) ~80 – 71 Ma (possibly as old as 86 Ma), and 2) middle to late 

Laramide = high volume intrusive, very little volcanism (dominantly intrusive with rarely 

accompanying volcanism) 71 - ~55 Ma (with outlying intrusive units as young as 46 Ma). 

The results of this investigation also more tightly constrain the timing of sedimentation, 

contractional deformation, volcanism and subsequent intrusive events in the region. 
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INTRODUCTION 

Southern Arizona contains numerous mineralized (porphyry copper and associated 

metals) and unmineralized systems associated with Late Cretaceous (Laramide) 

magmatism. Laramide magmatism in southwestern North America occurred between ~80 

Ma and 50 Ma (English et al., 2003), and produced widespread extrusive (volcanic) and 

intrusive (plutonic), barren and productive (porphyry copper) plutonic rocks in the 

region. In several key mining districts, these early Laramide volcanic rocks host 

significant porphyry copper ± molybdenum mineralization. Driven by the increasing 

demand for mineral resources, exploration geologists and academic investigators have 

often worked together to better understand these systems. Structural relationships (post-

mineral, Cenozoic extension and dismemberment), alteration, and the exact timing of 

mineralization with regards to previous Laramide magmatism were often the focus of 

some investigations. 

Early K-Ar (and Ar-Ar) ages on igneous units in several districts helped to loosely 

constrain the timing of these events, but commonly provided large margins of error or 

conflicting results with cross-cutting relationships. Re-Os dating methods on minerals 

commonly associated with these systems typically provides constraints on the timing of 

mineralization, which can be independent of the timing of previous igneous events. 

Advances in the availability and understanding of U-Pb in zircon dating methods allow 

for a more tightly constrained geologic history of magmatic, tectonic, and even 

sedimentary events in the region by utilizing the crystallization age of igneous rocks.  

Regionally distributed volcanic rocks were deposited in early Laramide time, usually 

contemporaneously with local basin sedimentation. The mafic nature of many of these 
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eruptions typically constrained their distribution to less than 20 km2 (Silver Bell, Cerro 

Colorado, and Copper Creek), but occurrences of greater than 100 km2 are well-known 

(Williamson Canyon, (Gila County) and Hunt Canyon (Cochise County)). These volcanic 

units are typically highly variable mineralogically, ranging from hornblende- (± biotite)-

plagioclase, to pyroxene-hornblende-plagioclase. The sources of many occurrences of 

these rocks have yet to be identified, however, some researchers have proposed that large 

calderas, particularly in the Tucson area, were the source of many of the volcanic units as 

well as adjacent porphyry copper systems (Lipman, 1994; Lipman and Sawyer, 1985; 

Reynolds et al., 1986; and Sawyer, 1996). 

Regional Geologic Framework 

Porphyry copper mineralization associated with the Laramide arc has received major 

study as to timing, alteration, post-mineral enrichment, and post-mineral tilting and 

dismemberment. The oldest rocks in the region are those of the Mesoproterozoic Pinal 

Schist (Ransome, 1903) that occurs throughout western North America and has been 

shown to predate the Yavapai-Mazatzal Orogeny at 1.6 Ga (Drewes, 1981, Karlstrom and 

Humphreys, 1998, and Meijer, 2014). During the Mazatzal Orogeny sedimentary and 

volcanic rocks forming the Pinal Schist were folded and deformed on a regional scale, a 

backdrop for later (Jurassic and Laramide) structural deformation. Widespread intrusive 

granitic bodies of Madera diorite, Johnny Lyons granodiorite, and Continental granite 

were emplaced during Mazatzal deformation around 1.65 Ga (Ransome, 1903). Later 

anorogenic granitic bodies correlative to the Precambrian North American Rhyolite-

Granite province of Anderson (1989) were emplaced around 1.4 Ga, spanning much of 

the southwest. Nearly 1 km of Proterozoic siliciclastic and later carbonate sedimentary 
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rocks assigned to the Apache Group overlie these beveled basement rocks in portions of 

the study area, particularly the Banner and Bunker Hill districts. Regional diabase 

intruded these older rocks at 1.1 Ga and is also present at several localities where Apache 

Group rocks occur, hosting notable copper mineralization in some porphyry districts. 

An attenuated section of Paleozoic rocks in Arizona, New Mexico and Sonora is 

dominantly carbonates, with varying thicknesses locally, but typically comprise a total of 

about 3,000 meters (Schreiber et al., 1990) of stratigraphy, with locally thicker sections. 

Generally speaking, Paleozoic rocks north and east of Tucson are disconformably 

overlain by sedimentary rocks of Late Cretaceous/early Laramide time (i.e. the American 

Flag and Pinkard Formations of this study), and south of Tucson are overlain by Triassic, 

Jurassic, and Early Cretaceous sedimentary and volcanic rocks, although local variations 

in stratigraphy exist.  

Jurassic rocks are among the most aerially extensive rocks in the region and are part 

of a middle Mesozoic magmatic arc that extends from western Canada to Mexico 

(Dickinson, 1981; Tosdal et al., 1989). Jurassic magmatism in southern Arizona occurred 

between ~201 Ma at Bisbee (Lang et al., 2001) and 168 Ma in the Santa Rita Mountains 

(Spencer et al., 2015). The timing of deposition of the Glance Conglomerate above 

Jurassic volcanic rocks has been constrained to post-late Jurassic time by U-Pb dating of 

clasts of Canelo Hills volcanics in the uppermost conglomerate to between 174-170 Ma 

by Gilbert (2012). 

The Glance Conglomerate is overlain by shales, mudstones, siltstones, conglomerate, 

and sandstones of the Bisbee Group. The Bisbee Group was described by Klute (1991) as 

occuring in four distinct facies: northwestern, southeastern, eastern, and western, each 
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representing local geologic settings that include alluvial fans, meandering fluvial, 

estuarine, marginal marine, eolian sandstone, volcaniclastic, braided stream, lacustrine, 

and subtidal shelf environments. Klute presents strong evidence for large, fault-bounded, 

intermountain basins responsible for much of the variation between facies. 

Late Cretaceous subduction during the Sevier Orogeny began about 120 Ma 

(DeCelles, 2004). The western margin of the North American plate overrode the 

subducting Farallon plate during this period. The overriding plate was deformed and 

uplifted along a north-northeast-trending corridor extending from southwest Arizona 

through Wyoming (Saleeby, 2003). As a result, the term Laramide used herein refers to 

the period of mountain building and temporally associated widespread porphyry copper 

mineralization in western North America that occurred between 80 and 50 Ma (English et 

al., 2003). Continued subduction of the Farallon slab produced regional shortening and 

deformation of preexisting rocks through folding and basement-cored uplifts. This uplift 

produced widespread basins in southwestern North America into which sediments 

produced from ongoing uplift and deformation were deposited. 

Late Cretaceous, coarse-grained clastic conglomerates overlie Bisbee Group and 

older sedimentary rocks across the region. Locally, units associated with this period of 

sedimentation are referred to as the Fort Crittenden or Pinkard Formations and 

equivalents. A detailed report on the Fort Crittenden Formation is provided by Dickinson 

et al. (1989), summarizing earlier works by Drewes (1971 and 1978), Davis (1979), 

Inman ((1982), Hayes and Drewes (1978), Miller (1964), Hayes (1970), Hayes (1986), 

Goodlin (1985), and Mark (1985). The age of the Fort Crittenden Formation is 

summarized by Hayes (1981 and 1986), and is constrained to ~100 Ma to 80 Ma. The 
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Fort Crittenden Formation is dominated by clastic rocks, the products of local uplift and 

erosion during early Laramide time. These units were deposited in a range of sedimentary 

environments including shallow marine, lacustrine, braided streams, and intermountain 

basins, suggesting a wetter climate during this time. Throughout southern Arizona the 

Fort Crittenden-type rocks were overlain by and intercalated locally with erupted 

rhyolite, dacite, basaltic andesite, and high alkaline andesite/trachy-andesite volcanics 

during the early Laramide (~85-75 Ma). Subduction-related magmatism during middle 

Laramide time also produced widespread magmatism, producing most of the porphyry 

copper mineralization ranging from Nevada to central Mexico.  

OVERVIEW OF THIS STUDY 

The principal results of this investigation are presented in the pre-publication 

formatted papers appended to this dissertation (Appendices A through D). Additional 

supplementary material (methods, figures, geologic maps, tables, and data plots) are 

found in Appendices 1 through 13. In Appendix A we present the findings of a regional 

investigation into the ages of regional early Laramide, pre-mineral volcanic and intrusive 

rocks with a discussion on the significance of these findings. Appendix B is a case study 

of similar early Laramide volcanic and intrusive rocks with subsequent mineralization in 

the Silver Bell mining district, Pima County. Post-mineral extensional tilting has exposed 

mineralized porphyry copper centers in the district. Appendix C presents the findings of a 

district-scale investigation into the geology of the Cerro Colorado district, Pima County. 

This investigation also presents early Laramide volcanic and intrusive rocks exposed at 

the surface with no post-Laramide extensional tilting. Appendix D presents the findings 

of an investigation into Ag-base metal vein mineralization in the Cerro Colorado district. 
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Methodology 

For this work several methods were employed including field mapping, 

geochronology, electron probe micro analyses (EPMA), and whole-rock major element 

and trace element geochemistry. In addition, a compilation of nearly 600 U-Pb ages from 

published and unpublished sources was tabulated and classified using the GIS program 

ArcMap10. This study focuses on southern Arizona where accessibility and preexisting 

data facilitated the addition of new observations, field checking of existing maps, 

reconnaissance mapping, new mapping, and sample collection. New data and 

observations were tabulated with existing publications and unpublished observations to 

develop insight into the relationship of early Laramide volcanic rocks and subsequent 

porphyry copper mineralization. 

Key Results 

Appendix A, “Distribution and significance of early Laramide pre- and syn-mineral 

volcanic rocks, southern Arizona” 

In Appendix A, we present new U-Pb in zircon and monazite and new Ar-Ar and Re-

Os ages to generate a robust data set for ages of volcanic and intrusive (barren and 

productive) rocks in several key mining districts and localities (San Manuel, Copper 

Creek, Tombstone, Helvetia-Rosemont, Christmas and Chilito, Whetstone Mountains, 

southern Winchester Mountains, Dos Cabezas Mountains, and Ajo). Geologic context for 

each locality is presented as the summary of work by previous researchers, found in 

Appendix E.  

The relationship between mafic volcanic host rocks and porphyry copper systems has 

long been a topic of interest to exploration geologists; the scattered outcrops of early 
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Laramide volcanic rocks in southeastern Arizona and contiguous regions are, in many 

locations, closely associated with dated Laramide intrusions (Titley, 1982) and it has 

been suggested that Laramide andesitic rocks (74-67 Ma) represent a precursor to 

magmatism in intrusion-centered ore districts (Titley and Anthony, 1989). Wilson (2003) 

claims that geochemical similarities between some volcanic and intrusive rocks indicate 

that the volcanic rocks could be direct precursors to, and genetic relatives of, 

mineralizing intrusive units, and can be associated with both productive and 

nonproductive (barren) porphyry systems. 

Previous studies have debated the link between Laramide volcanic rocks and 

porphyry systems, suggesting either: 1) volcanism may be a precursor to porphyry copper 

mineralization and likely genetically related to the mineralizing intrusion, or that 2) the 

volcanic rocks predate intrusions by millions of years and are not genetically related to 

porphyry mineralization. In many districts, mafic to intermediate magmatism may 

predate mineralized plutons by 5-10 m.y.  The commonly composite mineralized plutons 

may be emplaced over a span of 4-8 m.y., and episodic mineralizing events may occur 

over a span of 10-15 m.y. as reported by Seedorff et al. (2005). Several of these instances 

are presented and discussed. 

This study shows that most early Laramide magmatic events are largely volcanic 

(extrusive) in nature and are sometimes accompanied by intrusive units. Early events 

commonly include mafic to silicic volcanic rocks and in some cases associated stocks, 

plugs, and dikes of similar age. Each exposure of pre-mineral volcanic rocks is different 

in age, ranging from ~78 Ma to ~63 Ma  and predating adjacent mineralization by at least 

several million years, sometimes as many as 15 million years. It is important to note that 
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not all of the known occurrences of early, mafic (andesitic) volcanic rocks also contain 

known or exposed intrusive rocks. That is to say, the sources of many of the volcanic 

rocks are still unknown and the possibility of adjacent, yet undiscovered intrusive rocks 

that may bear porphyry copper mineralization still exists. 

U-Pb data provides a more robust means for evaluating periods of Laramide 

magmatic activity and evidence for more closely constrained Laramide magmatism 

correlative to that of McMillan (2004). Laramide magmatism in southern Arizona 

occurred in two primary phases: 1) early Laramide (~80 – 71 Ma) = relatively 

voluminous volcanic rocks and relatively sparse, generally barren intrusions, and 2) 

middle to late Laramide (71 – ~55 Ma) = abundant mineralized intrusive centers, sparse 

volcanism with rare intrusive activity continuing sporadically to ~46 Ma. Younger ages 

in the eastern portions of the Laramide arc would be expected with magmatism migrating 

eastward with subduction from western Arizona through New Mexico and west Texas.  

Moreover, barren and productive intrusions in northern and central Mexico are in general 

significantly younger than those in southern Arizona. 

This paper also presents new U-Pb ages that constrain early Laramide contractional 

deformation at several localities. This structural deformation resulted in low angle reverse 

faulting and associated basement-cored uplifts at several locations, including Copper 

Creek, the Waterman Mountains, Romero Wash, and Walnut Canyon (Favorito, in prep.). 

These compressional forces folded Bisbee Group sediments near Tombstone, Cerro 

Colorado, Oro Blanco, and in the Santa Rita Mountains prior to the emplacement of 

volcanic rocks at those locations between ~78 Ma and 75 Ma. The timing of Laramide 

folding along the San Pedro River has been more tightly constrained to occur between 
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65.9 Ma and 73.9 Ma, as demonstrated by U-Pb ages provided by Favorito and Seedorff 

(2017) and the age of the Williamson Canyon volcanics in this study.  

This study emphasizes those events which have been shown to predate regional 

mineralization. The results of this investigation suggest that exploration should focus on 

rocks that are of the correct age for mineralization in their respective geographic location. 

Generally speaking, rocks older than ~71 Ma likely are components of older, 

unmineralized systems and only host subsequent mineralization, which began around 65 

Ma in the main locus of porphyry copper along the Laramide arc. The growing number of 

U-Pb data available in the region will contribute greatly to enhancing the understanding 

of the geologic history of southern Arizona and the surrounding region. 

Appendix B, “U-Pb geochronology of the Silver Bell district, Pima County, Arizona” 

In Appendix B, we present the ages and timing of emplacement of igneous and 

sedimentary units in the Silver Bell district, Pima County, including early Laramide 

volcanic and intrusive rocks and subsequent porphyry copper mineralization. The district 

contains abundant purple, andesitic lava flows dubbed the Silver Bell andesite. Richard 

and Courtright (1959) point out that andesitic volcanic rocks of the Silver Bell Formation 

occur at several locations in the region, share textural and compositional similarities, and 

were deposited on erosional surfaces of Cretaceous sediments and, therefore, must be 

Tertiary in age. Based on this proposal, a correlation of some volcanic rocks in 

southeastern Arizona and New Mexico was proposed, presenting ‘Silver Bell type’ 

andesite as the model for purple andesitic rocks across the region. Subsequent researchers 

(e.g., Drewes, 1981) advanced the terms Silver Bell Formation and Silver Bell Andesite 

at several locations in the Tucson area, adding to the complexity of geologic terms 
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applied in the district as well as regionally.  

Volcanic rocks of early Laramide time overlie early Cretaceous sediments in the 

West Silver Bell Mountains and comprise nearly 3,000 meters of stratigraphy. Similar 

volcanic units were deposited in the Silver Bell Mountains, namely the dacite porphyry, 

Mt. Lord lithic rhyolite tuff, and andesite of the Silver Bell Formation. Pre-Laramide 

structures at Silver Bell played a key role in the emplacement of intrusive and possibly 

volcanic sources in the district. The Silver Bell fault, a large reverse fault trending 

northwest-southeast was intruded by the dacite porphyry contemporaneously with the El 

Tiro granite. Early volcanic rocks were further intruded by several pre-mineral felsic 

stocks, including at least two smaller granitic stocks west and southwest of the mine, a 

series of quartz diorite dikes near the Oxide Pit, and a granodiorite unit in two locations 

north and east of the mine in the Silver Bell Mountains. 

These older rocks were later intruded by a series of hornblende-biotite quartz 

monzonite/monzodiorite porphyry (QMP) plutons that served as the locus of copper 

mineralization and alteration in the district (Richard and Courtright, 1966). The QMP 

stocks occur in six distinct locations and mining operations are currently removing 

material from pits located on these stocks, including: Oxide, West Oxide, El Tiro, Daisy, 

Imperial, North Silver Bell, and Twin Tanks.  

Dating by K-Ar methods attempted to constrain the ages of magmatic events in the 

district and are summarized by Sawyer (1996). However, abundant hydrothermal activity 

associated with the emplacement of the mineralizing suite of QMP stocks introduces 

large uncertainties in the reliability of these K-Ar or Ar-Ar dates. This investigation 

presents 18 new U-Pb in zircon ages in the Silver Bell district, indicating two distinct 
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periods of magmatism, with early volcanism predating the mineralizing suite by 8 - 10 

m.y. The results of this investigation, in conjunction with the results of Appendix A, 

refute the longstanding notion that regional early Laramide mafic volcanic rocks be 

classified as the Silver Bell type. The variation in ages of these mafic units in the region 

suggests that these units at different locations should be treated as locally distinct.  

Cenozoic tilting in the district is moderate, typically less than 30°, indicating notable 

extensional faulting and dismemberment in the district, and large basins separate volcanic 

mountain ranges nearby. New U-Pb in zircon ages presented in this investigation more 

tightly constrain geologic events at Silver Bell and demonstrate the importance of this 

method in districts where hydrothermal activity was prevalent, particularly in porphyry 

copper districts along the Laramide arc. 

Appendix C, “Geology of the Cerro Colorado mining district, Pima County, 

Arizona” 

In Appendix C, I present the findings of a multi-year investigation into the geologic 

and mineralizing events in the Cerro Colorado mining district in southern Pima County, 

Arizona. The district is most notable for its abundant silver-bearing, oxidized, quartz-

calcite veins. This historic district and the surrounding area has been prospected and 

mined for silver and gold for hundreds of years, with evidence of mining dating back to 

Spanish colonial times (Officer, 1991). Cerro Colorado is adjacent to the Las Guijas 

district to the west and the nearby Oro Blanco district 20 km to the south, both of which 

contain similar geology and have also been mined for gold, tungsten, and, to a lesser 

degree, silver, lead, zinc, and copper.  

Many investigators have long proposed the Ag-base metal veins at Cerro Colorado 
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closely resemble those shown to be the distal expression of porphyry copper systems, as 

is common in the region. Stringham (1959) presented an early review of widespread Ag 

(± Au-base metal) mineralization and its connection to both productive and barren 

intrusive units of Cretaceous and younger age. Many Ag-Pb-Zn occurrences in 

northwestern Mexico also display characteristics of being associated with intrusion-

related deposits (Staude and Barton, 2001), although they are likely post-Laramide in 

age.  

Thirteen new U-Pb ages were obtained from samples representing key igneous units 

in the Cerro Colorado and Oro Blanco districts. Jurassic intrusive, volcanic, and 

sedimentary rocks are present in the districts and are extended and rotated at least 90° in 

places prior to early Cretaceous sedimentation and deposition of Bisbee Group sediments. 

Contractional deformation during Late Cretaceous time folded and deformed these older 

rocks, setting conditions for subsequent magmatism and mineralization. Early Laramide 

magmatic activity at Cerro Colorado included monotonous flows of purple hornblende-

plagioclase andesite. These flows were likely erupted from multiple small volcanic cones 

and fissures in the district. Districtwide andesite flows of varying compositions overlie 

the older Las Guijas andesite and are cut by younger Laramide-age dikes. Several stocks 

of intermediate to felsic composition occur in the district and post-date volcanic activity, 

and rhyolite and hornblende-granodiorite dikes are common and were emplaced closely 

in time. Megacrystic hornblende andesite intrudes all of the older rocks and is likely 

Laramide in age based on its absence in the area with mid- to late Cenozoic (28-22 Ma) 

rocks, but was not observed to host Ag-bearing veins in the district.  

The findings of a portion of this investigation suggest the ages of these events are 
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similar to those in the nearby Oro Blanco district. Prominent Au-pyrite mineralization in 

the districts is hosted exclusively in Jurassic rocks, suggesting a different mechanism and 

age for this style of mineralization. The Cerro Colorado Mountains to the east are 

composed of Cenozoic volcanic rocks. These Cenozoic volcanic rocks do not host Ag-

base metal or quartz-sulfide-Au mineralization in the study area, reinforcing a Laramide 

age for Ag-base metal mineralization. Similarly, Cenozoic volcanic rocks in the Atascosa 

Mountains east of Oro Blanco do not host mineralization. 

Appendix D, “Characteristics of silver-bearing veins; Cerro Colorado district, Pima 

County, Arizona” 

In Appendix D we present the findings of a detailed investigation into the mineral 

characteristics of Ag-base metal (tetrahedrite) veins in the Cerro Colorado district. The 

results of this investigation were obtained during a larger study into the overall geology 

of the district and emphasize the mineralogy of Ag-bearing veins.  The area around the 

town of Arivaca has been mined for silver and gold for centuries; first by local natives, 

then by the earliest Spanish explorers in the late 16th century (Officer, 1991). Pioneers of 

mining in the early days of the Arizona Territory relocated these deposits and quickly 

established the significance of precious metals in the area, moving Arizona toward 

statehood.  

The Cerro Colorado and adjacent Las Guijas districts (CCD and LGD) have 

produced an estimated 313,000 ounces of silver, 100 ounces of gold, 27,000 pounds of 

copper, 38,000 pounds of lead, and 1,238 short tons of tungsten (Dale et al., 1960 and 

Keith et al., 1983), but have been the subject of only limited study in the late 20th century. 

The CCD is most notable for its abundant silver-bearing, oxidized, quartz-calcite veins 
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which are a close resemblance to Ag-bearing veins at Las Guijas and the Oro Blanco 

district 20 kilometers to the south. Data for tetrahedrite-bearing ore deposits in Arizona 

are scarce, although these deposits have long been proposed to be associated with 

porphyry copper mineralization situated along the Laramide Arc in western North 

America.  

Regionally, Ag-Pb-Zn (Ag-base metal) mineralization has played a key role in 

mining activity in several historically important districts, and has consistently been 

interpreted as distal expressions of porphyry copper systems, typically in the form of 

economically significant manto-chimney/carbonate replacement deposits (CRD) (Titley, 

1993 and Megaw et al., 1988) and Cordilleran vein type Ag-Pb-Zn vein/lode systems 

(CVT; Guilbert and Park, 1986 and Kissin and Mango, 2014). Many Ag-Pb-Zn 

occurrences in northwestern Mexico also display characteristics of being associated with 

intrusion-related deposits (Staude and Barton, 2001), although many are likely post-

Laramide in age.  

Tetrahedrite is the primary sulfide mineral in the veins, with varying amounts of Ag, 

Cu, Zn, Hg, As, and Sb geographically in the district. At Silver Hill in the north Ag, As, 

and Zn values are elevated in tetrahedrite, and sphalerite and galena after tetrahedrite are 

found subordinate in veins and small-volume stockwork, quartz-breccia systems. In the 

southern vein systems tetrahedrite contains abundant Hg and increased Sb, with slightly 

depressed Ag values, galena is subordinate to tetrahedrite and cinnabar, and sphalerite is 

rare. Supergene products of tetrahedrite include acanthite, covellite, balkanite, and 

imiterite. Occurrences of balkanite and imiterite are rare in North America; this is only 

the fourth locality for each and an entirely new reporting for Arizona. Nominally 
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stoichiometric S+Se values for sulfide minerals in veins suggest the potential for 

additional new or undiscovered minerals in the district, likely supergene products of 

oxidized tetrahedrite. 

Veins at Cerro Colorado display age relationships, depth of emplacement, alteration, 

and metal zoning patterns consistent with those classified as Cordilleran Vein Type. 

Tetrahedrite As:Sb:Ag ratios at Silver Hill resemble zoning patterns in other 

hydrothermal systems in that As is elevated near the center, zones outward, and is 

overprinted by elevated Sb:Ag in tetrahedrite. These patterns and Cu:Zn:Fe in tetrahedrite 

may reveal zoning associated with porphyry copper-style hydrothermal alteration in the 

district. Although tetrahedrite commonly occurs with other sulfides that are associated 

with porphyry systems, the Ag-bearing tetrahedrite-dominated vein systems at Cerro 

Colorado differ from the typical Ag-rich and galena-sphalerite-rich vein/lode and 

skarn/replacement deposits that occur elsewhere.   
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ABSTRACT 

Subduction of the Farallon slab during Late Cretaceous time uplifted and deformed 

southern Arizona and contributed to widespread volcanism. Subsequent magmatism 

resulted in the emplacement of numerous productive (porphyry copper) and barren 

intrusive units in the region. In many districts early Laramide volcanic rocks host much 

of the porphyry mineralization, but the genetic relationship between intrusive and 

extrusive units remains poorly understood. We present 47 new U-Pb ages, two new Re-

Os ages, and one new Ar-Ar age to document geologic timing relationships through 

geochronology and stratigraphy of regional Laramide-age rocks in 13 key localities. 

Regionally, porphyry copper intrusions are generally 3-10 m.y. younger than local 

volcanic rocks. Only two districts, San Manuel and Bunker Hill, appear to have volcanic-

intrusive relationships that suggest a genetic connection. The results of this investigation 

also more tightly constrain the timing of sedimentation and contractional deformation at 

several locations, shown to predate or be contemporaneous with most, but not all, early 

Laramide volcanic activity. 

The results, when compiled with regional data, suggest Laramide magmatism in 

southern Arizona occurred in at least two phases: 1) early Laramide = large-volume 

volcanism (dominantly andesitic) and localized barren intrusions ~80 – 71 Ma, and 2) 

middle to late Laramide = high volume, mineralizing intrusive, reduced volcanism 71 - 

~55 Ma (with outlying intrusive units as young as 46 Ma).  

This investigation shows there is no single regional, early Laramide volcanic unit 

predating porphyry copper mineralization; each exposure of these rocks is geographically 

(and geochronology) distinct.   
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INTRODUCTION AND GEOLOGIC SETTING 

Laramide magmatism in southwestern North America occurred largely between 80 

and 50 Ma (English et al., 2003) and produced widespread volcanic and intrusive barren 

and productive (porphyry copper) rocks in the region (Figure 1). The Laramide volcanic 

history of southern Arizona is not completely understood, particularly those events of 

early Laramide time that have been spatially, but not temporally, shown to be associated 

with porphyry copper mineralization.  

Early regional work by Ransome (1903, 1921) placed emphasis on the economic 

porphyry copper and associated (skarn and replacement) deposits in the Globe-Miami 

area, Bisbee, and the Pima District. Additional work by Coney (1971), Coney and 

Richards (1977), Dickinson (1981, 2002, 2004, and 2006), Titley (1982), and Saleeby 

(2003) compiled the geologic history and constrained the timing of Late Cretaceous 

(Laramide) magmatic activity in southwest North America. Plutonic and volcanic rocks 

from Jurassic to late Cretaceous time are common in the region and host mineralization 

of several types, including Pb-Zn-Ag (± Au) veins (and replacement deposits), skarn Pb-

Zn-Ag (± Cu), and porphyry copper. 

During the Laramide orogeny, an arc-trench system spanned from Canada to 

Mexico, resulting in contractional deformation and magmatic activity. The behavior of 

the subducting Farallon plate beneath North America likely contributed to variations in 

the inland migration of magmatism (abundant volcanism and mineralization) observed in 

the region. The nature and abundance of porphyry copper mineralization associated with 

the Laramide arc has resulted in much investigation into the various aspects of 

mineralizing events including timing, alteration, post-mineral enrichment, and post-
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mineral extension, tilting, and dismemberment. Intermediate volcanic rocks (andesite) are 

present in nearly all of the porphyry copper districts discovered and developed during the 

twentieth century, and some workers present localized case studies of these rocks in 

southern Arizona (Lipman and Sawyer, 1985; Reynolds et al., 1986; and Wilson, 2003).  

The relationship between volcanic host rocks and porphyry copper systems has long 

been a topic of interest to exploration geologists; the scattered outcrops of early Laramide 

volcanic rocks in southeastern Arizona and contiguous regions are, in many locations, 

closely associated with dated Laramide intrusions (Titley, 1982). It has been suggested 

that Laramide porphyry copper systems formed beneath volcanic centers in large, cooling 

magma chambers, and Laramide andesitic rocks represent precursors to magmatism in 

intrusion-centered ore districts (Titley and Anthony, 1989).  

Wilson (2003) claims that geochemical similarities between some volcanic and 

intrusive rocks suggest the volcanic rocks to be genetic relatives of both productive and 

nonproductive (barren) porphyry systems. Researchers continue to debate the apparent 

link between Laramide volcanic rocks and porphyry systems, suggesting either: 1) 

volcanism may be a precursor to porphyry copper systems and is genetically related to 

the mineralizing intrusion(s), or that 2) the volcanic rocks predate intrusions by millions 

of years and, therefore, cannot be genetically related to porphyry-style mineralization.  

Many districts host examples of Late Cretaceous to early Cenozoic (Laramide) 

porphyry copper systems that were emplaced into volcanic units of apparent similar age: 

often these units are an important ore host, but their ages are poorly constrained. In some 

districts, mafic to intermediate magmatism has been shown predate mineralized plutons 

by 5-10 m.y., the commonly composite mineralized plutons may be emplaced over a span 
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of 4-8 m.y., and episodic mineralizing events may occur over a span of 10-15 m.y. as 

reported by Seedorff et al. (2005). The temporal and spatial association of porphyry 

copper systems to comagmatic, calc-alkaline or alkaline volcanic rocks, which are 

generally erupted 0.5 to 3 m.y. prior to stock intrusion and mineralization (Sillitoe, 2010), 

has presented challenges to explorationists for several decades.  

Some previous workers have presented data suggesting these rocks to be very early 

(8-10 m.y.) precursors to porphyry copper mineralization, rendering them unrelated to 

subsequent mineralizing events (i.e. at Christmas (Koski and Cook, 1982), Sierrita 

(Ferguson et al., 2003; Spencer et al., 2003; and Stavast et al., 2008;), and Dos Pobres 

(Russin, 2008)), in other cases the relationships between volcanic and plutonic rocks 

remain unclear.  

The potential link between early Laramide volcanic rocks and the prolific porphyry 

copper deposits of the region has been complicated by several factors: regional and local 

variations in early Laramide magmatism, compression and uplift, stratigraphic 

complexity, erosion, pre- and post-mineral normal faulting, and lack of reliable, 

consistent geochronology. Richard and Courtright (1959) claim that andesitic rocks at 

several locations in the region share textural and compositional similarities, were 

deposited on erosional surfaces of Cretaceous sediments, and, therefore, must be 

Cenozoic in age. This group of andesitic rocks was termed the “Silver Bell” Formation, 

and has since been inaccurately correlated across the region by subsequent researchers. 

Drewes (1981) was among the first to attempt to correlate volcanic rocks of this type 

around the Tucson basin: from the Silver Bell Mountains in the northwest to a thick 

section of the Salero Formation in the Santa Rita Mountains, and to the Demetrie 
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volcanics in the Sierrita Mountains. Drewes proposed the name Silver Bell – Cat 

Mountain – Salero suite for these rocks and made broad correlations of their age based 

primarily on stratigraphic relationships, composition, and appearance. These 

interpretations provided a sound beginning from which a geochronologic correlation 

could be expanded regionally. 

Early Laramide andesitic rocks are, generally speaking, 80 – 70 Ma in age, purple, 

grey, or purplish-grey in appearance, and are of intermediate (hornblende-biotite (± 

pyroxene)-plagioclase) and/or felsic (quartz-plagioclase (± sanidine/orthoclase) 

compositions. Individual lava flows may or may not be differentiated locally by the 

presence of lower and upper flow breccias, amassing as monotonous, widespread 

agglomerates commonly deposited on top of locally derived sediments.  

In order to better understand early Laramide magmatism across Arizona, an 

important first step is to accurately document the temporal relationship between these 

volcanic and intrusive events. A growing U-Pb in zircon age database for the southwest 

has contributed significantly to constraining the timing of mineralization during the 

Laramide (Leveille and Stegen, 2012; Barra and Valencia, 2014). Other researchers built 

upon early mapping and refined the ages and distributions of Jurassic through Cenozoic 

rocks in the region (Drewes, 1981 and 1997; Haxel et al., 1984; Riggs and Haxel, 1990; 

Ferguson et al., 2003 and 2009; Haxel, 2008; Mizer et al., 2015; Spencer et al., 2015; 

Mizer and Barton, in prep.; and Mizer, in prep.).  

A compilation of published and unpublished data (compositions, U-Pb ages, 

distribution) helped to identify major gaps of information and has aided in identifying 

patterns between Laramide volcanic rocks and both barren and productive Laramide 
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porphyry copper plutons, and spurred the basis for this investigation. This study builds 

off of compiled data and the findings of previous workers, and employs new U-Pb dating 

of volcanic and intrusive rocks in the region to address the relationship of early Laramide 

pre-and syn-mineral volcanic rocks through case studies of both mineralized and 

unmineralized systems.  

Uranium-lead in zircon (U-Pb) geochronology was employed to evaluate the 

potential relationships between local volcanics and their nearby, intrusive counterparts. 

Volcanic units lacking geochemical data were collected for whole rock composition, and 

those lacking U-Pb ages were processed for dating. This research expands upon earlier 

case studies into areas where volcanic rocks are known to host copper mineralization and 

make comparisons with locations where extensional tilting and dismemberment have yet 

to be shown. 

Pre- and early Laramide sedimentary and volcanic rocks 

The various aspects of the geologic history of southern Arizona have been presented 

by countless workers during the past 100 years. This investigation focuses on those 

geologic events shown or suspected to be early Laramide in age, and addresses the 

relationship of these events with older rocks on the local scale. 

Late Cretaceous coarse-grained, clastic conglomerates overlie Bisbee Group and 

older sedimentary rocks across the region. Much work has been conducted by previous 

researchers (Richard and Courtright, 1959; Schafroth, 1968; Hayes, 1970; Hayes and 

Drewes, 1978; and Dickinson et al., 1989) attempting to correlate these rocks regionally, 

constrain their relationships and depositional age, and provide a more clear picture of the 

depositional setting during early Laramide time (Figure 2). Strong evidence for similar, 



42 

  

 

but geographically distinct deositional settings for these units include shallow marine, 

lacustrine, braided streams, and intermountain basins. Commonly these units contain 

vertebrate and invertebrate fossils suggestive of a wetter climate, which have been used 

to constrain their age, and are overlain or intercalated locally with volcanic rocks that 

mark the onset of regional Laramide magmatism.  

The Fort Crittenden Formation in the Santa Rita Mountains represents the most well-

studied formation of this group of sedimentary/volcaniclastic rocks in southern Arizona. 

The Fort Crittenden is composed of clastic rocks, the products of intermountain basins 

and local erosion during pre- and early Laramide time. Hayes (1986) states the 

environment for deposition of the Fort Crittenden and similar sedimentary units was the 

product (and consisted) of uplift and syntectonic deposition. A detailed report on the Fort 

Crittenden is provided by Dickinson et al. (1989), summarizing earlier works by Miller 

(1964), Hayes (1970), Drewes (1971 and 1978), Hayes and Drewes (1978), Davis (1979), 

Inman (1982), Goodlin (1985), Mark (1985), and Hayes (1986). The age of the Fort 

Crittenden Formation is constrained between ~100 Ma to 80 Ma by Hayes (1981 and 

1986).  

Hayes (1986) describes several localities (after Hayes, 1970; Hayes and Drewes, 

1978) in the region where sedimentary rocks occur that may be of similar age. These 

include the Cabullona Group in Sonora, Mexico, approximately 50 km southwest of the 

Huachuca Mountains, the Silver Bell Mountains (Claflin Ranch Formation), Tucson 

Mountains (lower portions of the Cat Mountain volcanics), Santa Catalina Mountains 

(American Flag Formation), Winchester Mountains (Ksv of Cooper and Silver, 1964), 

Pedragosa Mountains, and the Chiricahua Mountains, the Peloncillo, Little Hatchet, and 
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Animas Mountains of southwest New Mexico (Lawton, 1993), and the McCoy 

Mountains Formation of southwestern Arizona (Tosdal et al., 1989; Tosdal and Stone, 

1994; and Dickinson, 2003). Tosdal et al., (1989) and Tosdal and Stone (1994) report an 

angular unconformity between the lower and upper McCoy Mountains Formations. The 

upper formation is proposed by Dickinson and Lawton (2001) to be temporally 

equivalent to the Fort Crittenden Formation and contains a rhyolite tuff dated to be 79 Ma 

in age. 

In some localities Fort Crittenden-type sedimentary rocks are deformed and folded, 

in other places these rocks are flat-lying. These differences indicate the degree of 

variability in the geographic depositional and structural settings in the region during pre- 

and early Laramide times. These sedimentary rocks typically rest disconformably on 

Bisbee Group or Paleozoic formations (e.g. the American Flag Formation on Escabrosa 

limestone in Nugget Canyon (Force, 1997), the Pinkard Formation on Escabrosa 

limestone at Copper Creek (Krieger, 1968), similar sedimentary rocks on Naco limestone 

near the Christmas Mine (Willden, 1964), volcaniclastic/sedimentary rocks on Bisbee 

Group rocks in the southern Winchester and Dos Cabezas Mountains (Cooper, 1960; 

Cooper and Silver, 1964), and volcaniclastic rocks on Escabrosa Limestone in the 

Chiricahua Mountains (Keith et al., 1978)). Normal fault relationships were reported 

between the Fort Crittenden and Permian Rain Valley Formations in Montosa Canyon by 

Drewes (1972), and several observations of clastic sediments locally interbedded with 

carbonate or volcanic rocks of early Laramide age were made during this investigation. 

Richard and Courtright (1959) were among the first to note some of these important 

regional associations and commented that such relationships marked a "pronounced shift" 
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in the regional geologic evolution, which had been dominated by sedimentation during 

the Lower Cretaceous. Fort Crittenden-type rocks are overlain by and locally intercalated 

with rhyolite, dacite, basaltic andesite, and high alkaline andesite/trachy-andesite 

volcanics during the early Laramide time (approximately 85-75 Ma) throughout southern 

Arizona, marking the onset of extensive early Laramide magmatism along the Laramide 

arc.  

Volcanism was widespread across southwestern North America during the Laramide 

(Figure 3) and these volcanic rocks once may have spanned the whole of southern 

Arizona, largely removed by erosion in the western and central portions of the state. 

Andesitic stratovolcanoes and calderas were prevalent, as can be seen in the Tucson, 

Sierrita, and Santa Rita Mountains (Lipman and Sawyer, 1985). Additionally, the locally 

chaotic nature of some lava flows suggests eruptions from fissure vents and other low-

standing features or a combination of these, but commonly the local source of these rocks 

remains to be identified.  

Laramide volcanic rocks across southern Arizona have primarily been investigated 

on the local scale: case studies by Simons (1972), Lipman and Sawyer (1985), Lipman 

and Fridrich (1990), Hagstrum et al. (1994), and Vikre et al. (2014), expand the geology 

of Laramide volcanic systems in the region. Other researchers (Shafiqullah et al., 1980; 

Reynolds et al., 1986; Chapin et al., 2004; and Spencer et al., 2015)) provided 

geochronology on many of the volcanic rocks. Exposures of similar andesitic rocks in 

key mining districts in southwestern North America are summarized in Appendix E, 

Table 1, and are the focus of a portion of this investigation. 

We present new U-Pb in zircon ages from rocks in key localities in southern Arizona 
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where significant gaps of information have been identified through literature review, 

geologic mapping, and structural interpretations, while assessing the potential for greater 

scientific contribution. Localities were chosen based on lack of geologic data, likelihood 

of access for investigation, and the potential to provide significant regional impact 

through interpretation of new data. Detailed background geology, summaries of previous 

work, and geological problems conveying the significance for inclusion of each location 

into this investigation are presented in Appendix E. 

A few localities sharing similar geologic features to those investigated, but lacking 

sufficient access or geologic understanding, or are the focus of concurrent investigations 

by fellow researchers (i.e. Safford) are also presented in Appendix E. Data obtained in 

this investigation advances the understanding of the timing of pre- (and early-) Laramide 

contractional deformation, uplift, basin formation, sedimentation, and porphyry copper 

mineralization at the locations studied and across the region.  

METHODS 

A combination of literature review, field, and analytical methods were employed to 

document early Laramide sedimentary and volcanic units in the region.  

Field studies:  

Reconnaissance mapping and field checking of published maps helped to establish 

structural, timing, and spatial relationships between intrusive and extrusive Laramide 

units and their relationship with underlying (mostly sedimentary) units. Mapping was 

conducted on satellite imagery at a scale of 1:5,000 or 1:1,000. This allowed for a 

reasonable level of detail to be recorded, including depositional relationships, bedding 

attitudes, and local faulting. Samples were collected from key units identified as having 
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stratigraphic relationships critical to this investigation. 

Laboratory methods:  

All samples collected for U-Pb dating belong to units that have critical depositional 

or cross-cutting relationships with nearby sedimentary, volcanic, or intrusive rocks. 

These samples were chosen based on mapping, descriptions by previous researchers, 

lithic compositions (homogeneous versus lithic- or clast-rich), and constraints of relative 

dating as confirmed by stratigraphic and cross-cutting field relationships. Special 

attention was given to those areas where intrusive and volcanic rocks are proximal to 

each other (within ~10 km, taking into account post-Cenozoic extension). Some samples 

were submitted for whole rock geochemistry and proper rock classification, employing 

current IUGS QAP and TAS designations. These data tables and resulting figures are 

found in Appendix I. 

Zircon separates were sought in 52 samples from key units; 50 samples yielded 

useful zircons that were analyzed by the Laser-Ablation Multicollector Inductively 

Coupled Plasma Mass Spectrometry (LA-MC-ICP-MS) method at the Arizona 

LaserChron Center, University of Arizona (Gehrels et al., 2008 (Appendix J)). Additional 

samples from Copper Creek were dated at the Center for Excellence in Ore Deposits 

(CODES), University of Tasmania using LA-ICPMS methods (Appendix K). The 

resulting interpreted ages are shown on Pb*/U concordia diagrams and weighted mean 

diagrams (Appendix J) using the routines in Isoplot (Ludwig, 2008). 

U-PB GEOCHRONOLOGY 

Results 

New U-Pb in zircon ages on 47 samples are found in Table 1. U-Pb ages are 
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supplemented with Ar-Ar and Re-Os ages to further refine mineralization at Copper 

Creek. The ages range from Precambrian to late Laramide, with a focus on those events 

originally interpreted to represent early Laramide deposition of sedimentary and volcanic 

units. 

Andesitic rocks (Concentrator volcanics) were deposited at Ajo between 72.5 and 

73.1 Ma, the Williamson Canyon volcanics at 73.9 ± 2.5 Ma, Bronco volcanics and 

dacite porphyry at Tombstone at 76.1 ± 3.8 Ma 75.0 ± 2.8 Ma, in the southern 

Winchester Mountains at 72.7 ± 1.0 Ma, and the western side of the Dos Cabezas 

Mountains at 76.4 ± 0.9 Ma.  

Intrusive rocks at some locations were shown to predate regional voluminous 

porphyry copper mineralization by several million years. These include the Rice Peak 

porphyry at 76.7 ± 1.4 Ma, the Uncle Sam tuff and Schieffelin granodiorite in the 

Tombstone district at 76.5 ± 1.0 Ma and 73.3 ± 0.9 Ma, respectively, granodiorite dikes 

in the Santa Rita Mountains at 75.5 ± 1.3 Ma, and at Granite Peak in the Whetstone 

Mountains at 75.0 ± 0.9 Ma.  

The porphyry system at Chilito in the Banner district was emplaced around 64.0 ± 

1.3 Ma, nearly 10 m.y. after the adjacent Williamson Canyon volcanics and mineralizing 

stocks were emplaced in the Rosemont district at 58.4 ± 0.7 Ma, 14 m.y. after the 

youngest adjacent exposures of Mt. Fagan rhyolite.  

Only two districts in this investigation, San Manuel and Bunker Hill (Copper Creek), 

appear to have volcanic-intrusive relationships that suggest a genetic connection between 

the intrusive and volcanic rocks. Porphyry copper systems were emplaced 

penecontemperaneously (within ~1 m.y.) with andesitic rocks at these localities: the 
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Copper Creek granodiorite around 61.5 ± 2.0 Ma into slightly older Glory Hole volcanics 

(63.0 ± 1.0 Ma), and the San Manuel stock at 68 Ma (Unruh, 1997) into adjacent andesite 

dated at 70.5 ± 2.1 Ma.  

Inheritance: Many samples clearly display inherited zircon cores with new 

magmatic zircon overgrowth; the cores commonly being Proterozoic and/or Jurassic in 

age. Concordia plots display inherited zircons with ages of 1465 Ma and 1650-1700 Ma, 

correlative to the Precambrian North American Rhyolite-Granite province and the 

Yavapai-Mazatzal Orogeny (Karlstrom and Humphreys, 1998). One zircon in the 

lowermost sedimentary rocks of the American Flag Formation gave an inherited U-Pb 

age of ~2650 Ma, correlative to the Algoman orogeny of Late Archean time and arc 

related magmatism along the southern margin of the Wyoming craton. One other zircon 

of this age was reported by Mizer and Barton (in prep.) in the Mount Lord lithic tuff in 

the Silver Bell Mountains.  

Regional Synthesis 

These data present a more tightly constrained picture of early Laramide 

sedimentation, compressional deformation, and magmatism. Stratigraphic columns are 

presented in Figure 5 to summarize geologic events at each location studied. Some 

expression has been made in each stratigraphic column so as to reflect interpretations 

supported by U-Pb data of this investigation and known regional events (i.e. regional 

unconformities or Cenozoic extensional faulting and dismemberment).  

Strong evidence of early Laramide (~80 – 75 Ma) compressional forces and 

deformation are supported by observations of the authors and previous researchers at 

several locations. Drewes (1972) and Ferguson et al. (2009) report folded Bisbee Group 
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and Fort Crittenden sedimentary rocks in the Santa Rita Mountains, likely deformed by 

north-dipping, south-verging thrust faults that cut earlier Laramide normal faults 

(Ferguson et al., 2009). Subsequent discussion with Ferguson (written communication) 

suggests these faults may actually be pre-Laramide in age. Folded and tilted Bisbee 

Group sedimentary rocks occur below early Laramide (Fort Crittenden-type) sedimentary 

and volcanic rocks at Las Guijas (near the town of Arivaca) (Mizer, in prep.), in the Oro 

Blanco district, in the western Dos Cabezas Mountains, in the Silver Bell district, and at 

Tombstone.  

Pre-Laramide sedimentary rocks (Bisbee Group?) at the southern end of the 

Winchester Mountains dip steeply (50-80 degrees) to the west-southwest, while overlying 

Laramide volcanic rocks dip only ~27 degrees to the west, adjacent to east-dipping rocks 

in the Morita Formation. These relationships suggest significant tilting and contractional 

deformation prior to 72.7 Ma (Figure 5H). 

The U-Pb age on the Williamson Canyon volcanics (73.9 Ma), combined with U-Pb 

and K-Ar ages on rocks at Romero Wash (Favorito and Seedorff, 2017) constrain 

compressional forces and moderate folding of older units along the San Pedro River to 

between 73.9 Ma and 65.9 Ma. Map patterns, dip attitudes, and thickness of volcanic and 

sedimentary rocks along the Deer Creek syncline reported by Willden (1964) suggest 

compressional folding prior to and syn-deposition of Fort Crittenden-type sediments and 

the Williamson Canyon volcanics during this time (Figure 5C).  

Sediments derived from the Rice Peak porphyry at 76.7 Ma were deposited 

disconformably at the base of the American Flag Formation on Escabrosa limestone prior 

to local uplift and deformation. Syn-compressional deposition of the American Flag is 
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suggested by the presence of cobble- to boulder-size clasts of locally derived Paleozoic 

limestone, Apache Group rocks, and Proterozoic Oracle granite above the fine-grained, 

lowest-most unit in the formation. 

DISCUSSION 

Interpretation of geochronology 

The results of this study show porphyry copper mineralization generally post-dates 

nearby exposed volcanic rocks by up to 15 m.y. Early Laramide volcanic events, as 

presented by Amato et al. (2017) and this study, display some consistencies in their 

timing; generally speaking, early Laramide magmatism in New Mexico does not appear 

to be younger than most of these events in Arizona, suggesting widespread, concurrent 

magmatism in early Laramide time, rather than along a narrow arcuate zone. The pattern 

of late Laramide U-Pb ages (Figure 4, this study, and Barra and Valencia, figure 3) 

suggest east-southeast sweeping magmatism, with younger ages present in New Mexico, 

Chihuahua, and west Texas, and a compilation of published and unpublished U-Pb data 

displays these same patterns. 

McMillan (2004) presents a compilation of geochronology supporting the theory of 

three phases of Laramide magmatism in New Mexico: 80-64 Ma, 64-48 Ma, and 48-37 

Ma, and Amato et al. (2017) present a similar data set for early Laramide magmatic 

events in New Mexico ~75 Ma. The results of this investigation have been compiled with 

numerous published and unpublished U-Pb ages, totaling nearly 600 U-Pb ages in all, and 

have been utilized to gain insight into regional Laramide magmatic events Figure 6). 

These data suggest Laramide magmatism in southern Arizona occurred in at least two 

phases: 1) early Laramide (~80 – 71 Ma) = relatively voluminous volcanic rocks and 
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relatively sparse, generally barren intrusions and 2) middle to late Laramide (71 – ~55 

Ma) = abundant mineralized intrusive centers, sparse volcanism with rare intrusive 

activity continuing sporadically to ~46 Ma. Much of McMillan’s data is K-Ar and Ar-Ar 

data, which have been shown to be largely problematic in areas where hydrothermal 

activity are prevalent, however, the trend of periodicity during Laramide time is clearly 

displayed, regardless of the means employed.  

Jurassic magmatism 

Samples were collected and analyzed based on previous reports and stratigraphy on 

the premise they would yield early Laramide-age zircons, but some samples only 

presented Jurassic U-Pb in zircon ages. Jurassic magmatism was widespread in southern 

Arizona between ~201 Ma at Bisbee (Lang et al., 2001) and 168 Ma in the Santa Rita 

Mountains (Spencer et al., 2015).  

Rhyolite tuff and dacite porphyry flows intercalated with and stratigraphically above 

Fort Crittenden sedimentary rocks in Montosa Canyon, respectively, were proposed to be 

early Laramide in age by Drewes (1972), but exclusively yielded Jurassic ages of 196.2 

and 195.8 Ma. These U-Pb ages likely represent the abundant Jurassic zircons contained 

in these units, deposited around 85 Ma, as summarized by Hayes (1981), and the dacite 

porphyry is likely early Laramide in age, failing to yield Laramide zircons. 

These data reinforce the complexity of the geology at some locations; units with 

Jurassic U-Pb ages from the Salero Formation (proposed to be Laramide in age) in the 

Santa Rita Mountains (Spencer et al., 2015), and units at Silver Bell with Jurassic ages 

(Mizer and Barton, in prep.) were likely deposited in early Laramide time. Similarly, U-
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Pb ages on Williamson Canyon volcanics and dacite porphyry flows at Tombstone 

display abundant Jurassic ages. One new Jurassic age of 169.5 Ma on the Josephine 

Canyon pluton in the Santa Rita Mountains represents one of the youngest Jurassic ages 

in the region. 

Comparison of regional magmatism and mineralization 

The results of this investigation are consistent with case studies at other locations; 

mineralization occurred in the Silver Bell district around 65 Ma, at least 7 m.y. after the 

youngest early Laramide event in the district (Mizer and Barton, in prep.), and 

mineralization in the Pima district post-dates emplacement of local Demetrie volcanic 

rocks by as much as 11 m.y. at Sierrita, 16.5 m.y. at Mission, and possibly as much as 17 

m.y. at Twin Buttes (Stavast, 2006). This investigation and studies by Seedorff et al. 

(2005) suggest many mineralizing (porphyry copper) systems have no temporal 

connection to early silicic caldera systems. The subsequent mineralizing events may only 

be spatially associated with previous magmatism coincidentally or through localized 

preparation of crustal features by pre-existing (middle Laramide) structures or magma 

conduits. 

Porphyry copper mineralization in the region almost never accompanies early 

Laramide magmatic events. While porphyry copper mineralization occurred as early as 

73 Ma along the western edge of the Laramide arc at Mineral Park and Bagdad, regional 

copper mineralization largely occurred between 65 Ma and 58 Ma, and as late as 46 Ma 

at some deposits in Chihuahua, Mexico (Valencia-Moreno et al., 2007).  

Evolving magma chambers: 

It can be common for an andesite flow to be succeeded by a more felsic dacite or 
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rhyolite phase, but this trend does not hold true everywhere. Titley (1982) points out in 

the Pima district and other nearby ranges, especially the Silver Bell, Tucson, Santa Rita, 

and Roskruge Mountains, the Cretaceous volcanic section is capped by rhyolite flows and 

pyroclastic rocks. Subsequent investigations have shown discontinuity between localities 

regarding rhyolite flows preceding andesite and vice versa, suggesting no clear regional 

trends in the evolution of magma chambers responsible for these volcanic rocks.  

A rhyolitic facies of the Demetrie volcanics (dated to be 75.9 Ma (Spencer et al., 

2015)) underlies the andesite facies, and rhyolite at Mt. Fagan in the Rosemont district 

(72.3 Ma (Spencer et al., 2015) overlies the andesite of Mt. Fagan. The Mount Lord vitric 

tuff at Silver Bell (Mizer and Barton, in prep.) overlies and is overlain by flows of 

hornblende-plagioclase andesite.  

One exception, the Glory Hole volcanics, display an evolution from early basaltic 

andesite to late dacite and rhyodacite. Project geologists at Copper Creek have identified 

small enclaves of early diorite in the Copper Creek granodiorite. It is possible that this 

diorite was the source of the Glory Hole volcanics, evolving into the more silicic 

granodiorite representative of the overall system at Copper Creek. 

Tectonics and regional structure 

The U-Pb age of 73.9 Ma on the Williamson Canyon volcanics in the Banner district, 

combined with observations by Willden (1964) and Banks and Krieger (1977) of minor 

folding in the volcanic units, suggests contemporaneous contraction and deposition of the 

Williamson Canyon volcanics (Figure 5C). These findings support concurrent 

investigations into the presence of early Laramide reverse faults in the region by Favorito 

(in prep.). In the Banner and Bunker Hill districts reverse faulting post-dates the 
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Williamson Canyon volcanics and pre-dates an age of 65.9 Ma on Laramide dikes that 

cut the reverse fault at Romero Wash (Favorito and Seedorff, 2017).  

Laramide volcaniclastic sediments in the West Silver Bell Mountains are folded and 

overlain by dacite porphyry at 74.9 Ma, constraining the timing of early Laramide 

compressional deformation in the district (Mizer and Barton, in prep.). U-Pb ages in this 

and other investigations constrain the timing of early Laramide contractional deformation 

at several locations, including the Cerro Colorado district and surrounding area (Mizer, in 

prep.), Tombstone (this study), southern Winchester Mountains (this study), west side 

Dos Cabezas Mountains (this study), and northern Catalina Mountains (this study). 

Deposition of early Laramide volcanic and sedimentary rocks 

Large thrust sheets have been proposed at several locations by previous researchers 

(Willden 1964, Krieger, 1968, and Callender et al., 1978), placing early Laramide 

volcanic rocks below overthrust Paleozoic units. Drewes (1972) shows thrust faults with 

Paleozoic rocks on top of Bisbee Group rocks near Elephant Head in the Santa Rita 

Mountains. An apparent klippe of Escabrosa limestone sits atop Mesozoic sedimentary 

rocks (Mzs of Krieger, 1964) at Copper Creek near Dry Camp, and Proterozoic Troy 

quartzite is presented to rest on top of Laramide Glory Hole volcanics (Krieger, 1964).  

Willden (1964) reports several klippes of Permian carbonate rocks on Cretaceous 

volcanic and sedimentary rocks and Callender et al. (1978) report a thrust sheet of 

Mississippian Escabrosa limestone on top of Laramide Hunt Canyon andesite. Mapping 

and detailed observations of contacts at each locality suggest these relationships to be 

buttress unconformities rather than thrust sheets; early Laramide volcanic rocks were 

commonly deposited in basins adjacent and onto older high-standing units.  
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While local compressional forces folded some sedimentary and volcanic units 

regionally, Paleozoic rocks in contact with topographically lower early Laramide 

volcanic and sedimentary units likely do not represent large scale regional thrust sheets 

(thin-skinned deformation). 

Comparison with previous results 

Previous researchers correlated early Laramide andesite occurrences in the region on 

the basis of similarities in color and composition. The widespread degree of alteration 

common in andesitic rocks, typically propylitic or intense calcic (epidote), and sometimes 

potassic, makes difficult any reasonable attempt to correlate these units through 

geochemistry. K-Ar dating methods were employed by early workers to establish 

fundamental age constraints on igneous units where no data was available.  

Regional magmatism during Laramide time was prevalent as abundant large- and 

small-volume volcanic eruptions, plutons, stock, plugs, and dikes. These events are often 

accompanied by compounding zones hydrothermal alteration, and the movement of fluids 

in large or localized convective cells. Variations in the size and number of small- to 

large-volume stocks in close proximity to each other will have significant impacts on the 

recharge and reheating of these systems, thereby increasing the likelihood for 

hydrothermal resetting of the radiometric parameters for K- and Ar-bearing minerals such 

as biotite and hornblende.  

Understanding that ages of a unit may be underestimated by K-Ar dating methods 

due to the superimposition of several magmatic-hydrothermal events in one intrusive 

system is necessary when interpreting magmatism and crystallization ages of rocks on the 

district scale and across the region. The wide range of K-Ar ages on igneous units in 
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districts where hydrothermal activity was prevalent has been demonstrated by the authors 

at several locations; in the Central Mining district of New Mexico (Mizer et al., 2015, 

Figure 13), in the Cerro Colorado district of Arizona, where a K-Ar age of 68.6 Ma on 

Las Guijas andesite was reported by Shafiqullah et al. (1980), nearly 10 m.y. younger 

than a U-Pb age on the same unit reported by Mizer (in prep.), and in the Silver Bell 

district (Mizer and Barton, in prep.), where K-Ar ages are younger than U-Pb in zircon 

ages by ~3 m.y. on average, with large disparities in K-Ar results on samples from the 

same intrusive unit. 

Cathles (1981, figure 6) and Norton (1982, figure 3.5) present models of varying 

cooling rates for plutons, depending on the permeability of the intrusion, with the cooling 

rate increasing with increasing permeability. Sillitoe and Perelló (2005) address this topic 

as it relates to large, multi-intrusion porphyry copper districts in Chile, where magmatism 

associated with most of the central Andean porphyry copper deposits was generally 

active for only 1-2 m.y., based on several methods of geochronology, and Barra et al. 

(2013) address this topic at similar deposits in the Toki cluster of the Chuquicamata 

district in northern Chile.  

It has been well established that intrusive systems are relatively short-lived, spanning 

only a few million years, at most. Numerical models for plutons of similar shape and size 

(1-2 km in diameter) to those in southwestern North America show that single intrusions 

are able to provide heat for the hydrothermal system for only a few tens of thousands to 

hundreds of thousands of years (Norton, 1982). Hanson and Barton (1989) present 

detailed numerical models for cooling rates associated with intrusions of varying 

geometries, many of which can be found in the southwest. This can, of course, be slightly 
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increased by repeated intrusions of similar geometry (reheating), a common theme in 

districts in the southwest where multiple intrusions are found, sometimes overprinting 

each other.  

In the geologic corridor along the San Pedro River, previous geologists (Creasey 

1967; Simons, 1964; Willden, 1964; Krieger, 1974) have attempted to correlate similar-

looking volcanic rocks to the Williamson Canyon Volcanics in the Christmas quadrangle. 

Koski and Cook (1982) (after Koski (1978) and later McKee and Koski (1981)) present 

K-Ar in hornblende ages of 81.7 and 76.2 Ma for andesite units in the Williamson 

Canyon volcanics (fine-grained and coarse-grained varieties, respectively). These ages 

are inconsistent with U-Pb ages on similar flows of Williamson Canyon andesite in this 

study of 73.9 Ma. Koski (1978) discusses the potential for anomalously high K-Ar ages 

on volcanic breccia facies of the Williamson Canyon volcanics, citing work by Banks et 

al. (1972) and Banks and Stuckless (1973) relating similar issues at the large porphyry 

copper deposit at Ray.  

Koski and others proposed the anomalously older K-Ar ages in the Banner district 

were the result of the incorporation of Ar from enriched late-stage magmatic fluids 

(leached from Precambrian basement rocks). Additionally, with the abundance of 

younger andesite (granodiorite) porphyry dikes, stocks, and abundant K-silicate and 

propylitic alteration present in the Williamson Canyon Formation, it is likely that K-Ar 

dating results presented by early researchers were skewed so as to inaccurately reflect 

geochronologic events in the district. The U-Pb age presented in this study for andesite of 

the Williamson Canyon volcanics, supported by cross-cutting field relationships and the 

typical duration of magmatic systems (<1 m.y.) provides a better constraint for the onset 
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of igneous events in the Banner district. 

In the Tombstone district early K-Ar ages display inconsistencies with new U-Pb 

ages, presenting disparities of several million years on the Schieffelin granodiorite and 

Uncle Sam tuff. Early K-Ar ages range between 71 and 76 Ma, likely the product of 

widespread, but moderate potassic and hydrothermal alteration in the voluminous igneous 

units in the district. One K-Ar age of 76 ± 3 Ma presented by Marvin et al. (1973) is older 

than U-Pb crystallization age of zircon presented in this study. The new U-Pb ages in the 

Tombstone district should be considered as a foundation for a more detailed investigation 

into mineralizing events and alteration in the district, including intrusive sills, the 

porphyry stock at Fairbank, and additional igneous units south of Charleston. Near the 

Glove Mine, in Montosa Canyon, K-Ar ages reported by Drewes (1971b and 1972) are 

several m.y. younger than new U-Pb ages of this study. U-Pb on the dike at the mine 

gives an age of 75.5 Ma, 8 m.y. older than K-Ar ages reported on similar dikes.  

The magmatic system at Copper Creek reinforces the concept of short-lived systems 

that can display tightly constrained K-Ar ages consistent with U-Pb in zircon and 

monazite. Previous K-Ar ages on various phases of the Copper Creek granodiorite range 

between 65-58 Ma. This study presents 21 new U-Pb ages for Laramide magmatic and 

hydrothermal events in the district, all of which are temporally associated with 

mineralization. These new U-Pb ages range between 63.4 Ma on early volcanic units to 

57.7 Ma on granodiorite units, consistent with previous K-Ar findings. 

Previous works by the authors display the significance of employing robust and 

reliable dating methods in areas of widespread hydrothermal activity, such as those 

typically associated with porphyry copper systems. The accuracy and availability of U-Pb 
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in zircon dating provides a robust tool for obtaining more data on igneous units sharing 

similar characteristics.  

CONCLUSIONS 

This study shows that most early Laramide events are largely volcanic (extrusive) in 

nature, and are sometimes accompanied by barren intrusive units. Andesitic rocks across 

the region display U-Pb in zircon ages unique to each location. These results suggest that 

there is no single early Laramide volcanic unit that predates mineralization regionally; 

each exposure of pre-mineral volcanic rocks is distinct in age, ranging from ~78 Ma to 

~63 Ma, typically predating adjacent mineralization by at least several million years, 

sometimes as many as 15 m.y. 

Based on the displayed ages of these early Laramide volcanic units, it suggested here 

that no reference or correlation should be made between early Laramide volcanic units 

and the Silver Bell Formation except for those andesitic extrusive rocks in the west Silver 

Bell and Silver Bell Mountains. Similar approaches should be made when investigating 

large outflow sheets of silicic tuffs. 

Several units in the Tucson basin share common features (lithic-rich, welded, and 

silicic rhyolite tuffs). The silicic tuff in the Roskruge Mts. should not be referred to as 

Tuff of Confidence Peak, given that it is 1.6 m.y. younger (73.3 Ma, Spencer et al., 2015) 

than the dacite porphyry (Confidence Peak tuff) (74.9 and 74.7 Ma) at Silver Bell (Mizer 

and Barton, in prep.). The tuff in the Roskruge Mountains is closer in age to the Mt. Lord 

(73.9 Ma) ignimbrite at Silver Bell (Mizer and Barton, in prep.), and the Cat Mountain 

tuff (74.7 Ma, Spencer et al., 2015) in the Tucson Mountains more closely resembles the 

U-Pb age on the dacite porphyry at Silver Bell rather than the Mount Lord tuff. These 
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units display close temporal relationships; their U-Pb ages often within error, however, 

referring to a unit at one locality with the same name at another locality can complicate 

the interpretation and completeness of such investigations.  

It is important to note that not all of the known locations of occurrences of early 

Laramide andesitic rocks contain exposed intrusive porphyry rocks. That is to say, the 

sources of many of the volcanic rocks is still unknown and the possibility of adjacent, yet 

undiscovered intrusive counterparts that may bear porphyry copper mineralization still 

exists. Several of these locations are in areas unaffected by Cenozoic extension, tilting, 

and dismemberment (i.e. Cerro Colorado, Hunt Canyon, Williamson Canyon, and the 

Hooker Hot Springs area). 

Wetter climate and associated regional sedimentation have been shown by previous 

researchers to closely pre-date the onset of Laramide magmatic activity and in some 

cases is likely contemporaneous. Propylitic alteration is present and sometimes pervasive 

at many, but not all, locations in early Laramide andesite lava flows. This alteration can 

be attributed to several factors: 1) abundant fluids inherent in the lava flows themselves 

may alter the original components under persistently low cooling temperature conditions 

(~400°C), 2) abundant basinal, lacustrine, and deuteric fluids available during early 

Laramide time may have provided a key component for propylitic alteration of lava as 

these units cooled, and 3) propylitic alteration of host lava shown to be associated with 

porphyry copper intrusions at Christmas and Safford may be widespread in the region, 

particular emphasis should be given to those units where age and structural relationships 

with nearby intrusions are poorly constrained or unknown. 

Early Laramide volcanism commonly consisted of cohesive extrusive bodies of 
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andesite lava containing abundant pyroxene, hornblende, and biotite deposited above, and 

sometimes intercalated with, regionally distributed but geographically separated bodies of 

sedimentary rocks correlative to the Fort Crittenden Formation. Pairing a detailed 

geochronologic study of early Laramide sedimentary and volcanic rocks helps to 

reinforce the geographic variability of these systems and suggests these units should not 

be thought of as regionally expansive, but locally constrained, as proposed by Klute 

(1991). Early Laramide units in the region should be referred to with names unique to 

their geographic location, rather than referred to broadly as the Silver Bell, Cat Mountain, 

or Fort Crittenden Formations. 

Suggestions for future work: 

Numerous Ag-base metal deposits occur in the Banner district and have been shown 

to be closely associated with Cenozoic (late Laramide) dikes by Banks and Krieger 

(1977). Detailed U-Pb analysis should be conducted in the Banner district, particularly on 

these dikes, to verify their age and, therefore, the age of the Ag-base metal replacement 

deposits. This would contribute to the growing database of distal Pb-Zn-Ag deposits that 

have yet to be shown any connection to porphyry systems, such as in the Tyndall, 

Empire, and Tombstone districts, where carbonate replace deposits are abundant with no 

exposed porphyry system nearby.  

Some rocks in the Tombstone district are early Laramide in age, but the age of 

mineralization for widespread Ag-Mn deposits in the Tombstone district is unknown. To 

date, no younger intrusive unit, has been identified at Tombstone or shown to be directly 

connected with abundant Mn-Ag deposits in the district. Samples of brecciated Mn-

carbonate rocks contain clasts of porphyry rock that may provide useful U-Pb data for the 
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age of mineralization at Tombstone.  

The early Laramide granodiorite at Granite Peak is weakly mineralized and intruded 

by stronger mineralizing quartz monzonite and quartz latite dikes. The age of these dikes 

is unknown and more detailed U-Pb work may display temporal patterns similar to others 

in this study, with an age of 75 Ma in early units, predating subsequent mineralization in 

an unexposed, younger stock. 

Similarly, restricted access to granitic dikes and stocks in the western Dos Cabezas 

Mountains precluded investigation into the age and potential relationship of the Ag-base 

metal deposits located along Silver Camp Canyon. U-Pb in zircon ages on these granitic 

rocks, compared with nearby andesite of this study, may reinforce the important regional 

age relationships between early andesite and subsequent Ag-base metal mineralization. 

The large variation in ages presented by Fornash et al. (2013) and other workers on 

the Leatherwood and Wilderness granite bodies in the Catalina and Rincon Mountains 

warrants that future researchers heed these variations when attempting to map or classify 

deformed granitic bodies in the Catalina and Rincon Mountains. Detailed U-Pb in zircon 

analyses on these units may prove critical when sorting out the Laramide geology of the 

Catalina and Rincon Mountains.  

Some samples may yield U-Pb in zircon ages inconsistent with local geologic 

relationships. Investigators should always consider logical field relationships when 

presented with such results. It has long been proposed that more mafic rocks (diorite, 

basalt, and andesite) generally yield few or no zircons, however, numerous samples in 

this and previous investigations by the authors, and experiences shared with other 

researchers display the composition of the rock rarely dictates the likelihood of usable 



63 

  

 

zircons present. The volume of sample submitted for zircon separation should be 

adequate so as to ensure plenty of useful zircons can be obtained for analysis.  
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FIGURE CAPTIONS 

Figure 1: Regional setting of southwestern North America with notable porphyry copper 
mining districts. 

Figure 2: Regional distribution of Bisbee Group and Fort Crittenden (and similar) 
sedimentary rocks. 

Figure 3: Regional distribution of KT (Laramide) volcanic rocks, southwestern North 
America. 

Figure 4: Laramide arc with published and unpublished ages, including locations and 
results of this study (in red). 

Figure 5: Stratigraphic columns depicting geologic relationships at locations investigated. 
Figure 6: Classification of nearly 300 U-Pb ages compiled from literature and this study. 

Random classification of data conducted in ArcGis displays at least periods of 
elevated magmatic activity. Early Laramide magmatism occurred from ~80 to ~71 
Ma and late Laramide activity from ~71 to ~55 Ma, with notable outlying, 
younger magmatism in the region. 
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FIGURES 

 
Figure 1: Regional setting of southwestern North America with notable porphyry copper 

mining districts.   
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Figure 2: Regional distribution of Bisbee Group and Fort Crittenden (and similar) 
sedimentary rocks.  
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Figure 3: Regional distribution of KT (Laramide) volcanic rocks, southwestern North 
America.
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Figure 4: Laramide arc with published and unpublished ages, including locations and 
results of this study (in red).  
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Figure 5: Stratigraphic columns depicting geologic relationships at locations investigated.
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Figure 6: Classification of nearly 300 U-Pb ages compiled from literature and this study. 
Random classification of data conducted in ArcGis displays at least periods of elevated 
magmatic activity. Early Laramide magmatism occurred from ~80 to ~71 Ma and late 

Laramide activity from ~71 to ~55 Ma, with notable outlying, younger magmatism in the 
region.  
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TABLES 

Table 1: Sample localities, descriptions and U-Pb, Ar-Ar, and Re-Os results 

Table 2: Compiled published and new data for regional rocks   
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Table 1: Sample localities, descriptions and U-Pb, Ar-Ar, and Re-Os results 
  UTM 12S 

NAD83     Error   

Sample Easting Northing Age (Ma) (2-sigma) Description/notes 

American Flag fm. 

AMF16-07 528552 3598349 76.7 1.4 Rice Peak porphyry of Force (1997) 

AMF16-08 527604 3598600 76.3 1.4 
bedded very fine-grained sedimentary rocks 
overlying Escabrosa limestone in Nugget 
Canyon 

Tombstone 

TBS16-04 584904 3510895 73.3 0.9 Schieffelin granodiorite - taken at the 
Schieffelin monument road cut 

TBS16-07 578831 3498864 76.1 3.8 
Bronco volcanics -andesite taken along RR 
tracks south of Charleston, near intrusive 
contact with younger adjacent stock 

TBS16-08 582397 3499522 75.0 2.8 

Dacite porphyry from south of Lindsey 
Ranch, ONE zircon age of this age, 
inheritance at 169 Ma, mapped as Ka 
andesite by Ferguson et al. (2009) 

TBS16-09 580518 3503314 76.5 1.0 Uncle Sam Tuff, northeast of Charleston 

Rosemont/Mt. Fagan 

JUL16-02 525076 3525713     Summit of Mt. Jules, Rosemont district: no 
zircons in this sample 

RMT10-01 522504 3521528 58.6 0.8 

Rosemont porphyry stock, taken on field 
trip, December, 2010. sits in proposed 
Rosemont pit site, contains med. Grained 
muscovite veins 

BTB10-01 522603 3524013 58.4 0.7 
Broadtop Butte north of Gunsite Pass, U-Pb 
and T.S., intense QSP alteration and minor 
Cu-Ox 

Glove Mine 

GV12-QMZB 504881 3502740 1652.0 3.4 pCg (Continental granite) 

GV12-QMZA 504956 3502151 169.5 2.3 Squaw Gulch granite (Js) 

GV12-15 505240 3502670 75.5 1.3 
granodiorite [latite] porphyry sill in 
underground workings and exposed at 
surface 

FTC16-03 504677 3504232 196.2 3.6 Rhyolite tuff of Drewes (1972) 

FTC16-04 504329 3504457 195.8 2.7 
Dacite porphyry lava above Ft. Crittenden in 
Montosa Canyon (Drewes, 1972) FTC16-01 
Recollected 

Winchester and Dos Cabezas Mountains 

WCH16-01 589125 3566189 72.7 1.0 Winchester Mts. Lava (Cooper and Silver, 
1964) 

WCH16-03 592705 3568651 1434 16 Concordia intercepts only 

DCB16-01 621552 3569718 76.4 0.9 Dos Cabezas andesite lava flow (Cooper, 
1960) 

Banner District (Christmas and Chilito) 

XMS16-01 523880 3653437 73.9 2.5 Willamson Canyon volcanics (3 zircons this 
age) 

Chilito - CH-ZR-
1 unk. unk. 63.4 1.0 Quartz diorite porphyry  

Chilito - CH-ZR-
2 unk. unk. 1646.7 14.0 Ruin granite 

Chilito - CH-ZR-
3 unk. unk. 64.1 1.3 Quartz diorite porphyry  

Chilito - CH-ZR-
4 unk. unk. 64.0 1.3 Quartz diorite porphyry  
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San Manuel 

SMA16-01 530988 3616439 70.5 2.1 

andesite south of pit, overlying andesitic 
agglomerate and conglomerates, believed to 
be uppermost flows of lava prior to stock 
emplacement 

Hunt Canyon 

HNT16-01 646557 3492064     
No zircons, titanite only, unsuccessful U-Pb, 
no U present 

Granite Peak 

GPK16-01 554459 3514759 75.0 0.9 Felsic phase, Granite Peak stock, Whetstone 
Mts. 

Ajo 

Ajo-1301 324907 3581914 72.5 1.3 Concentrator volcanics (lithic rhyolite tuff) 
core from pit area, location approximate 

Ajo-1306 324922 3581259 72.8 1.1 Concentrator volcanics (lithic rhyolite tuff) 
core from pit area, location approximate 

Ajo-1307 325167 3581877 73.1 1.4 Concentrator volcanics (andesite), core from 
pit area, location approximate 

Copper Creek 

CCP-mnz 548431 3624003 61.3 0.4 
U-Pb on monazite from Childs-Aldwinkle 
breccia pipe, separated by Tim Marsh, 
analyzed by Mizer, April 2017 

CCP-01 unk. unk. 60.8 0.9 CODES plots, Ar-Ar 

CCP-GC-004 546701 3628562 1433.0 13.6 UA Plots: hornblende diorite (inherited 
zircons only) 

CCP-GC-005 546599 3628645 61.6 0.8 UA Plots: porphyritic quartz diorite 

CCP-GC-006 546533 3628747 61.6 0.9 UA Plots: granodiorite porphyry 2 

CCP-GC-007 545758 3629062 61.9 0.9 UA Plots: hornblende granodiorite porphyry 
3 

CCP-GC-008 546954 3623763 63.1 0.9 UA Plots: hornblende granodiorite, Dark 
Canyon porphyry 

CCP-GC-009 548879 3623535 59.3 0.6 CODES plots: Copper Creek granodiorite 

CCP-GC-010 549041 3623354 61.2 0.7 UA Plots: granodiorite porphyry 1 

CCP-GC-011 548293 3624237 61.8 0.8 UA Plots: hornblende granodiorite 
porphyry: granodiorite porphyry 3 

CCP-GC-012 549254 3624788 59.0 0.6 CODES plots: hornblende granodiorite 
porphyry: granodiorite porphyry 3 

CCP-GC-013 548406 3624538 59.0 0.6 CODES plots: stacked biotite granodiorite: 
Copper Giant porphyry 

CCP-GC-015 546616 3628496 66.0 1.3 CODES plots: rhyolite/rhyodacite dike 

CCP-GC-016 549356 3625011 60.5 0.6 CODES plots: quartz monzonite - Blue Bird 
quartz monzonite 

CCP-GC-017 546248 3625374 60.5 0.6 CODES plots: biotite-hornblende quartz 
monzonite: Horse Camp quartz monzonite 

CCP-GC-018 548426 3623415 57.7 0.6 
CODES plots: hornblende-biotite quartz 
monzonite porphyry: granodiorite porphyry 
3 - crowded granodiorite porphyry 4 

CCP-GC-019 547007 3627135 60.2 1.3 aplite in Boulder Mountain stock of the 
Horse Camp quartz monzonite 

CCP-GC-022 547398 3622110 63.0 0.6 Glory Hole volcanics, massive andesite 
flow, basal volcanics, mafic 

CCP-GC-023 547152 3625550 63.4 2.1 

Glory Hole Volcanics dacite pyroclastic 
flow, East of Dry Camp, stratigraphically 
above? Other lavas, but below lithic tuff of 
uppermost Glory Hole volcanics 

CCP-GC-025 545024 3629067 63.0 1.0 
Glory Hole volcanics, mafic andesite flow, 
east of Dry Camp along basement-cored 
uplift fault 

CCP-GC-026: 
REX-16-083; unk. unk. 61.8 0.20 Re-Os: Copper Creek granodiorite 
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4,060' - 4,070' 

CCP-GC-027: 
REX-16-083; 
5,569' - 5,579' 

unk. unk. 60.9 0.20 Re-Os: Copper Creek granodiorite 

CCP-GC-028: 
REX-13-079; 
3,960' - 3,968' 

unk. unk. 62.3 0.8 zircon, weakly altered copper creek 
granodiorite 

CCP-GC-029: 
REX-13-079 unk. unk. 61.4 0.61 

sericite-biotite-diorite inclusions/xenoliths 
with bn-dg-mt, hosted in copper creek 
granodiorite 
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T a b l e  2 :  C o m p i l e d  p u b l i s h e d  a n d  n e w  d a t a  f o r  r e g i o n a l  r o c k s  

Location/description Unit 

U-Pb 
age of 
early 

events 
(Ma) 

U-Pb 
Source 

(reference) 

Previous 
K-Ar 

and Ar-
Ar ages 

(Ma) 

Unit and 
mineral (K-
Ar/Ar-Ar) 

K-Ar Source 
(reference) 

disparity 
betw. U-
Pb and 

K-Ar/Ar-
Ar 

U-Pb age of subsequent events (Ma) 
U-Pb 

source 
(reference) 

Previous 
K-Ar and 

Ar-Ar 
ages (Ma) 

Mineral 
(K-Ar/Ar-

Ar) 

K-Ar/Ar-
Ar source 
(reference) 

disparity 
betw. U-

Pb and K-
Ar/Ar-Ar 

(m.y.) 

m.y. 
betw. 

early and 
late 

events 

Ajo Concentrator 
Volcanics 

73.1 - 
72.5 this study                     

-3.2 to -
3.8 

  New Cornelia 
stock             ~68 Ma Runyon, 

2017 65-63   McDowell 
(1971) 

-4.3 to -
6.3 

Banner district Williamson 
Cyn. Volcanics 73.9 this study 69.8 - 

81.7 

hornblende 
in various 

units 

Koski and 
Cook (1982) 

+7.8 to -
4.1             

-10   Christmas stock                 63.5   
Leveille 

and Stegen 
(2012) 

  

  
Chilito quartz 
diorite stocks 

and dikes 
            64.0 - 63.4 this study         

Cananea Rhyodacite 
flows     69 biotite Wodzicki 

(1995)               

-5 

  Rhyodacite 
flows     72.6-

65.8 biotite Cox et al. 
(2006)               

  Cuitaca pluton             64 and 63.8 

Anderson 
and Silver 
(1977) and 
Del Rio-

Salas et al. 
(2013) 

59.9 - 
57.4 phlogopite Damon et 

al. (1983) 
-4.1 to -

6.6 

Central district, NM Early andesite 
breccia ?                       

? 
  Early sills             60.8 - 59.5 Mizer et 

al. (2015)         
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  Santa Rita stock             61.0, 59.5 Mizer et 
al. (2015) 60 - 61.9 hornblende 

and biotite 

McDowell 
(1971 and 
unpub.) 

-0.9 to -
0.5 

  dikes             59.0, 58.3 Mizer et 
al. (2015)         

  Hanover stock             58.5 Mizer et 
al. (2015) 

72.2 - 
51.9 biotite 

Moorbath 
et al. 

(1967), 
McDowell 

(1971), 
McLemore 

et al. 
(1995) 

+13.7, -
6.6 

  Copper Flat 
stock             57.5 Mizer et 

al. (2015) 55.6 biotite McDowell 
(1971) -1.9 

Cerro Colorado Las Guijas 
andesite 78.7 Mizer (this 

study) 68.6 hornblende Shafiqullah 
et al. (1980) -10.1             

-4 

  biotite 
granodiorite 

75.6, 
75.5 

Mizer (this 
study)                     

  New Colorado 
quartz diorite 75.3 Mizer (this 

study)                     

  
biotite-

orhthoclase 
dikes 

74.8 Mizer (this 
study)                     

  
hornblende-
granodiorite 

dikes 
            74.4 Mizer (this 

study)         



1 0 0  

  

 

Copper Creek Glory Hole 
Volcanics 63 this study 65.8-58 

biotite 
(chloritized), 

biotite 

McCandless 
(1994), 

Shafiqullah 
et al. (1980), 
Guthrie and 

Moore 
(1978), 

Creasey and 
Kistler 
(1962) 

+2.0 to -
5             

-0.3 to -
3.7 

  
monazite 
(Childs-

Aldwinkle bx 
pipe) 

            61.3 this study         

  Copper Creek 
granodiorite             62.3-59.3 this study 61.0, 61.5 sericite, 

biotite 

Anderson 
et al. 

(2009) 

-1.3 to 
+2.2 

Dos Cabezas Mts. andesite on 
Bisbee Group 76.4 this study                       

Granite Peak 
East 

granodiorite 
lobe 

75 this study 74   Creasy 
(1967) -1               

La Caridad premineral 
andesite 64.2 Valencia 

(2005)                     

-9.9 

  premineral 
diorite 58.3 Valencia 

(2005)                     

  premineral BH-
granodiorite 55.5 Valencia 

(2005) 55-49 biotite 

Livingston 
(1973, 

1974) and 
Damon et al. 

(1983) 

-0.5 to -
5.5             

  QMP-1             54.3 Valencia 
(2005)         

  QMP-2             54.3 Valencia 
(2005)         
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  post-mineral 
porphyry             52.6 Valencia 

(2005)         

Mineral Park       71.5 biotite 
Mauger and 

Damon 
(1965) 

                

Oro Blanco 
Blue Ribbon 

andesite (U-Pb 
apatite) 

84.6 Mizer (this 
study)                     

-7.7 

  granodiorite 
dikes             76.9 Mizer (this 

study) 72 amphibole Drewes 
(1998) -4.2 

  Sidewinder 
QMZ             28.5 Mizer (this 

study) 26.4   Riggs 
(1985) -1.9   

Patagonia Mts. 

Washington 
Camp qmz (Cu-

Pb-Zn repl. 
Deposits) 

74 Vikre et al. 
(2014)                     

-7.4 

  
Kv - volcanics 
in Lower Alum 

Gulch 
71.1 Vikre et al. 

(2014) 72 whole rock 

Vikre et al. 
(2014, 

Koutz, pers. 
comm.) 

0.9             

        72.1 biotite Simons 
(1974) 1             

        71.5 whole rock 

Vikre et al. 
(2014, 

Koutz, pers. 
comm.) 

0.4             

  rhyolite of Red 
Mtn. 69.5 Vikre et al. 

(2014)                     

  Italian Cyn. 
Qmz             63.7 Vikre et al. 

(2014) 60.78 biotite Vikre et al. 
(2014)   

  Red Hill qmz             60.7 - 59.2 Vikre et al. 
(2014) 

59.6 - 
60.0 biotite Vikre et al. 

(2014)   
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  Sunnyside qmz             60.0 57.1 Vikre et al. 
(2014)           

Resolution Kvs - early 
volcanic rocks 74.1 Hehnke et 

al.(2012)                     

-10 

  lapili tuff 67.6 - 
66.4 

Hehnke et 
al.(2012)                     

  KTrdp stock             69.3 Hehnke et 
al. (2012)         

  
premineral 

dike, Magma 
vein 

            69.1 Seedorff et 
al. (2005)         

  KTqlp dike             67.9 Hehnke et 
al. (2012)         

  KTrdp stock             67 Hehnke et 
al. (2012)         

  KTqlp dikes (2)             66.2 Seedorff et 
al. (2005)         

  KTrdp dike             65 Seedorff et 
al. (2005)         

  KTrdp 
(mineralized)             64.1 Seedorff et 

al. (2005)         

  KTrdp dike, 
Superior East             63.8 Seedorff et 

al. (2005) 63.5-62.0 biotite Hehnke et 
al. (2012) 

-0.3 to -
1.8 

Rice Peak 
(American Flag) 

Rice Peak 
porphyry 76.7 this study                       

  Rice Peak 
porphyry 73 Fornash et 

al. (2013)                       

Rosemont 
Mt. Fagan 

(rhyolite above 
andesite) 

72.3 Spencer et 
al. (2015)                     

-13.9 

  Rosemont stock             58.6 this study 56.3 - 
55.7 biotite Drewes 

(1972b) 
-2.3 to -

2.9 
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  Broad Top 
butte stock             58.4 this study         

Roskruge Mountains 
Tuff of 

Confidence 
Peak 

73.3 Spencer et 
al. (2015)                       

San Manuel andesite 70.5 This study                     
-1.5 

  porphyry stocks             68 Unruh 
(1997)         

Santa Rita Mts. 
(Glove Mine and 
Montosa Cyn.) 

Salero 
Volcanics     75, 72, 

74 biotite 

Drewes 
(1968 and 

1972), 
Inman 
(1982) 

                

  granite dikes 75.5 this study 67 biotite Drewes 
(1971b) -8.5               

  
Elephant Head 

quartz 
monzonite 

    68 biotite Drewes 
(1973)                 

                              

Sierrita, 
Mission/Twin Buttes dacite tuff 76.6 Stavast 

(2006)                     

-12.3   
Demetrie 
volcanics 

(rhyolite below 
andesite) 

75.9 Spencer et 
al. (2015)                     

  
diorite 

porphyry/biotite 
quartz diorite 

71.5 LaSure 
(2011) 68.5 biotite 

Shafiqullah 
and 

Langlois 
(1978) 

-3             
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  Ruby Star 
granodiorite             64.3 Hermann 

(2001) 51.4 biotite 

Shafiqullah 
and 

Langlois 
(1978) 

-12.9 

  QMP             63.4 Hermann 
(2001) 58 K-fsp 

Shafiqullah 
and 

Langlois 
(1978) 

-5.4 

  Sierrita granite             60.5 Hermann 
(2001)         

  quartz latite             60.7 Hermann 
(2001)         

  Northern Ruby 
star             58.9 Stavast 

(2006) 41.9 biotite 

Shafiqullah 
and 

Langlois 
(1978) 

-17 

  Mission 
porphyry             59.4 Stavast 

(2006) 
56.7 - 
48.6   

Shafiqullah 
and 

Langlois 
(1978) 

-2.7 to -
10.8 

Silver Bell El Tiro granite 74.9 Mizer (in 
prep) 

72.7, 
66.1, 
58.8, 

and 56.6 
  Sawyer 

(1996) -18.3             

-10   dacite porphyry 74.7 Mizer (in 
prep.) 

72.7 and 
68.6   Sawyer 

(1996) -6.1             

  mineralizing 
QMP suite   Mizer (in 

prep.)         65.5-64.1 Mizer (in 
prep.) 

68.6, 67.1, 
64.9, 64.8, 
and 63.8 

  Sawyer 
(1996) +3.1, -0.3 

Southern Winchester 
Mts. 

andesite on 
Bisbee Group 72.7 this study                     

-15.7 

Texas Canyon 
aplite dike, 

Texas Canyon 
pluton 

            57 Hardin 
(2016)         
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Tombstone Bronco andesite 76.1 this study                     

  

  dacite porphyry 75 this study                     

  Uncle Sam 76.5 this study 71.9, 
73.5   

Newell 
(1975), 

Marvin et al. 
(1973) 

-4.6             

  Schieffelin 
granodiorite 73.3 this study 76, 72   

Creasey and 
Kistler 
(1962), 

Marvin et al. 
(1973) 

              

Romero Wash dike 
dikes cutting 

Romero Wash 
fault 

65.9 

Favorito 
and 

Seedorff 
(2017) 
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ABSTRACT 

The Silver Bell district in southern Arizona hosts multiple early Laramide 

intrusions and a complex series of pre-mineral volcanic rocks, a middle Laramide suite of 

mineralizing quartz monzonite intrusions, and post-mineral Cenozoic dikes and volcanic 

cover. Eighteen new U-Pb ages and one new Re-Os age constrain the timing of magmatic 

and structural events in the district. Early volcanism included flows of andesitic lava, 

rhyolite tuffs, and dacite porphyry at 74.9 ± 0.9 and 74.7 ± 0.8 Ma and Mount Lord 

ignimbrite at 73.9 ± 0.6 Ma. Pre-mineral intrusions include the El Tiro granite at 74.9 ± 

1.3 Ma, granodiorite at 74.2 ± 0.7 Ma, quartz diorite porphyry dikes at 72.2 ± 0.7 Ma, the 

Tohono stock at 72.1 ± 0.9 Ma, and a granite stock in the West Silver Bell Mountains at 

71.8 ± 1.0 Ma.  

Several hornblende-biotite quartz monzonite stocks, which are associated with 

porphyry copper, with Pb-Zn-Cu skarn, and with Pb-Zn-Cu skarn, and with localized, 

small-volume replacement, vein, and lode deposits were emplaced between 65.5 ± 0.7 

Ma and 64.2 ± 0.5 Ma. One Re-Os age on molybdenite from the El Tiro pit of 64.1 ± 0.5 

Ma is within error of the mineralizing suite. A barren quartz monzonite porphyry (64.1 ± 

0.6 Ma) represents the last of this period of magmatism. Cenozoic volcanic rocks, fed by 

associated dikes cover much of the district, and one dated unit was emplaced at 25.5 ± 

0.3 Ma.  

Isoclinal folding, tilting of older sedimentary units, and preservation of mid-

Cenozoic volcanic rocks suggest a complex structural history for the district. Structural 

relationships consistent with findings of concurrent regional investigations suggest early 

Laramide contraction prior to 75 Ma. Moderate-angle reverse faults provided a setting for 
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the emplacement of mineralizing stocks in the district as current levels of exposure along 

the Silver Bell Fault. Further evidence for district-scale reverse faulting is present in the 

nearby Waterman and West Silver Bell Mountains. Post-mineral (mid-Cenozoic) faulting 

associated with regional extension has tilted rocks of all ages in the study area 

approximately 40°ENE. This amount of tilting is consistent with regional trends, though 

locally the magnitude can be much greater, exemplifying the need from an exploration 

perspective for understanding the causes of tilting and the possible impacts of Cenozoic 

extension.  
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INTRODUCTION 

Most porphyry copper deposits in southwestern North America are related to 

intrusive centers of Laramide age (70-55 Ma) that belong to a more extended period of 

Late Cretaceous through Paleogene magmatism (Livingston et al., 1968; Titley, 1982; 

Lang and Titley, 1998; Leveille and Stegen, 2012). In southeastern Arizona, it has long 

been recognized that there was a secular variation in magmatism and recognized 

mineralization, ranging from early, broadly intermediate composition volcanism in the 

Late Cretaceous (80-72 Ma), transitioning into more felsic, intrusion-dominated 

magmatism (71-55 Ma) (Mizer and Barton, in prep.). Essentially all of the major 

porphyry copper centers are associated with this latter phase. Certain Laramide magmatic 

centers have evidence for caldera-forming volcanism postulated to have influenced 

metallogenic fertility (Lipman and Sawyer, 1985).  

When the earliest radiometric dates were being obtained, Livingston et al. (1968) 

emphasized that the ages of porphyry copper deposits and their timing with respect to 

regional Laramide magmatism might be significant for exploration. Recent regional U-Pb 

ages constrain early Laramide magmatic activity and its relationship to subsequent 

porphyry copper mineralization (Barton et al., 2005; Seedorff et al., 2005; Vikre et al., 

2014).  This approach has been reinforced by detailed investigations of U-Pb in zircon 

ages of plutons in individual mining districts and settings with similar magmatic 

characteristics in the region (Amato et al., 2017 and Mizer and Barton, in prep.).  

The broad outlines of Laramide deformation in southwestern North America 

likewise have been established for many decades (e.g., Davis, 1979; Krantz, 1989). 

Nonetheless, questions remain about the structural style of deformation (basement-cored 
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uplifts bounded by moderate-angle reverse faults or thin-skinned thrusts) and the timing 

of Laramide deformation relative to formation of porphyry copper ores at various locales; 

indeed, the complexity of subsequent Cenozoic extensional faulting has led to some of 

the uncertainty surrounding the nature of Laramide shortening (Favorito and Seedorff, 

2017).  

The Silver Bell district is located in northern Pima County, southern Arizona (Fig. 1, 

loc. map). The district contains several distinct mineralizing centers emplaced into 

sedimentary, volcanic, and intrusive rocks along a northwest-southeast trend (Graybeal, 

1982). This investigation of the Silver Bell district seeks to address questions about the 

geochronology of Laramide magmatism, the temporal and genetic relationship of 

Laramide intrusions to Laramide deformation and to porphyry copper mineralization, and 

the relative importance of Laramide contraction and Cenozoic extension in producing the 

current exposures in the district. 

Production (1885-2015) at Silver Bell includes 1.03 Mt (2.26 billion pounds) Cu, 1.6 

Mt (3.66 million pounds) Pb, 18.46 Mt (40.7 million pounds) Zn, 2.9 Mt (6.5 million 

pounds Mo), 2,200 ounces Au, and 5.9 million ounces Ag (Graybeal, 1982; Briggs, 

2017).  Current production is based on run-of-mine, heap leach processing of supergene 

chalcocite ore, for which GrupoMéxico (2016) reports a reserve of 166.6 million tonnes 

of ore at 0.28 wt. % Cu. 

PREVIOUS WORK 

Geologists, who principally were affiliated with ASARCO and the University of 

Arizona, have produced about a dozen papers, 14 theses, and numerous unpublished 

internal reports over the last 60 years regarding the Silver Bell district. Early work by 



111 

  

 

Harold Courtright and others demonstrated that early andesitic volcanism was succeeded 

by rhyolitic to dacitic lava and tuffs with broadly contemporaneous granitic intrusions, all 

of which were intruded by granite and quartz monzonite porphyry rocks that are 

intimately associated with mineralization (Courtright, 1958; Richard and Courtright, 

1959; Watson, 1964; Richard and Courtright, 1966; Dockter, 1977).  

Much of the volcanic sequence in the district was assigned by early workers to the 

Silver Bell Formation. Richard and Courtright (1959) point out that andesitic volcanic 

rocks of the Silver Bell Formation occur at several locations in the region and that they 

share textural and compositional similarities. These volcanic rocks were deposited on 

erosional surfaces of underlying Cretaceous sedimentary rocks and, therefore, the 

volcanic rocks must be Tertiary (Cenozoic) in age. Based on this reasoning, certain 

volcanic rocks in southeastern Arizona and New Mexico were correlated, presenting 

‘Silver Bell type’ andesite as the model for mafic (purple) andesitic rocks across the 

region. Subsequent geologists (e.g., Drewes, 1981) advanced the terms Silver Bell 

Formation and Silver Bell Andesite at several locations in the region. 

Several of these localities were addressed in a concurrent investigation into these 

particular rocks in southern Arizona by Mizer and Barton (in prep.), constraining the 

timing of emplacement and deposition, and suggesting that each unit deposited at various 

locations during the Laramide is distinctive. Published and unpublished early 

geochronology on rocks of the Silver Bell district consists mostly of potassium-argon (K-

Ar) ages (summarized in Long, 1995; Sawyer, 1996) and provides a foundation for the 

age of some events in the district and the region. The Mount Lord ignimbrite and other 

units in the volcanic sequence have been correlated and described in detail by Sawyer 
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(1996) and presented as distinct units within the Mount Lord Volcanics. The name of 

Silver Bell Volcanic sequence is usedfor all of the early Laramide volcanic rocks in the 

district as part of a revised sequence of magmatic events in the district.  

The U-Pb in zircon approach is employed to constrain the ages and timing of early 

volcanic events and pre-mineral intrusions, the age and duration of porphyry copper 

mineralization, and the age of certain Cenozoic events. Samples of key igneous units in 

the Silver Bell district were dated, with a focus on those events related to the span of 

porphyry and skarn copper mineralization (Fig. 2, simplified geo map).  

Reconnaissance mapping was conducted across the district, and new efforts were 

made to use stratigraphic relationships to establish the relative ages of the highly variable 

volcanic sequences. Mapping and observations revealed relationships consistent with 

units described by Watson (1964) and Sawyer (1996); no significant improvements were 

made on previous findings. Stratigraphic relationships (Fig. 3, strat column) are the result 

of extensive efforts by the authors and previous workers to constrain and to classify local 

variations in the volcanic rocks in the district through lithology, previous K-Ar ages, and 

new U-Pb data. This study utilizes geochemical and point count data from samples and 

the literature and adheres to current IUGS QAPF classification for plutonic rocks. Rock 

types are also keyed to the rock names and map symbols of previous authors, which are 

in brackets throughout the text, because many of these terms (i.e. alaskite) are still use at 

the mine.  

GEOLOGY OF THE SILVER BELL DISTRICT 

The Silver Bell district exposes Precambrian metamorphic, sedimentary, and 

intrusive rocks that are overlain by a thin section of Paleozoic sedimentary rocks and a 
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more complex suite of Mesozoic sedimentary and volcanic rocks (Fig. 2). The oldest 

rocks in the district are those first described in detail by Watson (1964) as the 

Paleoproterozoic Pinal Schist (e.g., Conway and Silver, 1989; Meijer, 2014). The Pinal 

Schist occurs in limited exposures in the eastern portions of the district, as clasts in Late 

Cretaceous volcanic and sedimentary formations, and has been identified in drill holes as 

large inclusions in dacite porphyry in the Twin Tanks area, northwest of the Imperial pit. 

Course-grained granitic rocks of the Yavapai-Mazatzal orogeny (Continental 

Granodiorite and Madera Diorite) and anorogenic Ruin and Oracle Granites (Ransome, 

1903; Peterson, 1938; Drewes, 1976; Anderson, 1989) common in the region intrude the 

schist and are overlain by Proterozoic siliciclastic sedimentary rocks of the Apache 

Group, which have been subsequently intruded by sills and dikes of Proterozoic diabase 

(Shride, 1967; Wrucke, 1989; Bright et al., 2014), notably in the Ragged Top area 

(Watson, 1964).  

Sedimentary rocks in the district include Paleozoic, Triassic-Jurassic, and mid- to 

Late Cretaceous (pre-Laramide) units. The older sedimentary section is composed of 

about 2,000 m of Paleozoic quartzite, limestone, shale, and dolomite, and Triassic-

Jurassic red beds (exposed southeast of the mine). Younger sedimentary rocks of Early 

Cretaceous sandstone (Amole Arkose) and Late Cretaceous volcaniclastic and 

sedimentary rocks are prominent southwest and west of the mine. Cretaceous 

sedimentary rocks have been mapped and correlated by Sawyer (1996) in the West Silver 

Bell Mountains and more recently by Richard et al. (2000) in the Waterman Mountains to 

the south. 

Early Laramide Silver Bell Volcanic sequence: 
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Dockter (1977) designated the entire sequence of volcanic rocks in the Silver Bell 

and West Silver Bell Mountains as the Mount Lord Volcanic Group. The Mount Lord 

and Silver Bell Volcanic units of Richard and Courtright (1959) have become 

synonymous with one another in the district and are herein referred to as the Silver Bell 

Volcanic sequence. This sequence of volcanic, volcaniclastic, and sedimentary rocks is 

distinct to the Silver Bell district, yet it closely resembles volcanic rocks of similar ages 

in the Tucson area. Drewes (1981) attempted to correlate the volcanic rocks of the ‘Silver 

Bell Volcanics’ across the Tucson basin from the Silver Bell Mountains in the north to 

the Santa Rita and Sierrita Mountains to the south, dubbing this group of compositionally 

similar rocks the Silver Bell – Cat Mountain – Salero suite. This correlation was 

presented by Drewes (1981) as a compiled series of stratigraphic columns similar to those 

presented by Richard and Courtright (1959), and was a sound approach to constraining 

the age, distribution, and timing of Late Cretaceous sedimentation and early Laramide 

magmatism in the Tucson area. 

The Silver Bell Volcanic sequence is complex and can be divided into two 

geographically distinct units; one in the West Silver Bell Mountains and the other in the 

Silver Bell Mountains (Fig. 2), with overlap of similar-looking units, the Mount Lord 

(Cat Mountain) vitric tuff (series of ignimbrites and possibly hypabyssal rocks) in the 

northern portions of the Silver Bell Mountains. The Silver Bell Volcanic sequence 

includes all older volcanic rocks as described in the West Silver Bell Mountains, dacite 

porphyry in the mine area, sedimentary and volcanic rocks of the Claflin Ranch/Silver 

Bell andesite group, the interfingered Mount Lord tuff in the Silver Bell and West Silver 

Bell Mountains, and other sedimentary and volcanic rocks of proposed Laramide age in 
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the easternmost portions of the district determined to be pre-Cenozoic in age.  

Nearly 3,000 meters of early Laramide volcanic and volcaniclastic and sedimentary 

rocks overlie Paleozoic and Early- to mid-Cretaceous sedimentary rocks (Kv, Fig. 2) in 

the West Silver Bell Mountains (Sawyer, 1996). The basal epiclastic member is ~200 m 

thick, containing purple, pebble- to cobble-conglomerate composed almost entirely of 

clasts of hornblende-pyroxene andesite. This unit was originally described as Mesozoic 

sedimentary/volcaniclastic rocks (Msv) by Sawyer (1996). Lower units in early group are 

pervasively propylitically altered (epidote-calcite-specular hematite) with epidote veins in 

the lowest members. Andesite from the lowest unit of Mesozoic rocks (SVG16-21) was 

sampled for U-Pb dating near the first interval of apparently cohesive lava above the 

underlying clastic-rich rocks. 

Above this basal sequence is a thick (~ 3,000 m) series of repeating lava flows 

ranging in composition from basaltic andesite to rhyolite, as well as rhyolite tuffs (Kdp 

and Kv) (Fig. 2, simplified geologic map). Generally speaking, lower units in the Silver 

Bell volcanic series are lava flows of hornblende-plagioclase andesite overlain by welded 

and non-welded ash-flow tuffs, ash fall tuffs, and lava flows of porphyritic rhyolite and 

dacite. In the West Silver Bell Mountains, early volcanic rocks are hornblende-

plagioclase andesite, epiclastic and, to a lesser degree, pyroclastic in nature, displaying 

thin bedding, local cross-bedding, and textures similar to sediments observed in fluvial 

systems. Lava flows of ‘purple andesite’ are common throughout southern Arizona; 

however, each unit is distinct in age and. Although there are similarities in composition, 

no unit should be referred to as 'Silver Bell andesite' except for those purple rocks in the 

West Silver Bell and Silver Bell Mountains around the Silver Bell mine. 
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In the Silver Bell Mountains, Paleozoic rocks are overlain by lava flows of 

porphyritic dacite and subsequent volcanic, volcaniclastic, and sedimentary rocks (Fig. 

2). Watson (1964) described this complex set of andesite flows, flow breccias, lahars, 

intrusive ignimbrites, and stratigraphic relations in the Silver Bell Mountains. Structural 

relations in the eastern Silver Bell Mountains may compound the complexity of this 

stratigraphic sequence. Upper units in the Silver Bell Mountains locally interfinger with 

one another and include the sedimentary Claflin Ranch Formation, overlying andesite, 

and vitric tuff of the Mount Lord ignimbrite, as described by Watson (1964) and Sawyer 

(1996). The timing of deposition of the sedimentary rocks of the Claflin Ranch Formation 

is constrained by the presence of clasts of dacite porphyry in the conglomerate, placing 

the Claflin Ranch Formation stratigraphically higher in the district, but locally below the 

Mount Lord unit. 

Dacite porphyry: A large body of distinct, silicic volcanic rock within the Silver Bell 

Volcanic sequence overlies much of the district east of the mine and comprises some of 

the topographically highest points in the Silver Bell Mountains. This quartz-eye, 

porphyritic rock has historically been known as dacite porphyry is better termed 

porphyritic dacite because of the groundmass is fine-grained but not aplitic. The unit is 

easily distinguished from other units in the district by the presence of abundant, glassy 

quartz phenocrysts and fine-grained feldspars. Two samples of dacite were collected at 

separate locations for U-Pb analyses at the Arizona LaserChron Center (Table 1). The 

dacite readily fractures irregularly; in the vicinity of the mine, these fractures commonly 

contain iron oxide after sulfide mineralization.  

Watson (1964) describes the unit in the vicinity of the mine as a thick (~1,000 m) 
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hypabyssal sill that intruded along the Silver Bell Fault zone of Richard and Courtright 

(1966) or El Tiro Fault of Graybeal (1982) into Paleozoic rocks. Watson presents strong 

evidence at several locations for the intrusive nature of the dacite porphyry with respect 

to the (older) Claflin Ranch Formation, including dikes and wedges of dacite intruding 

the Claflin Ranch Formation. Sawyer (1996) refers to the dacite as the tuff of Confidence 

Peak, presenting descriptions in support of an extrusive component of the dacite, 

including pumice and vitroclastic textures. 

Observations of the dacite east of the mine show the upper portions to be lithic-rich 

and conformably overlain by the lower Claflin Ranch conglomerate, though local 

complexities occur. The unit was not identified in the West Silver Bell Mountains by 

Sawyer (1996), further evidence for emplacement along the pre-Laramide Silver Bell 

Fault of Richard and Courtright (1966), with eastward-trending occurrences both 

intrusive and eruptive in nature. Mine geologists have observed intrusive breccia textures 

in drill core in both the dacite and the El Tiro granite along the contact between these two 

units, consistent with an intrusive nature for portions of the dacite. 

Claflin Ranch and Silver Bell Formations, sedimentary rocks, and coeval andesite: 

The Claflin Ranch Formation was first described by Richard and Courtright (1959) and is 

commonly applied to all local volcanic units higher in the section, according to Watson 

(1968). The Claflin Ranch Formation is described by Watson (1968) as a complex 

sequence composed of conglomerates, mudflows, landslide blocks, eolian tuffs, water-

lain tuffs, and pyroclastic layers, typical of andesitic volcano settings. The Claflin Ranch 

Formation attains a thickness of 550 m southwest of Ragged Top in the Silver Bell 

Mountains, containing thin-bedded sands and chaotic landslide-block accumulations 
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(Watson, 1968). The Claflin Ranch Formation is intercalated with underlying dacite 

porphyry in places and overlying Silver Bell Formation (andesite) in the Silver Bell 

Mountains and is interbedded with pyroclastic rocks and overlies earlier Cretaceous 

sedimentary rocks with angular unconformity in the West Silver Bell Mountains 

(Watson, 1968).  

A unit of conglomerate, volcanic breccias, and coherent lava flows of andesite 

overlies the Claflin Ranch Formation. This unit, which is referred to as the Silver Bell 

Formation by Richard and Courtright (1959) and the Silver Bell Complex by Watson 

(1964) contains clasts of andesite and schist, but not Paleozoic rocks. The Claflin Ranch 

and overlying Silver Bell Formations represent periods of erosion and syn-deposition of 

local volcanic (andesitic) units and predate the deposition of the Mount Lord ignimbrite 

and the emplacement of mineralized quartz monzonite porphyry stocks in the district, as 

indicated by the bedded nature and clast content of these units.  

Multiple occurrences of sedimentary rocks and andesites in the region with similar 

lithologies have also come to be known as Silver Bell Andesite and represent mafic facies 

of andesite flows in both the lowest and uppermost portions of the Laramide volcanic 

sequence in the district. Drewes (1971) reports similar lithologies in a thick section of the 

Salero Formation in the Santa Rita Mountains, and another, the Williamson Canyon 

Volcanics, occurs in the Banner district (Willden, 1964; Koski and Cook, 1982). Mizer 

and Barton (in prep.) present a detailed study of these regionally similar volcanic rocks, 

comparing and contrasting through numerous U-Pb ages and geochemical data, with an 

emphasis on their ages with respect to older/contemporaneous sedimentation and local 

and regional porphyry copper mineralization.  
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Mount Lord ignimbrite: The Mount Lord Volcanics were originally described by 

Dockter (1977) as containing at least five cooling units of welded ash flow tuff with 

interbedded non-welded tuff, water-laid tuff, rhyolitic lavas, and coarse, clastic beds 

including buff arkosic sandstone, breccia, and conglomerate. These descriptions provide 

an early presentation of the entire volcanic complex in the district, including volcanic 

rocks in the West Silver Bell and Silver Bell Mountains and are considered herein 

superseded by the more detailed works of Sawyer (1996). Sawyer, based on Dockter’s 

(1977) grouping of volcanic rocks, further refined all of the individual units of the Mount 

Lord Volcanics, distinguishing one ignimbrite as the only unit to retain the designation of 

Mount Lord. 

This thick, distinct outflow tuff and lithic vitrophere comprises the highest reaches of 

Silver Bell Peak, formerly known to local residents as Mount Lord (Watson, 1964). 

Watson designated this ignimbrite unit as the Mount Lord ignimbrite (tuff) and the term 

Mount Lord is herein used in reference to the ignimbrite and pyroclastic flows of vitric 

tuff and lithic vitrophere observed on the northern end of the West Silver Bell Mountains 

and on the eastern slopes of the Silver Bell Mountains (Fig. 2), consistent with 

descriptions by Sawyer (1996). Watson (1964) states that the ignimbrite interfingers, in 

places, with brecciated lava flows of andesite, and he presents strong evidence for local 

eruptions from a series of fissures with a general northwest-southeast arrangement, with 

one probable point of emission being Silver Bell Peak. The ignimbrite is, in places, 

similar in texture and composition to the Cat Mountain Rhyolite in the Tucson 

Mountains, approximately 50 km to the southeast. Richard and Courtright (1959) were 

among the first geologists to equate the large outflow tuff at Silver Bell with the Cat 
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Mountain Rhyolite and also noted similar K-Ar ages of the two units.  

Lipman and Fridrich (1990) present additional evidence for the Mount Lord 

ignimbrite being an outflow facies of the Cat Mountain Tuff from the Tucson Mountains. 

A K-Ar age of 59.7 Ma for altered K-feldspar from one of the welded tuffs in the Mount 

Lord Volcanics is considered by Mauger et al. (1965, p. 84-85) to represent its minimum 

age. Spencer et al. (2015) report a U-Pb age of 74.7 ± 0.9 Ma on zircons from the Cat 

Mountain Tuff in the Tucson Mountains. Correlation of the Mount Lord ignimbrite with 

the Roskruge Volcanics to the south has also been suggested by Hayes (1970). In an 

attempt to resolve the timing (and naming) of the Mount Lord ignimbrite at Silver Bell, 

one sample (SVB16-29) was collected from the uppermost exposures of Mount Lord east 

of the mine. The Mount Lord ignimbrite may represent the latest episode of volcanic 

activity in the district prior to mineralization and emplacement of the QMP suite of 

stocks. 

Early Laramide intrusive rocks:  

Early volcanic rocks were intruded by several pre-mineral felsic stocks, including the 

El Tiro granite [alaskite] and at least two smaller granitic stocks west and southwest of 

the mine, a series of quartz diorite [syenodiorite] dikes near the Oxide Pit, and a 

granodiorite unit in two locations north and east of the mine in the Silver Bell Mountains. 
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El Tiro granite [alaskite]: The alaskite, originally described by Blanchard (1923), is 

a fine- to coarse-grained, bleached (mafic-poor), quartz-feldspar rock with locally 

abundant sericite and kaolinite. The rock generally contains 45 vol% orthoclase, 5 vol% 

perthite, 5 vol% albite, and 40 vol% quartz with scarce biotite (Kingsbury et al., 1941; 

Kerr, 1951; Watson, 1964). Biotite is intensely chloritized in places, particularly in areas 

adjacent to the younger mineralizing QMP suite. Regionally, rocks matching this 

description have commonly been referred to as alaskite, a term which should be more 

appropriately be based on fresh, rather than altered versions of the rock. 

Sawyer (1996) refers to the alaskite as the El Tiro granite, the proposed name for this 

unit herein. New data from drill holes clearly shows the El Tiro granite as consisting of 

multiple phases with considerable textural variation, ranging from typical coarse-grained 

granite to aplite and granite porphyry with evident rapakivi textures. One sample of 

alaskite from an outcrop west of the main haul road was submitted by ASARCO 

geologists for U-Pb dating (5BAK, Table 1, U-Pb results). 

Granodiorite of the Silver Bell Mountains: East and north of the mine area are two 

large (each 3-5 km2) exposures of granodiorite (Fig. 2) originally described by Watson 

(1964). The granodiorite plugs and associated dikes are nearly identical in appearance 

and composition. Watson’s descriptions classify the rock type as tonalite or quartz 

diorite. The rock is dark and porphyritic with feldspars comprising less than 50 vol% of 

the rock and the groundmass containing subequal amounts of feldspar and quartz 

(Watson, 1964). Descriptions of several hand samples obtained in this study more 

accurately classify this rock as a granodiorite. Quartz phenocrysts up to 3 mm in size 

comprise less than 10 vol% of the phenocrysts. White feldspars (plagioclase) are lath-
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shaped, generally 2 mm in size, and can be as large as 5 mm. The total phenocryst 

conetent is up to 40-50 vol%. Pink feldspars less than 2 mm comprise less than 20 vol% 

of the phenocrysts. Mafic minerals include biotite and lesser hornblende, making up 

about 10 vol% of the rock. Epidote commonly replaces feldspars and chlorite replaces 

biotite and hornblende. Watson (1964) reports weak copper and lead mineralization 

associated with the granodiorite, though no observations in the field were able to 

corroborate this claim. 

 One sample of granodiorite was submitted for U-Pb dating at the Arizona 

LaserChron Center (Table 1, U-Pb results). Documented and observed relations of the 

granodiorite with the dacite porphyry, the Claflin Ranch/Silver Bell complex, and the 

Mount Lord ignimbrite are consistent with U-Pb ages obtained in this study. These 

relationships constrain the age of the granodiorite to younger than the Silver Bell 

(andesite) complex and older than the Mount Lord ignimbrite. The granodiorite stocks 

are intruded by dikes of the mineralizing QMP suite, constraining the age of the 

granodiorite and of the Mount Lord ignimbrite as pre-mineral. 

Granite of the West Silver Bell Mountains [Mzg of Sawyer, 1996]: A small stock of 

granite in the West Silver Bell Mountains intrudes into Paleozoic carbonate rocks (Fig. 

2). The granite is medium-grained, equigranular, and pink in color. Quartz is generally 1-

2 mm, with 1 mm common, comprising up to 25 vol% of the rock. Orthoclase is typically 

1-4 mm, with 2-3 mm common and comprises 20-25 vol% of the rock. Plagioclase makes 

up about 25-30 vol% of the rock and typically is 1-2 mm in size. Mafic minerals include 

hornblende with much less biotite. Hornblende makes up about 15 vol% of the rock and 

is typically 1-3 mm in size, acicular and felty, and appears to be partially replaced by 
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biotite. Biotite is less than 5 vol% total, and may include secondary (hydrothermal) 

grains. Magnetite is noticeable in hand sample, is up to 1 mm in size, and comprises less 

than 2 vol% of the rock. Samples of the West Silver Bell granite were collected for U-Pb 

in zircon dating and whole rock analysis (Table 1, U-Pb results) 

Tohono stock [Mzg of Sawyer, 1996]: A small (300m x 300m) felsic stock with 

limited exposures occurs adjacent to the border between federal land managed by the 

Bureau of Land Management and tribal land of the Tohono O’Odham Nation west of the 

mine (Fig. 2). The Tohono stock is fine-grained, equigranular with subequal components 

of orthoclase and plagioclase up to 2 mm in size. Quartz is < 1mm in size and makes up 

less than 25 vol% of the rock. Orthoclase is abundant, up to 50 vol% of the rock, 

typically up to 1 mm in size and plagioclase is typically 25-30 vol% and < 1 mm in size. 

Mafic minerals are rare, but biotite is present up to 1 mm in size. Quartz veinlets up to 4 

mm wide cut the stock and contain goethite and oxidized sulfide mineralization. One 

sample of quartz diorite dikes was collected and submitted for U-Pb in zircon dating 

(Table 1, U-Pb results). 

Quartz diorite [syenodiorite] dikes: Dark, mafic dikes and plugs are prominent in the 

southeast portion of the district, particularly in the vicinity of the West Oxide and Oxide 

pits. Graybeal (1982) describes these dikes as cutting the dacite porphyry volcanic rock. 

The dikes are porphyritic, with phenocrysts comprising less than 35 vol% of the rock; 2 

vol% quartz, 15 vol% orthoclase, 70 vol% andesine, and 12% biotite and hornblende 

(Graybeal, 1982). The quartz-diorite dikes are oriented east-west in the Oxide Pit area 

and are cut by subsequent quartz monzonite porphyry dikes, which are chilled against the 

syenodiorite dikes (Graybeal, 1982). One sample of quartz diorite dikes was collected 
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and submitted for U-Pb in  zircon dating (Table 1, U-Pb results). 

Middle Laramide - quartz monzonite/monzodiorite porphyry - mineralizing suite:  

The surface trace of the Silver Bell Fault across the district is northwest-southeast 

(Fig. 2) and the fault was intruded by a series of hornblende-biotite quartz monzonite to 

monzodiorite porphyry (QMP) plutons that served as the locus of porphyry copper 

mineralization and alteration in the district (Richard and Courtright, 1966). The QMP 

stocks occur in six distinct locations in the district and mining operations are currently 

removing material from pits located on or adjacent to these stocks, including: Oxide, 

West Oxide, El Tiro, Daisy, Imperial, North Silver Bell, and Twin Tanks (Fig. 2).  

The porphyry stocks contain quartz phenocrysts that are generally 1-3 mm in size, 

comprising up to 20 vol% of the rock, typically 15-18 vol%, with generally subequal 

components of orthoclase and plagioclase, up to 3 mm in length. Plagioclase is more 

abundant in some samples, commonly comprising as much as 50-60 vol% of the rock. 

The QMP stocks are generally hornblende- and biotite-rich; hornblende is typically 1-3 

mm in length, acicular, and comprises about 8-15 vol% of the rock. Biotite is typically 1-

4 mm, with 1 mm being common, and makes up about 1-15 vol% of some of the stocks. 

The QMP stocks have similar compositions and textures, but vary in the degree of 

potassic alteration. Several of the QMP stocks are potassically altered, with up to 10 

vol% secondary biotite replacing primary biotite and hornblende. Generally speaking, the 

North Silver Bell stock is more biotite-rich than the other stocks and the Atlas stock is 

biotite-poor, with hornblende being the primary mafic mineral, up to 25 vol%, <1mm 

long, and acicular in habit. Biotite in the Atlas QMP is altered to actinolite, and 

hydrothermal titanite and epidote are common.  
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Numerous QMP dikes radiate from the east end of the exposed stocks and occupy 

Laramide faults (Figs. 2 and 13), as presented below, and have associate hydrothermal 

alteration and sulfide mineralization. The QMP dikes intrude all of the older rocks east of 

the mine and are subsequently intruded and cut by quartz latite and post-mineral andesite 

dikes. Samples of the QMP suite were collected from several localities in the district, 

mainly those stocks that are spatially associated with porphyry copper deposits, and 

submitted for U-Pb dating at the Arizona LaserChron Center (Table 1). Locations of 

samples are found in Figure. 2. 

Early Cenozoic and younger volcanic rocks:  

The district is overlain by mid-Cenozoic volcanic rocks approximately 700 m thick, 

which are associated with cogenetic dikes (Watson, 1964 and Richard and Courtright, 

1966). Cenozoic rocks of Eocene and younger age cut mineralization, and post-

mineralization andesite dikes represent the last intrusive activity in the area of 

mineralization. One quartz latite dike east of the mine was sampled for U-Pb dating 

(SVB17-17). Cenozoic volcanic rocks display moderate tilting (between 15° and 35°) due 

to post-Cenozoic extension and faulting. 

ANALYTICAL TECHNIQUES 

Zircon separates were obtained from 18 samples of key units and were subsequently 

analyzed by the Element2 HR ICPMS at the Arizona LaserChron center. U-Pb in zircon 

dating methods were employed to determine crystallization (emplacement) ages of units 

of interest. All samples collected for U-Pb dating belong to units that have critical 

relationships with nearby sedimentary or intrusive rocks. Many samples collected for U-

Pb dating were taken in areas of active mining and as such are intensely altered by 
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supergene and hypogene processes. Samples were chosen based on descriptions by 

previous geologists, lithic compositions (homogeneous versus lithic- or clast-rich), 

previous K-Ar ages, and constraints of relative dating as confirmed by stratigraphic and 

crosscutting field relationships.  

 Zircon crystals were extracted from samples using electrical pulse disaggregation 

followed by conventional separation with a Wilfley table, heavy liquids, and a Frantz 

magnetic separator. Following the methods described in Gehrels et al. (2008), several 

dozen handpicked zircons for each sample were then mounted in one inch epoxy rounds 

along with the Sri Lanka, R33, and FC-1 zircon standards. The sanded and polished 

mounts were then imaged using cathodoluminescence to reveal zoning and potential 

inheritance in the grains prior to analysis. 

U-Pb dating of the zircons was then conducted by laser ablation inductively coupled 

plasma mass spectrometry (LA-ICPMS) at the Arizona LaserChron Center (Gehrels et 

al., 2006, 2008; Gehrels and Pecha, 2014). The analyses involve ablation of zircon with a 

Photon Machines Analyte G2 excimer laser equipped with HelEx ablation cell using a 

spot diameter of 40 microns. The ablated material is carried in helium into the plasma 

source of an Element2 HR ICPMS, which sequences rapidly through U, Th, and Pb 

isotopes. Using the internal standard, data were reduced by in-house routines that correct 

for internal mass fractionation, 204Hg contamination, and common lead, ultimately 

calculating fractionation- and standard-corrected isotope 206/238, 206/207, and 208/232 

ratios, ages, and uncertainties for the unknowns. In addition to the individual spot results, 

ages are presented on Pb*/U (Wetherill-type) concordia diagrams and weighted mean age 

diagrams using the routines in Isoplot (Ludwig, 2008). 
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U-Pb in zircon age results: 

Eighteen new U-Pb and one new Re-Os age (provided by ASARCO) are reported in 

Table 1 (results of U-Pb) and Fig. 4 (K-Ar vs. U-Pb), with average age and concordia 

plots in Figures 5 through 11. The new U-Pb ages clearly display two episodes of 

magmatic activity in the district during Laramide time, summarized below.  

GEOCHRONOLOGY AND STRUCTURAL EVENTS  

Geochronology: 

The early set of extended magmatic events during the Laramide began with the 

emplacement of the El Tiro Granite and Dacite Porphyry units at 74.9 ± 1.3 Ma, 

contemporaneous with or subsequent to reverse faulting. A large granodiorite stock was 

emplaced in two masses in the northern and eastern Silver Bell Mountains at 74.2 ± 0.7 

Ma. Upper Mount Lord Volcanics were erupted at 73.9 ± 0.6 Ma and are locally 

intercalated with underlying sedimentary and volcanic rocks of the Claflin Ranch and 

Silver Bell Formations. Stocks and dikes were emplaced across the district, with 

crystallization of quartz diorite [syenodiorite] dikes at 72.2 ± 0.7 Ma, the Tohono stock at 

72.1 ± 0.9 Ma, and the granite stock in the West Silver Bell Mountains at 71.8 ± 1.0 Ma. 

The second episode of magmatism, associated with porphyry copper mineralization 

in the district, began at 65.5 Ma and was short-lived, less than 1.4 m.y. in duration. A 

suite of several distinct hornblende-biotite quartz monzonite/monzodiorite porphyry 

(QMP) stocks associated with porphyry copper, skarn, and vein/lode Pb-Zn (± Au, Ag) 

mineralization were emplaced in a roughly southeastward-sweeping trend: QMP stocks 

were emplaced at North Silver Bell at 65.5 ± 0.7 and 64.6 ± 0.5 Ma, the El Tiro QMP 

stock at 65.4 ± 0.8 Ma, the Atlas stock (likely a proximal representation of the North 
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Silver Bell stock) was emplaced at 64.8 ± 0.7 Ma, the Imperial stock at 64.5 ± 0.5 Ma, 

the main Oxide QMP stock at 64.5 ± 0.6 Ma, and the Daisy stock at 64.2 ± 0.5 Ma. A 

barren/weakly mineralized pluton west of the Oxide pits, known locally as the Wild Hog 

stock, was emplaced at 64.1 ± 0.6 Ma. One Re-Os age on molybdenite from the El Tiro 

QMP with an age of 64.1 ± 0.5 Ma (ASARCO, written communication), is within error 

of the U-Pb age on the same stock. Younger magmatism in the district occurred as north-

trending quartz latite dikes at 25.5 ± 0.3 Ma and younger post-mineral andesite and 

basaltic andesite lava flows and dikes that occupy pre-mineral faults and cut earlier 

mineralization.  

Inheritance:  

Many zircons contained inherited cores of Proterozoic age (1100 Ma and older). 

Inherited zircons possess ages of 1400 Ma, ~1650 Ma, and ~1700 Ma., correlative to the 

Precambrian North American Rhyolite-Granite province around 1.4 Ga and the Yavapai-

Mazatzal Orogeny at 1.6 Ga (Karlstrom and Humphreys, 1998). One sample of lithic 

vitric tuff of the uppermost Mount Lord ignimbrite contained rounded and prismatic 

zircons which were sorted and dated as separate groups in this study. The prismatic group 

of zircons produced a robust, concordant U-Pb age of 73.9 Ma (Fig. 11), indicative of the 

time of emplacement for the ignimbrite. The rounded group of zircons produced a 

concordant age of 73.9 Ma as well as several ages on zircons much older including 1100 

Ma, 1400 Ma, 1650 Ma, 1700 Ma, 1989 Ma, and 2649 Ma. 

Structural geology of the silver bell district: 

District-scale thrusting occurred just prior to or contemporaneously with the 

emplacement of the El Tiro Granite (Figs. 12 and 13, folding in Waterman Mtns. and east 
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of El Tiro). The entire Proterozoic through Cenozoic sedimentary and volcanic sequence 

in the district has been tilted as much as 40° by Cenozoic extensional faulting.  

Early Laramide reverse faults: Reverse faulting at Silver Bell was first recognized in 

the El Tiro - Atlas area by Kingsbury et al. (1941), in the West Silver Bell and Waterman 

Mountains, and in the nearby Roskruge Mountains to the south as N45°W, SW dipping 

reverse faults (Watson, 1968). Richard and Courtright (1966, Fig. 2) report a northwest-

southeast trending fault, the Silver Bell Fault, that was intruded by the El Tiro granite, the 

dacite porphyry, and the mineralizing suite of QMP stocks and dikes, essentially 

obliterating the actual fault trace. Graybeal (1982) refers to the section of the Silver Bell 

Fault in the vicinity of the El Tiro pit as the El Tiro Fault and points out that QMP dikes 

of the mineralizing suite intrude parallel to and into the fault, attesting to its pre-mineral 

age. Younger normal faults trend N60°-70°E and N85°W and post-mineralization 

andesite dikes are parallel to the major structure rather than occupying the tensional cross 

fractures (Watson, 1968). 

The northwest-southeast trending Silver Bell Fault zone is offset by a segment of 

east-west fault in the Oxide Pit area (Fig. 2), along which the Oxide pluton and the barren 

to weakly mineralized Wild Hog QMP stock was emplaced. The significance of 

additional pre-mineral faults in the district was presented by Watson (1964) and Richard 

and Courtright (1966), and summarized by Graybeal (1982). Graybeal (1982) points out 

that Paleozoic rocks and a nearly complete section of Laramide volcanic rocks occur 

northeast of the fault, whereas early Mesozoic rocks intruded by the El Tiro granite occur 

on to the southwestern side. These relationships are consistent with of uplift and erosion 

to the southwest in the hanging wall of a reverse fault and preservation of older rocks in 
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the footwall block to the northeast. As discussed further below, the Silver Bell Fault 

likely is a moderate angle reverse fault that accommodated shortening caused by early 

Laramide compressional forces. 

 Tilting of Paleozoic rocks northwest of the Oxide Pit (Figs. 2 and 13) has long 

been proposed to be the product of moderate Cenozoic extension. Dip attitudes on 

Paleozoic rocks east of the mine and north of the Oxide pit are very steep in places, as 

much as 82°, with an average dip of about 50° (Kingsbury et al., 1941), much greater 

than dips on Cenozoic volcanic rocks in the district (typically between 18-30°). Although 

some of the tilting of the Paleozoic section may be due to extensional faulting, some 

component of the dip likely accommodated reverse faulting across the Silver Bell Fault 

and associated folding in early Laramide time. It is likely that the El Tiro Granite and the 

Silver Bell Volcanic Sequence were emplaced along this reverse fault and along fissure 

vents, as has been proposed previously.  

In the West Silver Bell Mountains the entire pre-Laramide sedimentary and volcanic 

sequence dips steeply (75-80°) to the northeast and is overturned in several locations 

(Fig. 2). The early Laramide volcanic sequence dips only moderately to the northeast (35-

50°). Further evidence in support of pre-Laramide shortening is found in the West Silver 

Bell Mountains where an angular unconformity separates younger conglomerates and 

inter-bedded pyroclastic rocks from underlying earlier Cretaceous and Mesozoic 

sedimentary rocks. In addition, Sawyer (1996) reports Mesozoic sedimentary and 

volcanic rocks in the lower Mount Lord Volcanics in West Silver Bell Mountains were 

folded and deformed prior to the emplacement of dacite porphyry of the Confidence Peak 

Tuff. Lack of mapped occurrences of dacite porphyry in the West Silver Bell Mountains 
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preclude observations in support of this proposal, however, numerous occurrences of 

quartz porphyry volcanic units are present, some of which may represent distal 

components of the dacite porphyry. These unconformities / relationships are widely 

described [as summarized above] and demonstrate that significant deformation preceded 

the oldest volcanism. Ferguson (written comm., 2018) reports that he has observed tight 

folds, low-grade metamorphism, and thrusts in the Bisbee (and older rocks) indicating 

significant pre-volcanic deformation. 

Locally, bedding in Mesozoic sedimentary rocks in the West Silver Bell Mountains 

is overturned (Fig. 2). The proximity of these attitudes to a proposed reverse fault along 

the southwest margin of the West Silver Bell Mountains suggests a tight, overturned fold 

parallel to the fault along the southern margin of the West Silver Mountains, consistent 

with a 30-40° southwest-dipping reverse fault with associated fault-propagation fold. 

Timing of this deformation would correlate with early Laramide contraction, consistent 

with observations at other locations in the region by Favorito and Seedorff (2017), Mizer 

and Barton (in prep.), and Favorito and Seedorff (submitted). In the Banner district, 

reverse faulting occurred between 73.9 Ma and 65.9 Ma, based on the age of the folded 

Williamson Canyon Volcanics and a barren Laramide dike that cuts the Romero reverse 

fault at Romero Wash near Hayden (Favorito and Seedorff, 2017; Mizer and Barton, 

2018). Additional age constraints on Laramide shortening at Silver Bell are provided by 

new U-Pb ages on the dacite porphyry in this investigation. 

Richard et al. (2000) report reverse faulting in the Waterman Mountains and interpret 

that it is likely thin-skinned in nature, citing tight, isoclinal folds in Jurassic and 

Cretaceous sedimentary units, with locally overturned bedding in Paleozoic and younger 
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sedimentary rocks. Overturned Paleozoic beds locally support basement-cored uplift, 

rather than thin-skinned regional deformation of local units. Southeast of the Waterman 

Mountains, map patterns of Paleozoic, Jurassic, and Cretaceous sedimentary rocks are 

indicative of fault-propagation folding associated with reverse faulting, consistent with 

that of a local basement-cored uplift. Regional investigations by Favorito (pers. 

commun., 2018) show fault-propagation folding with accompanying basement-cored 

uplift style deformation as early Laramide in age at other localities in the region, 

including Walnut Canyon, Telegraph Canyon, Romero Wash, and Copper Creek. 

 Other large, steep faults in the district that are likely pre-mineral include two long, 

parallel, north-south striking faults east of the mine. These two normal faults, the Mount 

Mammoth and Barite Faults, are apparent in the district geologic map (Fig. 2, simplified 

geo map) and display a kilometer of offset. Watson reports Pb-Zn and barite 

mineralization along strike of much of the Barite Fault, constraining its age to pre-

mineral time. The Mount Mammoth Fault cuts the dacite porphyry, placing the dacite in 

normal fault relationship with overlying Mount Lord tuff in its hanging wall. The fault 

crosses the Paleozoic section north of the Oxide pits but does not persist to the south, and 

the fault is cut off by emplacement of the Oxide QMP stock, presenting additional timing 

constraints with respect to mineralization.  

Watson (1964) provides compelling evidence for additional small-scale, pre-mineral 

faults that were intruded by late quartz latite and andesite dikes of Cenozoic age. These 

younger dikes intruded irregularly along pre-existing structures rather than being faulted 

after emplacement. One Laramide QMP dike cuts through the zone of apparent offset 

where one Cenozoic quartz latite dike appears to be cut by an east-west fault, further 
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evidence for a pre-QMP age for this particular fault.  

The orientations of Laramide dikes east of the mine (Fig. 2) are consistent with 

emplacement during regional Laramide compression, as those presented by Rehrig and 

Heidrick (1972). These stresses resulted in the formation of tensional fractures followed 

by small-scale, local shear stresses during compression which dilated them, allowing 

younger Laramide dikes to be emplaced. Map patterns in Watson (1968) indicate several 

quartz monzonite porphyry (QMP) stocks with dikes emanating to the east. New U-Pb 

ages on the QMP suite provide a lower limit to the age and timing of these pre-mineral 

fractures and dilation. 

Post-mineral (Cenozoic) extension, faulting, and tilting: 

Post-mineral (Cenozoic) extension is common in the region and occurs in the Silver 

Bell district. Northeast tilting of Laramide and Cenozoic volcanic rocks in the district 

reflects Cenozoic extension (Fig. 2). Watson (1964) presents strong evidence in support 

of post-emplacement faulting and tilting in the district, as presented in dip attitudes on 

Paleozoic rocks consistent with those of overlying Silver Bell Volcanic sequence. 

Moderate dip attitudes (~30°) on Cenozoic volcanic rocks in the district present a setting 

for moderate to significant post- Cenozoic normal faulting and tilting during regional 

crustal extension.  

Geologic observations, data from recent drill holes and current mine models, and 

observations communicated by ASARCO geologists are consistent with conclusions of 

previous workers and reveal new insights into structural relationships in the district. 

Graybeal (1982) reports westward dips on the Atlas Fault of 45° and greater, and the age 

and timing of the Atlas Fault with respect to other faults in the district and mineralization 
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is not obvious. Preservation and tilting of Cenozoic volcanic rocks west of the mine and 

lack of Cenozoic volcanic rocks in the Silver Bell Mountains east of the mine are 

indicative of significant down-to-the-west movement of hanging wall rocks along the 

Atlas Fault. The magnitude of this displacement is difficult to constrain, but likely 

exceeds a few hundred meters, and may be as great as 3 km, the thickness of the entire 

volcanic sequence in the West Silver Bell Mountains.  

To the northeast, near Ragged Top, the Ragged Top Mountain Fault places 

Proterozoic intrusive and sedimentary rocks of the footwall block adjacent to younger, 

Laramide and Cenozoic volcanic and sedimentary units in the hanging wall. Extensive 

drilling, mining, and recent mapping by ASARCO geologists show numerous post 

mineral faults in the mine area, consistent with previous reports; local east-west and 

northeast-southwest small-scale faults in the pits and mine areas are steep and exhibit 

little offset. Alteration in the western portion of the North Silver Bell deposit is cut off by 

a northwest-trending, east-dipping normal fault system on strike with the dacite porphyry 

- Paleozoic contact east of the Imperial Pit. Drill hole data north of the North Silver Bell 

Pit presents a dismembered portion of mineralized porphyry stock at depth (~300 m 

below the modern surface), displaced to the north(east) along this fault zone with offset 

possibly as great as 300 m. New U-Pb data and insights gained from concurrent regional 

investigations into early Laramide compression and reverse faults are presented in the 

discussion section below. 

DISCUSSION 

Summary of district-wide magmatism: 

As presented above, magmatic and structural events at Silver Bell have been 
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constrained through U-Pb in zircon ages consistent with observed cross-cutting 

relationships: magmatic events in the district occurred in two distinct periods; one early 

in the Laramide and another during middle Laramide time.  

Early Laramide magmatism included early volcanic and volcaniclastic flows 

deposited on sediments of pre-Laramide time (Richard and Courtright, 1959 and Sawyer, 

1996). The earliest Laramide events were the emplacement of El Tiro Granite 

contemporaneously with the Dacite Porphyry at 74.9 ± 1.3 Ma. Subsequent intrusion of 

granodiorite at 74.2 ± 0.7 Ma shortly preceded eruption of the upper Mount Lord 

Volcanics at 73.9 ± 0.6 Ma. This unit is locally intercalated with underlying sedimentary 

and volcanic rocks of the Claflin Ranch and Silver Bell Formations. Based on the 

interfingering nature of the Mount Lord ignimbrite with the Claflin Ranch and Silver Bell 

Formations, this age is considered representative of all three units, which were likely 

deposited nearly contemporaneously in the eastern Silver Bell Mountains. Several other 

small-volume stocks and dikes were emplaced between 72.2 and 71.8 Ma. 

The mineralizing suite of QMP stocks and dikes was emplaced rapidly between 65.5 

and 64.1 Ma, followed by a weakly mineralized ‘barren’ QMP known as the Wild Hog 

stock. These units are observed cutting all older units in the vicinity of the mine workings 

in the Silver Bell Mountains. Some dikes occupy pre-existing faults, as reported by 

Watson (1964). Cenozoic magmatism included basalt and basaltic andesite lava flows 

and subsequent north-trending quartz latite dikes at 25.5 ± 0.3 Ma observed east of the 

mine workings intruding all older units. Younger post-mineral andesite and basaltic 

andesite lava flows and dikes occupying pre-mineral faults and cutting earlier 

mineralization are common in the district and in younger (Cenozoic) faults cutting QMP 
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stocks in the open pits. 

Interpretation of geochronology and comparison with previous results 

The new U-Pb in zircon ages for igneous units in the Silver Bell district, coupled 

with results from earlier geologic work, result in a partially revised sequence of magmatic 

events in the district. Speculation regarding the age of the El Tiro Granite has persisted 

for decades, with some previous researchers proposing a Proterozoic age, based on 

textural, compositional, and alteration characteristics, which can resemble those observed 

in Jurassic granites and the Proterozoic Oracle Granite or Madera Diorite in the region. 

The complete lack of inherited ages in the U-Pb in zircon data, however, supports 

exclusively new zircon growth during emplacement with an average age of 74.9 ± 1.3 Ma 

for the El Tiro Granite. The age of the Dacite Porphyry is similar to the El Tiro granite at 

74.9 and 74.7 Ma, indicating the emplacement of the two units to be nearly 

contemporaneous. Drill hole data and observations of field relationships by ASARCO 

geologists show brecciation along the contact between the two units, further supporting 

contemporaneous eruption/emplacement of the Dacite Porphyry along the margins of the 

El Tiro Granite. 

The new U-Pb ages are consistent with descriptions summarized in previous reports 

and with cross-cutting relationships, but they do present an opportunity to address the 

complexities of earlier dating methods. Some U-Pb ages in this study are compatible, 

within error, with earlier K-Ar and Ar-Ar work, though some previous data is 

inconsistent with crosscutting and stratigraphic relations. For comparison, Figure 4 (plot 

of K-Ar vs. U-Pb) displays the relationship of previous K-Ar and Ar-Ar ages in the 

district with these new findings, many of which are several m.y. younger than the U-Pb 
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ages. The results of this and other U-Pb investigations (Mizer et al., 2015) show that K-

Ar and Ar-Ar dating methods can greatly underestimate (or in some cases overestimate) 

the ages and timing of magmatic events in districts where hydrothermal alteration is 

prevalent. Findings of this investigation are consistent with a discussion presented by 

Mizer and Barton (in prep.) for a data set of U-Pb ages on regional Laramide volcanic 

and intrusive rocks previously believed to be spatially and temporally associated. 

Previous K-Ar data, when compared with new U-Pb ages, presents some of the 

problematic aspects of geochronology in districts where hydrothermal activity was 

abundant. Some previous K-Ar ages (68.6 and 67.1 Ma) by Mauger et al. (1965) on 

quartz monzonite porphyry stocks in the El Tiro pit are older than the new U-Pb ages 

(65.4 Ma) on the same rock, and one K-Ar age on the El Tiro Granite of 66.1 Ma is over 

8 m.y. younger than a U-Pb in zircon age (74.9 Ma) on the granite. 

Similar problems arise when attempting to correlate the Mount Lord/Cat Mountain 

Tuff across the region. Even though lithologic similarity exists between localities, the 

error provided in previous dating methods does not allow for an accurate correlation 

based on age. An age of 59.7 ± 1.8 Ma on alkali feldspar in the Cat Mountain Tuff by K-

Ar is a minimum; based on stratigraphic constraints and best K-Ar and U-Pb zircon ages 

on the tuff, bracketed between 72.7 and 68.6 Ma (Sawyer, 1996). This age is consistent 

with K-Ar alkali feldspar ages between 72 and 68 Ma in the Tucson Mountains, as well 

as (within analytical uncertainty) a 40Ar/39Ar age on biotite of 73.l Ma in the Tucson 

Mountains (Lipman, 1994).  

A U-Pb age of 74.7 ± 0.9 Ma age on zircons from the Cat Mountain Tuff in the 

Tucson Mountains by Spencer et al. (2015) is within analytical error of the U-Pb age of 
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73.9 ± 0.6 Ma on the upper Mount Lord Tuff in this investigation. Correlation of this 

volcanic unit would be much less accurate without U-Pb ages on these or similar units. 

Watson (1968) discusses the similarities between the Mount Lord ignimbrite and the Cat 

Mountain Tuff, but provides evidence in support of localized faulting accommodating the 

exhaustion of the underlying silicic magma chamber. The age and lithologic similarities 

between the Cat Mountain Tuff, the Mount Lord Volcanics, and the Roskruge Volcanics 

suggest similar age, genetic, and depositional associations between the three formations, 

though they are not likely the same unit erupted from the same magma chamber and, as 

such, should be referred to with geographically distinct terminology. Additionally, the 

lack of exposure of the tuff unit between localities is further evidence of local deposition 

rather than regional. Cenozoic extensional faulting and basin formation would have likely 

exposed tuff between the three localities.  

The Barite Fault hosts base metal mineralization and the Mount Mammoth Fault 

displaces several hundred feet of Mount Lord tuff against underlying Dacite Porphyry. 

These relations constrain the timing of these faults to sometime between 73.9 Ma and 

64.1 Ma. The relation of the parallel Atlas Fault was not discussed by Watson (1964). 

New U-Pb ages on the Mount Lord Tuff and the QMP mineralizing suite support 

Watson’s (1964) proposal that these faults may represent collapse of the exhausted 

magma chamber from which the Mount Lord ignimbrite was locally erupted. 

The complexity of the volcanic sequences and their timing of emplacement becomes 

apparent when examining field relations of volcanic units in the district as mapped by 

Sawyer (1996). Correlating the Cat Mountain Tuff from the Tucson Mountains across the 

Silver Bell district requires the inclusion of the Silver Bell Formation (Claflin Ranch 
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sedimentary rocks and overlying volcaniclastic rocks in the Silver Bell Mountains). At 

one location north of the Oxide Pit the tuff appears interfingered with andesite flows and 

breccia. In the West Silver Bell Mountains, the tuff apparently underlies the Silver Bell 

Formation and is overlain by units not present in the eastern Silver Bell Mountains. 

Additional U-Pb ages on the older volcanic units in the West Silver Bell Mountains and 

the younger volcanic units in the east Silver Bell Mountains will more tightly constrain 

early Laramide volcanic activity across the district. 

Tabulated K-Ar data are generally younger and are best interpreted as either 

reflecting cooling ages or resetting by younger events. The wide range of previous K-Ar 

and Ar-Ar ages in the district, up to 20 m.y. on some units, provoked critical 

considerations regarding magmatic events in the Silver Bell district with respect to 

regional events. K-Ar ages should be considered when attempting to constrain magmatic 

activity in an area where no U-Pb geochronology has been conducted but should be 

cautiously employed when evaluating the timing of closely related events or events 

shown to overprint previous magmatic activity. New U-Pb ages should be obtained in 

future investigations.  

Regional comparison: Geochronology, tectonics, and depositional setting: 

Structural geology in the Silver Bell district has been addressed by many previous 

workers, with the consensus being that large, pre-mineral faults in the district likely also 

predated Laramide activity (Richard and Courtright, 1966) (Fig. 14, pre-Laramide faults). 

New interpretations of a portion of the structural history in the Silver Bell district and the 

Tucson area are supported by new U-Pb data of this study and are consistent with 

concurrent investigations by Favorito and Seedorff (2017) into early Laramide 
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contraction in the region. Evidence for pre-Laramide reverse faulting in the West Silver 

Bell and Waterman Mountains is consistent with observations in the Silver Bell 

Mountains. Early Laramide reverse faulting in the Silver Bell district is consistent with 

regional observations and is shown to have occurred prior to 74.9 Ma.  

These interpretations are additionally supported by and consistent with regional U-

Pb data presented by Mizer and Barton (in prep.) for similar events across southern 

Arizona (i.e., at Tombstone, Christmas, and Copper Creek). Early Laramide contractional 

deformation described elsewhere in southern Arizona (Davis, 1979 Favorito and 

Seedorff, 2017) includes locally overturned Paleozoic rocks, steeply dipping early to 

middle Cretaceous sedimentary rocks (Bisbee Group), folded and deformed pre-Laramide 

sedimentary rocks (Fort Crittenden-type), and relationships between footwalls and 

hanging walls that are consistent with basement-cored uplifts bound by moderate angle 

reverse faults.  

The geologic history of the Silver Bell district parallels that inferred on a regional 

basis: intermediate composition early Laramide magmatism between about 80 Ma and 71 

Ma which is contemporaneous with or slightly postdates contractional deformation, 

followed by widespread more silicic plutonism and the principal epoch of porphyry 

copper mineralization at 69-54 Ma (McMillan, 2004; Seedorff et al., 2005; Leveille and 

Stegen, 2012; Mizer and Barton, in prep.). Early Laramide magmatism in the Silver Bell 

district is consistent with this regional pattern: early lava flows of andesite followed by 

emplacement of intermediate intrusions typically 5-10 m.y afterwards (Fig. 15, regional 

U-Pb figure). 

The earliest Laramide volcanic rocks in the West Silver Bell Mountains may be 
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represented by the large outflow tuff that Sawyer (1996) correlated to the dacite 

porphyry. This unit rests conformably on sedimentary rocks that are likely derived from 

nearby andesite lava flows, similar to those at Cerro Colorado in southwestern Pima 

County, in the vicinity of the San Manuel mine, and in the southern Winchester 

Mountains (Mizer and Barton, in prep.).  

The next oldest sedimentary unit may represent a thinner section correlative to the 

Fort Crittenden Formation and other age-equivalent units in the region (i.e. units below 

the Williamson Canyon Volcanics (Willden, 1964), containing clasts of volcanic material 

of Jurassic age, as presented by Mizer and Barton (in prep.). A Jurassic age of 202.9 ± 7.4 

Ma on this lowest-most conglomerate is consistent with ages on clasts of andesite in Fort 

Crittenden-type sediments presented by Mizer and Barton (in prep.). These units record a 

period of extended sedimentation prior to the onset of Laramide magmatism, as indicated 

by the lack of Laramide zircons in the sedimentary units obtained from one sample in the 

West Silver Bell Mountains (SVB16-21). 

Basal volcaniclastic and sedimentary rocks in the West Silver Bell Mountains likely 

correlate with the Fort Crittenden Formation described by P.T. Hayes (1970) and M.J. 

Hayes (1987) in the Santa Rita Mountains and other regional locations summarized by 

Mizer and Barton (in prep.). Volcanic rocks in this lowermost sequence are either early 

Laramide in age and volcaniclastic in nature with no Laramide age zircons or these 

sedimentary rocks are Late Cretaceous in age, composed entirely of clasts of Early 

Jurassic (~200 Ma) age. Lowermost early Laramide volcanic rocks are likely higher in 

the stratigraphic section in the West Silver Bell Mountains, represented by units 

deposited above an angular unconformity, though it is proposed that these units are not 
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likely more than 1-2 m.y. older than the Dacite Porphyry; its age of 74.9 Ma represents 

the onset of magmatism in the district. 

Dacite clasts in the coarse sedimentary rocks of the Claflin Ranch Formation are 

consistent with uplift and erosion shortly after emplacement of the Dacite Porphyry. 

Similarly, presence of clasts of Pinal Schist in the Claflin Ranch Formation, but not in 

older units, require a local though unidentified source, probably related to a basement 

uplift roughly contemporaneous with emplacement of Dacite Porphyry at about 75 Ma. 

This pattern resembles that at San Manuel, where U-Pb ages on the basal and upper units 

in the synorogenic America Flag Formation bounds deposition between 76 and 70 Ma 

(Mizer and Barton, in prep.). As with the Claflin Ranch Formation, the American Flag 

contains large basement clasts up to one meter in diameter of Precambrian Oracle granite, 

and sedimentary rocks of the Proterozoic Apache Group and overlying Paleozoic units.  

Multiple mineralized porphyry centers: 

Multiple mineralized porphyry centers are a common features of many Cordilleran 

porphyry districts where available geochronology indicates that mineralization may have 

collectively occurred in periods ranging from less 100,000 years to a few million years 

(e.g., Seedorff et al., 2005; Chiaradia et al., 2013; Cernuschi et al., 2018). The presence 

of multiple mineralized centers at Silver Bell (Fig. 2) is similar to other districts in 

southwestern North America and elsewhere (i.e. Morenci, Globe-Miami). At present, 

there is no evidence reported for multiple events within single ore deposits in the Silver 

Bell District, though there is no reason to preclude this. Nevertheless, spatial clustering 

over a few km and the fundamental similarity in time are consistent with a larger, perhaps 

unified source at depth. If emplaced in aggregate in a common center, these might have 
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added up to make a much larger single deposit.  

In Arizona, similar distinct centers are seen in the Globe-Miami, Safford, and Pima 

districts among others (Seedorff et al., 2005; Maher, 2008; Stavast, 2006; Stavast et al., 

2008; Russin, 2008), and elsewhere in districts such as Yerington, Nevada (Dilles and 

Proffett, 1995), Cerro Verde-Santa Rosa, Peru (Stegen et al., 2018), and Indio Muerto (El 

Salvador), Chile (Gustafson and Hunt., 1975). Whereas there are clear differences in 

hypogene mineralogy and metal ratios among the deposits in some other districts (e.g., 

Proffett, 2009), descriptions and production records are insufficient to tell if there are 

significant hypogene differences in metals and/or alteration styles among the various 

centers in the Silver Bell district.  

CONCLUSIONS 

The geology of the Silver Bell district is complex, consisting of volcanic eruptions 

spaced closely in time and contemporaneous with intrusive activity and early Laramide 

reverse faulting, uplift, and sedimentation. These events occurred between 74.9 Ma and 

71.8 Ma, followed by a long period (~ 8 m.y.) of erosion. Mineralizing intrusions of 

quartz monzonite porphyry were emplaced rapidly between 65.5 and 64.1 Ma in as many 

as six distinct stocks along a pre-existing northwest-trending reverse fault. Dikes of the 

mineralizing suite intruded tension fractures consistent with regional stresses associated 

with subduction during Laramide time. Magmatic activity at Silver Bell is similar to that 

reported to have occurred at other districts in the region, with early volcanic and intrusive 

activity predating local porphyry copper mineralization by as many as 8 m.y., sometimes 

more. Cenozoic tilting in the district is moderate, typically less than 30°, indicating 

extensional faulting and dismemberment in the district. Large basins separate volcanic 
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mountain ranges nearby. 

New U-Pb ages more tightly constrain geologic events at Silver Bell and display the 

importance of this method in districts where hydrothermal activity was prevalent, 

particularly in porphyry copper districts along the Laramide arc. Flows of ‘purple 

andesite’ are common throughout southern Arizona, however, each unit is distinct in age 

and, other than similarities in composition, no unit should be referred to as Silver Bell 

andesite except the andesitic rocks at Silver Bell.  
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FIGURE CAPTIONS 

Figure 1: Location of the Silver Bell mining district and other major regional porphyry 
copper districts. 

Figure 2: Simplified geologic map of the Silver Bell mining district, compiled from 
portions of Blanchard (1923), Kingsbury et al. (1941), Watson (1964), Richard 
and Courtright (1966), Farley (1969), King (1970), Sawyer (1996), and Richard et 
al. (2000) with contributions from Bronco Creek Exploration, Inc. 

Figure 3: Stratigraphic column with sedimentary and intrusive rocks, Silver Bell district. 
Figure 4: Plot of U-Pb of this study (Table 1) vs. K-Ar ages for rocks in the Silver Bell 

district compiled from literature (Table 2).  Note, the ages of some older rocks are 
greatly reduced by K-Ar, in some cases much lower than the age of the resetting 
hydrothermal event, likely the effects of Tertiary magmatism. 

Figure 5: Mean age and concordia plots for Silver Bell samples: 5-BAK-1, NSBMPZR, 
NSBEQMP, and ET-14-12ZR. 

Figure 6: Mean age and concordia plots for Silver Bell samples: SVB16-21, SVB16-27, 
SVB16-28, and SVB16-24. 

Figure 7: Mean age and concordia plots for Silver Bell samples: SVB16-17, SVB16-18, 
SVB17-16 and SVB16-22. 

Figure 8: Mean and concordia age plots for Silver Bell samples: SVB17-14 and SVB16-
16. 

Figure 9: Mean age and concordia plots for Silver Bell samples: SVB16-12 and SVB16-
20. 

Figure 10: Mean age and concordia plots for Silver Bell samples: SVB16-14 and SVB17-
17 Tql dike. 

Figure 11: Mean age and concordia plots for Silver Bell samples: SVB16-29 (prismatic 
zircons) and SVB16-29 (rounded zircons). 

Figure 12: Inset of portion of northern Waterman Mountains displaying dip attitudes 
consistent with reverse faulting and isoclinal folding in Bisbee Group sediments, 
modified from Richard et al., 2000. 

Figure 13: Inset of district geologic map showing steeply dipping Paleozoic rocks in the 
footwall of a moderate angle reverse fault, the Silver Bell fault. Note adjacent 
folding in older Bisbee Group sediments in hanging wall. (compiled from internal 
ASARCO reports and modified from Watson, 1964 and Sawyer, 1996). 

Figure 14: Inferred district scale structural elements of early Laramide time (pre-mineral), 
modified from Richard and Courtright, 1966. 

Figure 15: Laramide arc with ages of key mining districts, including Silver Bell results of 
this investigation.  
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FIGURES AND TABLES 

 

Figure 1: Location of the Silver Bell mining district and other major regional porphyry 
copper districts.
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Figure 2: Simplified geologic map of the Silver Bell mining district, compiled from 
portions of Blanchard (1923), Kingsbury et al. (1941), Watson (1964), Richard and 

Courtright (1966), Farley (1969), King (1970), Sawyer (1996), and Richard et al. (2000) 
with contributions from Bronco Creek Exploration, Inc.  

Fig. 12 

Fig. 13 
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Figure 3: Stratigraphic column with sedimentary and intrusive rocks, Silver Bell district.  
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Figure 4: Plot of U-Pb of this study (Table 1) vs. K-Ar ages for rocks in the Silver Bell 
district compiled from literature (Table 2).  Note, the ages of some older rocks are greatly 

reduced by K-Ar, in some cases much lower than the age of the resetting hydrothermal 
event, likely the effects of Cenozoic magmatism.  
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Figure 5: Mean age and concordia plots for Silver Bell samples: 5-BAK-1, NSBMPZR, 
NSBEQMP, and ET-14-12ZR. 
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Figure 6: Mean age and concordia plots for Silver Bell samples: SVB16-21, SVB16-27, 
SVB16-28, and SVB16-24. 
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Figure 7: Mean age and concordia plots for Silver Bell samples: SVB16-17, SVB16-18, 
SVB17-16 and SVB16-22. 
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Figure 8: Mean and concordia age plots for Silver Bell samples: SVB17-14 and SVB16-
16. 
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Figure 9: Mean age and concordia plots for Silver Bell samples: SVB16-12 and SVB16-
20. 
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Figure 10: Mean age and concordia plots for Silver Bell samples: SVB16-14 and SVB17-
17 Tql dike. 
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Figure 11: Mean age and concordia plots for Silver Bell samples: SVB16-29 (prismatic 
zircons) and SVB16-29 (rounded zircons).  

67

69

71

73

75

77

79

Be
st

 a
ge

SVB16-29 prysmatic Mt. Lord zircons
Final age = 73.91± 0.60

Mean = 73.91±0.31  [0.42%]  2s
Wtd by data-pt errs only, 0 of 38 rej.

MSWD = 1.2, probability = 0.18
(error bars are 2s)

data-point error symbols are 2s

0.005

0.015

0.025

0.0 0.1 0.2
207Pb/235U

20
6 P

b/
23

8 U

60

100

140

data-point error ellipses are 2s

SVB16-29 prysmatic Mt. Lord zircons
Final age = 73.91± 0.60

Laramide concordia

0

5

10

15

20

25

0 500 1000 1500 2000 2500 3000

R
elative probability

N
um

be
r

Age (Ma)

SVB16-29 rounded Mt. Lord zircons
Final Age = 73.58 ± 0.80 Ma

Probability plot with inherited zircon ages

64

66

68

70

72

74

76

78

80

Be
st

 a
ge

SVB16-29 rounded Mt. Lord zircons
Final Age = 73.58 ± 0.80 Ma

Mean = 73.58±0.62  [0.84%]  95% conf.
Wtd by data-pt errs only, 0 of 22 rej.

MSWD = 1.8, probability = 0.011
(error bars are 2s)

data-point error symbols are 2s

0.0

0.1

0.2

0.3

0.4

0.5

0 2 4 6 8 10 12 14
207Pb/235U

20
6 P

b/
23

8 U

600

1000

1400

1800

2200

2600

data-point error ellipses are 2s

SVB16-29 rounded Mt. Lord zircons
Final Age = 73.58 ± 0.80 Ma

Inheritance concordia



170 

  

 

 

Figure 12: Inset of portion of northern Waterman Mountains displaying dip attitudes 
consistent with reverse faulting and isoclinal folding in Bisbee Group sediments, 

modified from Richard et al., 2000.  
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Figure 13: Inset of district geologic map showing steeply dipping Paleozoic rocks in the 
footwall of a moderate angle reverse fault, the Silver Bell fault. Note adjacent folding in 

older Bisbee Group sediments in hanging wall. (compiled from internal ASARCO reports 
and modified from Watson, 1964 and Sawyer, 1996).  
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Figure 14: Inferred district scale structural elements of early Laramide time (pre-mineral), 
modified from Richard and Courtright, 1966.  
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Figure 15: Laramide arc with ages of key mining districts, including Silver Bell results of 
this investigation.  
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T a b l e  1 :  L o c a t i o n s  a n d  U - P b  a g e s  o f  S i l v e r  B e l l  s a m p l e s .  
    UTM 12S NAD83    

 Map 
no. Sample Unit Easting Northing Age (Ma) Error     (2 

sigma) Description 

pr
e-

m
in

er
al

 g
ro

up
 

J SVB16-21 Lowest Mt. Lord – 
Ft. Crittenden? 441736 3587518 202.9 7.4 

Mzs of Sawyer: taken at the first interval of homogeneous, clast-free unit above lower 
conglomerate. Lenses? Of sandstone-type volcaniclastic seds in this unit. Likely sed 

rocks from volc. processes. 
1 5-BAK-1 El Tiro granite 448157 3585726 74.9 1.3 El Tiro granite [alaskite], west of main haul road, location approximate 
2 SVB17-16 Upper dacite pphy 456529 3584912 74.9 0.7 uppermost dacite porphyry (Kpi) U-Pb sample, abundant lithics 
3 SVB16-24 Dacite porphyry 450205 3588825 74.7 0.8 dacite porphyry east of north Silver Bell pit for U-Pb 
4 SVB17-14 Granodiorite 456202 3584523 74.2 0.7 grdt of Watson, U-Pb sample 

5 SVB16-29 Upper Mt. Lord 454795 3584532 73.9 0.6 
Mt. Lord (Cat Mtn.) vitric lithic tuff taken east of Oxide Pit in likely upper 1/3 of Kcw of 

Sawyer, representing later(-est) volcanic activity. Compare U-Pb age on this to that of 
Spencer et al. 2015 (74.7 Ma) on Cat Mtn. 

6 SVB16-18 quartz diorite dikes 452488 3585305 72.2 0.7 quartz diorite [syenodiorite] from north of oxide pit 

7 SVB16-28 Tohono stock 445636 3586061 72.1 0.9 Tohono stock, southwest of pits/mine area, along border fence. F.g. - biotitic? Qz veinlets 
and oxidized sulfide. 

8 SVB16-27 West Silver Bell 
granite 438814 3589356 71.8 1.0 Mzg of Sawyer: granite with white (sericitized?) Fsp up to 1cm., mafics and mostly pink 

Fsp. U-Pb sample 

9 NSBMPZR North Silver Bell 
qmp 449513 3588785 65.5 0.7 Monzonite porphyry from core hole NSB-01-13 NSB Pit 

m
in

er
al

izi
ng

 g
ro

up
 

10 ET-14-12ZR El Tiro qmp 450083 3586437 65.4 0.8 Qmp from core hole ET-14-12, El Tiro Pit 
11 SVB16-12 Atlas qmp 448664 3587990 64.8 0.7 Atlas QMP near Alaskite up on hill above old Atlas Mine 

12 SVB16-14 North Silver Bell 
qmp sw 449757 3587669 64.6 0.5 NSB QMP: SW corner of NSB pit, possibly Daisy QMP. Pebble dikes in this area 

13 SVB16-16 Oxide qmp 452280 3584583 64.5 0.6 Oxide QMP - west wall main Oxide Pit 
14 SVB16-20 Imperial qmp 450307 3586893 64.5 0.5 Imperial QMP from Imperial pit, west wall 
15 SVB16-22 Daisy qmp 449403 3587325 64.2 0.5 Daisy QMP from inside Daisy Pit 

16 SVB16-17 Wild Hog ‘barren’ 
qmp 451658 3584454 64.1 0.6 Wild Hog stock: west Oxide "barren" QMP 

17 SB 963 ET031 El Tiro Re-Os on 
moly 

  64.1 0.5 Re-Os (molybdenite), drill hole, El Tiro Pit (ASARCO, written comm.) 

18 SVB17-17 Late quartz latite 
dikes 451524 3586610 25.5 0.3 late quartz latite dike north of Confidence Peak, cut by younger faults. Dike is likely T in 

age (~25Ma), cuts dacite porphyry and is cut by steep east-west faults 
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Table 2: compilation of K-Ar ages from literature in the Silver Bell district. 
     

Age 
(Ma) error unit mineral Source 
64.6 2.5 Alaskite biotite Damon et al., 1963, p. 8 and part A-III, p. 12 (Watson, 1964) 

64.6 2.5 Alaskite biotite Mauger, 1966 

66.1 2.5 Alaskite biotite Mauger et al. 1965 

70.3 2.2 Cat Mtn. Tucs. Mts. feldspar Damon et al., 1963, p. 8 and part A-III, p. 12 (Watson, 1964) 

57.5 3.0 dacite porphyry biotite Damon et al., 1963, p. 8 and part A-III, p. 12 (Watson, 1964) 

55  dacite porphyry biotite Watson, 1964 

58.8 2.0 dacite porphyry biotite Mauger et al. 1965 

56.6 2.8 dacite porphyry biotite Mauger et al. 1965 

57.7 2.0 dacite porphyry biotite Mauger, 1966 

55.3 2.8 dacite porphyry biotite Mauger, 1966 

63.4 2.0 El Tiro QMP biotite Damon et al., 1963, p. 8 and part A-III, p. 12 (Watson, 1964) 

63.8 1.5 El Tiro QMP  Sawyer et al., unpublished (from Sawyer, 1996) 

64.9 1.5 El Tiro QMP  Sawyer et al., unpublished (from Sawyer, 1996) 

65.5 2.0 El Tiro QMP  Mauger, 1966 

65.5 2.0 El Tiro QMP biotite Mauger, 1966 

63.4 2.2 El Tiro QMP biotite Mauger, 1966 

59.7 1.8 Mt. Lord alkali 
feldspar Mauger et al. 1965 

59.7 2.0 Mt. Lord sanidine Damon et al., 1963, p. 8 and part A-III, p. 12 (Watson, 1964) 

59.7 1.8 Mt. Lord alkali 
feldspar Mauger, 1966 

63.8 1.6 Oxide QMP  Sawyer et al., unpublished (from Sawyer, 1996) 

67.1 1.0 QMP  Mauger et al. 1965 

67.1 2.7 QMP biotite Mauger, 1966 

67.1 2.0 QMP quartz monzonite fresh biotite Damon et al., 1963, p. 8 and part A-III, p. 12 (Watson, 1964) 

68.6 2.7 QMP,unaltered west of Oxide pit biotite Sawyer, 1996 
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Table 3: Inheritance ages for rounded zircons analyzed in sample SVB16-29, lithic vitric 
tuff of upper Mount Lord. 

SVB16-29 
Inheritance 
Age 
(Ma) 

error 

1079.3 15.5 
1171.8 18.6 
1199.9 33.1 
1419.7 16.8 
1471.8 16.3 
1549.4 18.4 
1636.5 17.9 
1684.0 19.3 
1713.8 19.8 
1989.5 13.5 
2649.5 14.4 
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ABSTRACT 

The Cerro Colorado and adjacent Las Guijas and Oro Blanco districts share similar 

geology and have been mined for silver and gold for hundreds of years, with evidence of 

mining from colonial Spanish times. Jurassic (175-170 Ma) intrusive, volcanic, and 

sedimentary rocks host mineralization and have been tilted as much as 90 degrees. Map 

patterns of Jurassic volcanic rocks and Early Cretaceous Bisbee Group rocks suggest 

deposition of the Bisbee Group in angular unconformity with older rocks, were folded 

prior to the deposition of early Laramide sedimentary and volcanic rocks, and host Ag-

base metal mineralization.  

Flows of Las Guijas andesite occurred around 78.7 ± 0.6 Ma and were likely erupted 

from multiple, small cones and fissures just prior to overlying andesitic flows of varying 

compositions. Granodiorite stocks emplaced at 75.6 ± 0.5 and 75.5 ± 0.7 Ma were likely 

contemporaneous with small-volume granite and quartz monzonite intrusions in the 

north. The New Colorado quartz diorite may represent a slightly evolved magma 

chamber and is a potential source for andesitic rocks with a U-Pb age of 75.3 ± 1.1 Ma.  

Rhyolite and hornblende-granodiorite dikes emplaced at 74.8 ± 0.4 Ma are common in 

the district. Megacrystic hornblende andesite dikes, likely Laramide in age, intrude all of 

the older rocks but were not observed hosting mineralization. Similar magmatism at Oro 

Blanco began with the emplacement of the Blue Ribbon andesite around 85 Ma and 

Sidewinder hornblende-quartz monzonite plugs and dikes at 76.9 ± 1.1 Ma, and similar 

granodiorite dikes are common at Las Guijas.  

The Cerro Colorado Mountains are composed of volcanic rocks closely resembling 

those at Oro Blanco dated at 28.5 ± 0.9 Ma and younger. Detailed mapping shows 
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Oligocene volcanic rocks do not host Ag-base metal or quartz-sulfide-Au mineralization, 

reinforcing a Laramide age for Ag-base metal mineralization in the districts. 

Mineralization at Cerro Colorado is confined quartz-calcite (±barite) veins with hypogene 

tetrahedrite, minor galena, and sphalerite. Silver is common in tetrahedrite (up to 8 wt. 

%) and oxidization products, namely acanthite. No measurable silver is contained in 

galena and bismuth is notably absent in the district. Arsenic is subordinate to antimony in 

all tetrahedrites, mercury can constitute up to 12 wt. % of tetrahedrite compositions, and 

zinc is common, up to 7 wt. %.  

Quartz-pyrite-gold (±W) mineralization at Las Guijas and Oro Blanco, the source of 

which has yet to be determined, may be Jurassic in age, largely based on this style of 

mineralization occurring exclusively in Jurassic rocks. Alteration commonly associated 

with porphyry copper systems occurs at Cerro Colorado, including native copper and 

widespread propylitic alteration clearly not associated with Ag-base metal veins. Post-

Laramide faulting is minor; extension and tilting typically observed in the region are not 

present. Findings of this investigation suggest a high potential for unexposed, 

mineralizing (porphyry copper) systems at Cerro Colorado and Oro Blanco.  
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“After everything you’ve shown me, I would have to say it sure does smell like 
porphyry copper…I’m sure if you keep looking, you’ll find more than you expected out 
here.” 

- J. David Lowell, mineral explorationist: at the end of a day in 
the field with the author at Cerro Colorado, reviewing the geology of the district, 
and reminiscing on his time there as a child working in his father’s silver mine. 
 

I first met J. David Lowell in December, 2014 at the annual meeting of the Arizona 
SME conference in Tucson where he was signing copies of his newly released book 
“Intrepid Explorer”. After introducing myself and my thesis research at Cerro Colorado, 
the first thing Dave asked me was: “Have you found that porphyry system yet?” My 
curiosity piqued, I replied: “Not yet, but I’m sure there’s one there…somewhere.” Dave 
replied: “Keep looking, you’ll find it, I know it’s there, it should be anyway.” 

At once, I was more driven to explore the outcrops of alteration in the Cerro 
Colorado district that I had stumbled upon while mapping silver veins for Larry Dykers 
and Bob Metz at Tri Minerals Holding Corp. Larry and Bob were sponsoring a portion of 
my dissertation research in exchange for detailed district maps and a greater understanding 
of silver mineralization at Cerro Colorado…any connection to a porphyry system was a 
true bonus, as far as I was concerned. 

I was convinced that these altered outcrops were quartz-sericite-pyrite or leached-
capping alteration associated with a larger mineralized system beneath my feet. One 
problem though: there were already several historic drill pads and drill collars in this part 
of Cerro Colorado. Where, then, was the source of all of this silver mineralization and 
widespread alteration that I had been investigating? I spent the next three years mapping 
and exploring, getting to know Cerro Colorado intimately; every wash, every hill, every 
road. I still believe there is more there than meets the eye…  
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INTRODUCTION 

The Cerro Colorado and adjacent Las Guijas Mining Districts (Figure 1) have been 

the subject of only limited study since the seminal work of Davis (1955), Jones (1957), 

and Sheikh (1966). Combined, the districts have produced an estimated 313,400 ounces 

of silver, 100 ounces of gold, 27,000 pounds of copper, 38,000 pounds of lead, and 1,238 

short tons of tungsten (Dale et al., 1960 and Keith et al., 1983). Cerro Colorado is most 

notable for its abundant silver-bearing, oxidized, quartz-calcite veins which are a close 

resemblance to Ag-bearing veins in the adjacent Las Guijas and the Oro Blanco districts 

(Figure 2). The three districts share similar geologic features: tilted Jurassic igneous and 

sedimentary rocks, tilted and folded Bisbee Group sedimentary rocks, and Laramide 

volcanic and intrusive rocks. Cenozoic volcanic rocks are common at Cerro Colorado and 

Oro Blanco, comprising the tallest peaks of the Cerro Colorado, Tumacacori, and 

Atascosa Mountains, but do not host mineralization. 

The area around the town of Arivaca has been mined for silver and gold for 

centuries; first by local natives, then by the earliest Spanish explorers in the late 16th 

century (Officer, 1991). Pioneers of mining in the early days of the Arizona Territory 

relocated these deposits and quickly established the significance of precious metals in the 

area, motivating Arizona toward statehood. The Cerro Colorado district is not known for 

producing gold, yielding only 100 ounces historically (Keith et al., 1983), however 

moderate amounts of gold have been recovered at Las Guijas and Oro Blanco from placer 

deposits in dry washes and from Au-bearing pyrite veins. Some gold at Las Guijas was 

mined from veins that also bear tungsten in scheelite, wolframite, and hübnerite (J.D. 

Lowell, pers. comm., 2014). Minor quantities of Ag have been mined in the Las Guijas 
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and Oro Blanco districts from veins that appear to be of a different generation and nature 

than those which produced Au and W. No genetic connection has, as of yet, been made 

between these two (Ag-base metal and Au-pyrite (±W)) vein systems.  

Southern Arizona and adjacent areas (Figure 3) represent one of Earth’s great copper 

provinces including five of the 25 largest-known porphyry copper deposits (Titley, 1982; 

Spencer and Titley, 2008). Most of the porphyry copper deposits in southwestern North 

America, especially Arizona, New Mexico, and northern Mexico, are Laramide in age 

(Livingston et al., 1968), i.e. Late Cretaceous to early Cenozoic, with few exceptions, 

such as the Jurassic deposit at Bisbee (Lang et al., 2001).  

Small-volume Ag deposits are common in the region, and one of the longstanding 

challenges regarding these deposits lies in the understanding of the sources and ages of 

Ag mineralization and the overall nature of these systems in general. Many Ag systems in 

the southwest have been shown to be the distal expressions of, and lie in close proximity 

to, Laramide porphyry copper deposits. Schrader (1909) was among the earliest workers 

to propose a connection between Ag-bearing veins and the granite porphyry intrusion 

near Mineral Park, Arizona. Stringham (1959) presented an early review of widespread 

Ag (± Au-base metal) mineralization and its connection to both “productive” and 

“barren” intrusive units of Cretaceous and younger age. Many Ag-Pb-Zn occurrences in 

northwestern Mexico also display characteristics of being associated with intrusion-

related deposits (Staude and Barton, 2001), though they are likely post-Laramide in age.  

Commonly these systems are structurally controlled, contain precious (Ag and Au) 

and base (Pb, Zn, Cu) metals, and are found in hydrothermal vein/lode deposits typical of 

Cordilleran vein-type (CVT) mineralization. CVT deposits generally contain pyrite, 
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chalcopyrite, sphalerite, galena, and tetrahedrite-tennantite series minerals. Silver 

commonly occurs in the silver-rich member of the tetrahedrite-tennantite series, 

freibergite, and some other sulfosalts (Kissin and Mango, 2014). Regionally, historic 

mining of large and small volume Pb-Zn-Ag (± Cu) deposits has advanced into the 

development of open pit mines, exploiting adjacent porphyry copper deposits at 

numerous locations. Porphyry copper deposits occur in both small- and large-volume 

stocks and plutons, often derived from larger batholiths at depth (i.e. Sierrita and Globe-

Miami (Stavast, 2008; Maher, 2008)).  

Predating and rarely accompanying this widespread metaluminous plutonic 

emplacement was an extensive suite of early Laramide volcanic rocks (Mizer and Barton, 

in prep.), many of which have not been linked to a specific causative intrusion. Although 

Seedorff et al. (2005) note the spatial association of porphyry copper systems with calc-

alkaline or alkaline volcanic rocks, which commonly are only 0.5 to 3 m.y. older than 

stock intrusion and mineralization, many locations in Arizona contain volcanic rocks that 

are 10 m.y. (or more) older than the mineralizing events (Mizer and Barton, in prep.). For 

instance, volcanic rocks host copper mineralization in Arizona and New Mexico (e.g., 

Christmas (Koski and Cook, 1982), Tyrone (Kolessar, 1982), Copper Flat (Dunn, 1982), 

Sierrita (Stavast et al., 2008; Ferguson et al., 2003), Safford (various older refs; Russin, 

2008), and Copper Creek (Anderson et al., 2009).  

Advancing the understanding of distal (Ag-base metal) occurrences in early 

Laramide volcanic rocks will improve the accuracy of the economic valuation of these 

deposits in the region. Evolution of Ag-base metal vein models displays the importance 

of smaller but numerous vein systems and their overall connection to larger porphyry 
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systems: yet it is still unclear or poorly documented what chemical, mineralogical, and 

alteration differences exist between vein systems that represent the tops or distal portions 

of porphyry copper systems as opposed to vein systems with no relation to a larger 

mineralized system.  

Very little research has been conducted at Cerro Colorado; geochronology is poorly 

understood, with only a few early K-Ar ages in the district, greatly underrepresenting the 

numerous intrusive events in the study area. Location along the well-mineralized 

Laramide arc, in particular, the nearby Pima mining district, should be considered when 

evaluating the contained Ag-base metal occurrences at Cerro Colorado, Las Guijas, and 

Oro Blanco. Observations and alteration models have been applied successfully in many 

districts along mineralized portions of the arc that display features common to Cerro 

Colorado. Cenozoic volcanic rocks (Seaman, 2000 and Shafiqullah et al., 1978 and 1980) 

in the Cerro Colorado Mountains in the northeastern corner of the study area may be the 

source of fluids for qz-cal-bar veins and Ag mineralization, though no vein systems are 

present in those rocks locally and few occur regionally. Another hypothesis is that the 

veins are related to the circulation of ground water or basinal fluids associated with post-

Laramide (late Cenozoic) extension. As presented herein, very little post-Laramide 

extension has occurred in the study area 

This report presents the findings of a detailed geologic investigation into the 

sequence of magmatic, sedimentary, and mineralizing events at Cerro Colorado and 

discusses similarities and differences to nearby districts, presenting new maps, 

geochronology, and mineral compositions for the Ag-base metal vein systems in the area. 
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History and previous work 

Reflecting the mining and major copper exploration in the region, some geologic 

investigations at Cerro Colorado were conducted in the mid- to late- 20th Century. 

Beginning in 1955, a number of authors (Davis (1955), Jones (1957, Figure 4), Sheikh 

(1966), and Keith and Theodore (1975) investigated the types and sequences of 

magmatism in the district. These workers interpreted the timing of geologic events at 

Cerro Colorado based on crosscutting and field relationships. Drewes (1997) conducted 

reconnaissance geologic mapping of the Arivaca fifteen minute quadrangle to the south, 

encompassing a portion of the Cerro Colorado district. Horstman (1996) examined the 

presence of Jurassic calderas and incorporated some of Drewes’ geology into a map of 

the area around Arivaca.  

Much work has been conducted in advancing the understanding of porphyry copper 

systems in the southwest and some modern approaches were employed in assessing 

mineral potential at Cerro Colorado. Chaffee (1964) used X-ray fluorescence (XRF) to 

examine element dispersion associated with Cu-Zn-Ag veins, with an emphasis on Hg 

content. Hirt (1978) investigated intense propylitic alteration and associated native Cu 

occurrences in andesitic host rocks at Las Guijas. In the latter half of the twentieth 

century exploration included drilling and geophysical surveys.  

Exploration(ists) recognized features in the area that were interpreted as being 

porphyry-like, and which were explored in several campaigns that included mapping, 

geophysical surveys, and drilling (Lundby, 1970 and Lowell (1973-1976) written comm., 

2014). Jurassic volcanic and sedimentary units in the northeastern portions of the Cerro 

Colorado are intensely hematitically altered and sericite-bearing, a local indicator for an 
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exploration drilling program conducted by Phelps Dodge in the late 1970’s (Duhammel, 

pers. comm., 2014). Further north and west in the Altar Valley, drilling accounts provided 

by Lowell (2014) indicate several deep holes (~up to 4,000 feet) containing only 

Cenozoic gravels. Silicic volcanic rocks in the Oro Blanco district have been drilled in 

search for additional gold deposits (Daffron, written comm., 2014). 

Riggs (1985), Riggs and Haxel (1990), and Riggs and Busby-Spera (1991) studied 

the Jurassic volcanic and intrusive rocks in the region. Additional geologic context for the 

area was provided by geochronology; mostly potassium-argon (K-Ar) (Riggs, 1985, 

Shafiqullah et. al, 1980, and Seaman, 2000) and a few regional U-Pb ages (Drewes, 1997, 

Spencer et al., 2003, and Spencer et al., 2015). Published findings are supplemented with 

new data in this study to constrain the timing of Jurassic and Laramide events around 

Arivaca and provide context for regional mineralization associated with similar geologic 

events. The findings of previous researchers set the groundwork for understanding the 

geology of the district, but did not wholly address the geochronology or causative events 

for mineralized Ag veins at Cerro Colorado or propylitic alteration and associated native 

copper. Knowing the age of the rocks in the district is one of the first steps in determining 

if the Ag-base metal veins at Cerro Colorado might be associated with a Laramide 

porphyry copper system.  

The primary objective of this report is to present the comprehensive findings of an 

investigation into the geology of the Cerro Colorado district and nearby areas. These 

finding provide a better understanding of the nature of formation for Ag (± Pb, Zn, Cu) 

veins in the district and a regional comparison for these types of settings and their role in 

mineral exploration. This investigation also addresses the presence of localized, pervasive 
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propylitic (chlorite-epidote-calcite replacing feldspars in veins and) alteration in andesitic 

rocks and its associated native and oxide copper mineralization in parts of the district. 

These findings will be used to evaluate the proposed relationship between Ag-base metal 

mineralization and suspected, unexposed porphyry Cu (± Mo) systems at Cerro Colorado, 

and associating mineralization in the nearby Las Guijas and Oro Blanco mining districts 

to similar sources. 

GEOLOGIC SETTING: REGIONAL TECTONIC AND LITHOLOGIC 

FRAMEWORK: 

Jurassic: 

Jurassic magmatism was widespread in the region and low-standing rhyolitic 

calderas were prominent during middle Jurassic times (Riggs and Haxel, 1990). Jurassic 

rocks are among the most aerially extensive rocks in the southern Arizona-southeastern 

California-northern Sonora region and are common in the study area. These rocks are part 

of a middle Mesozoic magmatic arc that extends from western Canada to Mexico 

(Dickinson, 1981; Tosdal et al., 1989) and have been divided into three categories: Lower 

and Middle Jurassic Fresnal Canyon sequence, the Middle (?) and Upper Jurassic Artesia 

sequence, and the sequence of uppermost Jurassic and Lower Cretaceous Glance 

Conglomerate and related Bisbee Group rocks. 

The Fresnal Canyon (middle) sequence is the most widespread of the three Jurassic 

volcanoclastic and sedimentary rock units present in the Sonoran Desert region and 

includes rocks of interest in the study area. Volcanic and sedimentary rocks of this type 

were proposed to be about 175 Ma in age (Riggs and Haxel, 1990). Gilbert (2012) 

presents U-Pb ages (172-178 Ma) for clasts of Jurassic andesite contained in the Glance 
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Conglomerate of southeast Arizona; these ages are consistent with those of Jurassic rocks 

obtained in this study. Descriptions of similar rocks in Ox Frame canyon on the southern 

end of the Sierrita Mountains, approximately 18 kilometers northeast of the Cerro 

Colorado district, were presented by Cooper (1971). 

Drewes (1971) and Coney (1978) report widespread, post-caldera Jurassic faults in 

southeast Arizona that strike northwest and accommodated up to several kilometers of 

displacement by large, left-slip offset. The NW-trending faults can be traced for great 

distances in the vicinity of Arivaca and can be identified on geologic maps by Knight 

(1970) and Drewes (1997). Knight also addresses repetition of fault blocks of Jurassic 

rhyolite in the Baboqivari Mountains as described by Heindl and Fair (1965). 

Early Cretaceous to Laramide: 

Sedimentary rocks on the east and west flanks of the Las Guijas Mountains contain 

siltstone, mudstone, and conglomerate units that correspond to descriptions of portions of 

the Morita Formation by Kluth (1979), Klute (1991), and Dickinson and Lawton (2001), 

placing them in the lower Cretaceous Bisbee Group. Bisbee Group rocks in the Arivaca 

area have been folded by regional compressional forces of early Laramide time and host 

Ag-bearing quartz-calcite-barite veins. Keith and Theodore (1975) and Horstman (1996) 

show large normal faults placing Bisbee Group rocks adjacent to older (Jurassic) Durazno 

Granite on the eastern flanks of the Las Guijas Mountains. Observations and 

interpretations made during this investigation suggest this relationship to be an 

unconformity rather than structural. 

Dickinson (2004) reviewed mid-Cretaceous to mid-Cenozoic cordilleran evolution 

from Canada to Mexico. The term Laramide used herein refers to orogenesis in western 
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North America during Late Cretaceous and early Cenozoic time, approximately 80 to 50 

Ma (English et al., 2003). During the Laramide, volcanism was widespread in the region 

(Figure 5). This volcanism in Arizona is summarized by Reynolds et al. (1986), 

Shafiqullah et al. (1980), and Lipman and Sawyer (1985). A summary of volcanic 

activity in New Mexico is provided by Chapin et al. (2004). Remnants of andesitic 

stratovolcanoes and more felsic calderas are preserved in southeast Arizona, for example 

in the Tucson Mountains, Sierrita Mountains, Silver Bell Mountains, and Santa Rita 

Mountains (Lipman and Sawyer, 1985).  

Laramide volcanic rocks across southern Arizona have primarily been studied on the 

local scale: case studies include Simons (1972), Lipman and Fridrich (1990), Hagstrum et 

al. (1994), and Vikre et al. (2014). Detailed regional investigations by Mizer and Barton 

(in prep.) into the timing of these volcanic rocks and porphyry copper mineralization 

were conducted at several locations. Regionally, early Laramide volcanic rocks are 

commonly intruded by early Laramide stocks and dikes of varying compositions. 

Typically, this magmatism predates porphyry copper emplacement by several million 

years (Mizer and Barton, in prep.). Andesitic and intrusive rocks of early Laramide age 

are a significant component of the magmatic events at Cerro Colorado and are the focus 

of a portion of this investigation. 

Cenozoic: 

Mid-Cenozoic (Oligocene) volcanism was widespread in the region, depositing 

silicic and mafic rocks across much of the southwest. Some flows were voluminous in 

nature, i.e. the Superstition Mountains caldera, while others were more restricted locally. 

Cenozoic volcanic rocks cover the northeast portion of the study area and comprise the 
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entirety of the Cerro Colorado Mountains and nearby Atascosa and Tumacacori 

Mountains in the Oro Blanco district. Cenozoic volcanic rocks in the study area are 

essentially flat-lying, unaffected by regional extension, faulting, and tilting. 

GEOLOGY 

Methods 

A combination of field and analytical methods were employed to investigate many of 

the points and questions outlined above. Mapping was conducted on satellite imagery at a 

scale of 1:5,000 on a 50 meter grid, allowing for a reasonable level of detail to be 

recorded, including smaller veins and localized alteration. Some areas were mapped at 

1:1,000 where more detail was desired. Where monotonous flows of Las Guijas andesite 

occur with little or no mineralization or alteration, mapping was generally conducted at a 

scale of 1:10,000. Mapping revealed cross-cutting and depositional relationships critical 

to understanding the timing of geologic events in the district. Samples of these 

relationships were collected and submitted for U-Pb dating and whole rock geochemistry. 

U-Pb in zircon and apatite dating methods were employed to constrain the ages of 

geologic events and provide for a sound regional comparison of early Laramide events. 

Results of U-Pb dating are presented in the results section below and in Table 1. All 

samples collected for U-Pb dating belong to units that have critical relationships with 

nearby sedimentary, volcanic, or intrusive rocks or Ag veins. Samples were chosen based 

on descriptions by previous researchers, lithic compositions (homogeneous versus lithic- 

or clast-rich), and constraints of relative dating as confirmed by stratigraphic and 

crosscutting field relationships. Zircon separates were sought in 14 samples from key 

igneous units; 12 samples yielded useful zircons that were analyzed by the Laser-
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Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) method at the 

Arizona LaserChron Center, University of Arizona (Appendix F). One sample (RBY16-

01) did not yield zircons, but did contain apatite crystals, which were analyzed for U-Pb 

geochronology at the Arizona LaserChron Center, employing the same methods as those 

for zircon (Appendix F). 

Whole rock geochemistry for oxide composition and trace elements was conducted 

on samples from across the district (Tables 1, 2, and 3). Samples were analyzed at ALS 

Laboratories for major and trace elements utilizing lithium borate fusion and a four acid 

digestion of the fused glass bead subsequently analyzed by ICP-MS (analytical package: 

ME-ICP06).  

Nearly 200 thin sections were made for petrographic descriptions and microprobe 

analyses of rocks and minerals critical to this investigation. Point count and whole rock 

composition data are converted to IUGS classification names for volcanic and plutonic 

rocks (Figures 6 and 7). Simple staining techniques for the identification of feldspars in 

rocks using Alizarin Red-S and sodium cobaltinitrite were employed on samples to 

quickly assess alteration and vein/selvage compositions. 

In conjunction with mapping, nearly 500 samples of rocks and veins of varying 

lithology, age, and mineralization were collected from across the Cerro Colorado and Oro 

Blanco districts. Descriptions of units were made from several hand specimens and thin 

sections of each, with alteration being addressed where present. Significant revisions of 

the ages and timing of magmatic events in the districts were made from previous 

investigations based on compilation of more recent literature and new U-Pb ages of this 

study. Rocks in the Oro Blanco district were described for comparison to those at Cerro 
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Colorado, given the lithologic similarities and nature of Ag-base metal vein systems 

observed there.  

Results: Geochronology, whole rock classifications, and stratigraphy/lithology 

Map sheets for the Cerro Colorado district were compiled and digitized in Adobe 

Illustrator, producing a district-scale geologic map (Appendix P). The accompanying 

district-scale alteration map for Cerro Colorado is found in Appendix Q. U-Pb sample 

locations and geochronology summary table, QAP, and TAS diagrams are also presented 

on the geologic and alteration maps.  

Geochronology 

Thirteen new U-Pb ages were obtained from samples representing key igneous units 

in the Cerro Colorado and Oro Blanco districts. These ages are summarized in Table 1. 

The resulting interpreted ages are shown on Pb*/U concordia diagrams and weighted 

mean diagrams found in Appendix M using the routines in Isoplot (Ludwig, 2008). The 

new U-Pb ages of igneous units at Cerro Colorado and Oro Blanco result in a revised 

sequence of geologic events in the districts presented in the stratigraphic column in 

Figure 8, with corresponding descriptions of units presented below. The results of this 

study display the importance of implementing U-Pb in zircon dating approach to areas 

where the timing of mineralization and the ages of rocks are contentious or not well-

constrained. 

Older sedimentary rocks in the Cerro Colorado and Las Guijas districts are of 

Jurassic to early Laramide age, with the exception of one occurrence of likely Paleozoic 

carbonate. Bisbee Group rocks overlie the Jurassic section, with early Laramide 

carbonate and conglomerate closely associated with local basin formation and volcanism 
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comprising the Laramide sedimentary section. Cenozoic volcaniclastic and sedimentary 

rocks unconformably overlie older rocks near the Cerro Colorado Mountains and persist 

to the south in the Oro Blanco district. 

Magmatism began at 175.5 ± 2.6 Ma with the emplacement of the Cradle granite and 

as early as 178-173 Ma as shown by previous U-Pb on the Durazno granite. The Cradle 

granite is conformably overlain to the west and south by the lowest interfingered units of 

Jurassic rhyolite (Jva and Jvℓ) and unconformably overlain near the base of the Cerro 

Colorado Mountains by massive flows and agglomerates of Las Guijas andesite (Ka) 

found throughout the district. Volcanic activity in the form of rhyolite ignimbrites began 

around 173.0 ± 2.1 Ma and waned around 170.5 ± 2.7 Ma. Intruding the Cradle granite 

and rhyolite ignimbrite south and west of Cradle Tank is a smaller granite plug and 

associated dikes designated Jg2 with an age of 170.3 ± 2.5 Ma. 

Laramide magmatism began at Cerro Colorado at 78.7 ± 0.6 Ma with the eruption of 

the Las Guijas andesite. Overlapping andesite flows are common in the district, 

representing a relatively long-lived period of deposition of volcanic rocks during this 

time. At Cerro Colorado the andesite flows were sourced from at least three, and possibly 

as many as five, separate centers or fissure vents. The Fernstrom Hills are a likely 

source(s) for undifferentiated andesite found in the northwestern area of the district that 

overlies the Las Guijas andesite.  

Granodiorite intrusions northwest of Rancho Seco date to 75.6 ± 0.5 Ma and are 

likely contemporaneous with the Liberty granite and quartz monzonite in the same area. 

The New Colorado quartz diorite (75.3 ± 1.1 Ma) is one possible source of andesite flows 

in the central part of the district, as indicated by its more dioritic composition and U-Pb 
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age. A series of district-wide rhyolite and later hornblende-granodiorite dikes and plugs 

was emplaced at 74.8 ± 0.4 Ma. Hornblende-biotite granodiorite was emplaced southwest 

of Montaño ranch at 74.4 ± 1.0 Ma. 

The Laramide intrusive history in the Oro Blanco district is complex, owing to the 

high degree of variability in composition of Laramide rocks. Magmatism lasted for 

several million years beginning as early as ~85 Ma at Oro Blanco with the eruption of the 

Blue Ribbon andesite. The emplacement of intermediate plugs and dikes at Oro Blanco 

around 76.9 ± 1.1 Ma represents the onset of contemporaneous Laramide magmatism in 

that district. Cenozoic magmatism began at Oro Blanco at 28.5 ± 0.9 Ma with the 

emplacement of the Sidewinder quartz monzonite and its associated eruptive phases at 

the base of the Atascosa Mountains. 

Whole rock compositions 

Silicic volcanic rocks in the district have previously been described as quartz latite, 

rhyolite, felsic dikes, and rhyodacite. Descriptions of hand samples and thin sections 

supplement whole rock data on units not submitted for analyses. These data allow 

classification of units consistent with current IUGS classifications. Whole rock data is 

presented in Tables 3 and 4, with corresponding QAP and TAS designations in Table 1 

and Figures 6 and 7.  

Analyses of approximately 60 locations of Las Guijas andesite around the Clark area 

and south of Fernstrom Hills with a Niton handheld XRF indicate copper content ranging 

between 20 and 350 ppm, with an average of about 100 ppm. XRF analyses of epidotized 

andesite samples containing Cu range between 1000 ppm and 3%, with an average of 

approximately 2,500 ppm. One thin section of andesite taken east of the South Clark 
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workings shows Cu contained in (replacing?) biotite.  

Stratigraphy and lithology:  

Geologic relationships of units in the Cerro Colorado and Oro Blanco districts are 

based on mapping, cross-cutting relationships, and U-Pb results of this investigation. 

Paleozoic(?) limestone 

Paleozoic carbonate rocks are common in southern Arizona, but have not been 

reported in the study area. However, an isolated occurrence of marble (200 x 50 meters) 

north Silver Hill (468000E, 3507100N) may represent metamorphosed Paleozoic 

limestone. Intense metamorphism has left no indication of strike or dip attitudes on 

bedding in this unit, and the degree of alteration, as compared to altered Paleozoic rocks 

in the region, its size and limited distribution, and comparison to other carbonate units in 

the district (as presented below) suggest this marble is likely Paleozoic in age.  

Jurassic igneous, volcanic, and sedimentary rocks 

Summary: Coarse-grained granites in the district resemble those in the region shown 

to be Jurassic, and volcanic rocks bearing close resemblance to Jurassic units described 

by Cooper (1971) in the southern portions of the Sierrita Mountains are common in the 

study area. Silicic (quartz-rich) volcanic rocks at Cerro Colorado are interbedded with 

arkosic sandstone in places, similar to units observed in the Oro Blanco district to the 

south and the Sierrita Mountains to the northeast. Overlying these volcanic and 

sedimentary units is a regionally extensive pebble- to cobble-conglomerate containing 

clasts of Jurassic andesite and rhyolite (Gilbert, 2012). This unit correlates with the 

Glance Conglomerate and is overlain by sandstone and shale units of the Bisbee Group. 

Keith and Theodore (1975) were the first to propose a Mesozoic age for these rocks at 
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Cerro Colorado. 

Durazno granite, Las Guijas Mountains - (Jgd): 

The Durazno granite is a coarse-grained, porphyritic biotite-granite comprising most 

of the Las Guijas Mountains. Observations of as many as four distinct phases of granite 

with varying sizes and abundances of contained phenocrysts (Figure 9) suggest several 

intrusive phases. Drewes (1997) reported a range of U-Pb ages between 173.8 and 174.5 

Ma on a granitic body in the Las Guijas Mountains which was interpreted to be similar to 

or the same as the Durazno granite of Spencer et al. (2003) to be 178 ± 3 Ma, within error 

of the U-Pb age obtained on the Cradle granite in this study. 

Granite of Cradle Tank (Jgc) 

In the Cradle Hills occurs a coarse-grained granite that was originally described as 

Precambrian by Smith (1966). The granite is pink and porphyritic in nature and contains 

xenoliths of fine-grained mafic rock up to several centimeters in size (Figure 10). Quartz 

phenocrysts are 1-2 mm and comprise about 20-25% of the rock. Feldspars are both pink 

and white, with pink feldspars reaching up to 10 mm, with 1-4 mm common, making up 

about 25-30% of the rock. Some pink orthoclase is zoned with rims of lighter (Na-

plagioclase) alteration. Plagioclase up to 4 mm in size, with 2-3 mm common, makes up 

about 15% of the rock. Mafic minerals include hornblende and biotite; hornblende is up 

to 3 mm, with 1 mm common, constitutes about 5% of the rock, and is almost entirely 

altered to chlorite. Biotite is found as hexagonal crystals up to 2 mm. Abundant 

hydrothermal biotite is also present, appearing as clots or replacements of primary biotite, 

commonly chloritized. The Cradle granite is overlain by Jurassic, Laramide, and 

Cenozoic volcanic rocks near Cradle Tank. U-Pb in zircon ages of the Cradle granite 
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show this unit to be 175.5 ± 2.6 Ma, similar to ages reported on the Durazno granite at 

Las Guijas (Table 1). 

Rhyolite tuffs (Jva and Jvℓ through Jv4):  

Summary: Davis (1955) and Jones (1957) originally mapped flows of quartz latite 

porphyry rocks as Cenozoic in age, overlain by a conglomerate containing clasts of the 

same rocks. Silicic, quartz porphyritic rocks in the district were referred to as rhyodacite 

by Keith and Theodore (1975). The rhyolite ignimbrites are distinguished by abundant 

glassy quartz phenocrysts and were sorted into distinct units, identifiable in the field 

(Figure 11). Aside from minor local variations in composition, the upper units correlate 

well with descriptions of the three members of tuff at Oro Blanco (Knight, 1970, p.12) 

and at Cobre Ridge (Pajarito tuff of Riggs (1985), both of which locations were observed 

by the author. Sergstrom (1986) provides an excellent correlation and regional 

distribution of these Jurassic to units south of Oro Blanco into Mexico at the Planchas de 

Plata.  

Up to 3 km of stratigraphic thickness may be present and rhyolite flows and 

overlying conglomerate are found as repeating sections in fault blocks across the district. 

This thickness was addressed by Knight (1970) in the Oro Blanco district and likely 

represents intracaldera fill. 

Lowest Jurassic rhyolite flows - Jva and Jvℓ: 

Rhyolite flows overlie the Cradle granite (Jgc) near Cradle Tank and at least two of 

these units, Jva and Jvℓ, are distinct from overlying rhyolite flows, but have no 

observable stratigraphic relationship with each other. Jva is a fine-grained, porphyritic, 

purplish-brown rock with abundant pink feldspar. Phenocrysts comprise 60% of the rock 
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and matrix about 40%. Quartz is terminated and glassy, 1-2 mm in size, and comprises 

20-30 % of the phenocrysts. Feldspar makes up about 60-70% of the total phenocryst 

composition, are almost entirely pink, lath-shaped, and 1-3 mm in size. Hornblende is 

fresh, 1-3 mm and comprises about 10% of the total phenocryst composition. The matrix 

of this rock is dark brown feldspar and quartz 50% each..  

Jvℓ is a fined-grained, purplish-grey, porphyritic rock with 25% matrix and 75% 

phenocrysts. Quartz is sub-millimeter in size up to 2 mm and comprises 30-35% of the 

total phenocrysts. Feldspar is subtly lath-shaped, 1-3 mm in size with 1 mm common, 

comprising about 50-60% of the phenocrysts. Hornblende is fresh, sub-millimeter in size, 

acicular, and comprises less than 5% of phenocrysts. Moderate foliation is present in this 

unit, as seen in the alignment of feldspars and hornblende. Matrix is sub-millimeter 

quartz and feldspar fragments that are rounded. Phenocrysts are generally fresh with less 

than 5% altered to clay, particularly in the hornblende sites. Other similar facies of fine-

grained rhyolite flows are present in the vicinity of Cradle Tank and Cerro Colorado 

Tank, but no distinction between these early fine-grained facies and more medium-

grained facies was made to simplify the descriptions herein. The age of these units is 

constrained by stratigraphic association with underlying Cradle granite, overlying 

rhyolite tuffs (Jv1 through Jv4a), and intrusion by a Jurassic granite plug. 

Lower rhyolite - Jv1:  

This medium-grained rhyolite unit is coeval and interfingered with Jva and Jvℓ south 

of Cradle Tank. The rhyolite of Jv1 is a brownish-red to purple, porphyritic, equigranular, 

medium-grained rock. Matrix constitutes 25% and phenocrysts comprise 75% of the 

rock. Quartz is up to 3 mm in size with 1-2 mm common. Quartz phenocryst are sub-
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rounded, glassy when broken and etched on the outer surfaces. Some quartz is cracked, 

the cracks being filled with pink feldspar matrix. Quartz comprises approximately 30% of 

the total phenocrysts. Feldspar is both pink and white; pink feldspars are up to 5 mm in 

size with 1-2 mm common, are generally sub-rounded, and comprise about 50% of the 

phenocrysts. White feldspars are up to 2 mm in size with 1 mm common, comprising 

about 10-15% of phenocrysts. Much of the white feldspars are altered to clay with vuggy 

sites common. Hornblende is mostly fresh, sub-millimeter in size, and comprises about 

10% of phenocrysts. About 25% of the hornblende is altered to clay.  

One sample of this unit was collected for U-Pb in zircon dating based on 

stratigraphic relationships with other rhyolite tuffs in the district. This unit produced 

zircons with a U-Pb age of 173.0 ± 2.1 Ma (Table 1). One sample, CCD16-03 was 

submitted for whole rock and is rhyolitic in composition (Table 3 and Figure 7). 

Jv1 crops out along the two-track road east of Cerro Colorado Hill and continues 

west up the hill. Jv1 appears to be thicker in the north, reaching nearly one kilometer in 

thickness along the northern end of the Cradle Hills. Bedding is common to the north and 

strikes S10°E and dips 85° to 90°. Hematite staining, likely oxidized pyrite, is pervasive 

throughout Jv1, especially north of Cerro Colorado Hill. Localized silicification with 

accompanying quartz-pyrite veins are prevalent. Midway up Cerro Colorado Hill this unit 

is in gradational contact with a series of intensely altered quartz-phyric rhyolite flows 

designated Jv2. Distinguishing Jv1 from overlying Jv2 is difficult in the north, with the 

possibility that some of the overall thickness of Jv1 can be attributed to Jv2 or portions of 

this section may be repeated by post-Jurassic normal faults. 

Smith (1966), in a summary of the volcanic rocks comprising the Cerro Colorado 
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Mountains, reported the presence of volcanic vents in the area. One of these vents 

reportedly occurs in lower units of Jv1 or Jva approximately 500 meters northeast of 

Cerro Colorado tank. No evidence was observed in the field that could corroborate the 

presence of a volcanic vent at this location. 

Middle rhyolite flows east of Rancho Seco - Jv2 and Jv3:  

Units of rhyolite flows distinguishable from Jv1 by the presence of thin bedding, 

more abundant fine-grained quartz, and intense quartzite alteration lie above Jv1. These 

flows are light grey to white to red in color. The southern-most exposures of Jv2 lie on 

the southern slopes of Cerro Colorado Hill. The unit immediately overlying Jv1 extends 

2.5 km to the north where it is faulted along the Bolas Blancas fault against Jurassic 

rhyolite and is in buttress unconformity with Laramide conglomerate (Kc) and andesite 

(Kal).  

Descriptions of Jv2 correlate with those of the tuff of Pajarito by Riggs and Haxel 

(1993). Observations of similar units were made in the hills south of Mina Del Tajo 

(outside of the map area) and in the Oro Blanco district, commonly hosting qz-py (± Au) 

mineralization. Overlying Jv2 on the eastern slopes of Cerro Colorado Hill is the basal 

breccia of unit Jv3 with clasts up to 20 centimeters of thinly bedded (1-2 cm) rhyolite tuff 

chaotically oriented in a matrix of rhyolite tuff (Figure 12). Jv3 is comprised of thinly 

bedded rhyolite tuff very finely laminated in places, displaying small-scale cross-

bedding, giving the appearance of coarse-grained eolian sandstone (Figure 13).  

Atop Cerro Colorado Hill Jv3 is light grey to white, thinly bedded with less than 1% 

hematite. No feldspar phenocrysts are present. Quartz is sub-rounded to rounded in nature 

and is bimodal, with larger phenocrysts reaching up to 3 mm in size. The larger quartz 
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phenocrysts constitute thin beds, up to 4 mm thick. Between these thin beds of coarse-

grained quartz are alternating beds of fine-grained, rounded quartz phenocrysts that rarely 

exceed 1 mm in size. Overall, the rock is about 60% matrix and 40% sub-millimeter 

quartz phenocrysts and matrix.  

Upper rhyolite flows - Jv4:  

The upper rhyolite flow Jv4 is medium- to fine-grained with quartz up to 3 mm in 

size comprising about 60% of the phenocrysts. Feldspars are lath-shaped, up to 1 mm, 

and are mostly white. Matrix is 50:50 quartz:feldspar in fresher samples, but is greatly 

replaced by silica where altered. Mafic minerals are rare, almost entirely altered to clay or 

hematite/goethite. Flow banding is prevalent, especially in thin section and this unit is 

easily distinguished in the field by the presence of abundant quartz phenocrysts. This 

rhyolite tuff is generally everywhere altered, with feldspar components altered to clay 

and intense hematite staining after oxidized pyrite. Where fresh, biotite constitutes up to 

less than one percent of this rock and is sub-millimeter in size. 

One outcrop of Jv4 described by Davis (1955) near the Mary G Mine was sampled 

for U-Pb dating (CCD14-205, Figure 14 and Table 1) and produced an age of 170.5 ± 2.7 

Ma. This sample was taken from an outcrop of altered rhyolite considered to be the 

uppermost rhyolite flow based on its proximity to and stratigraphic relationship with 

overlying conglomerate (Jc). Younger Laramide andesite occurs in buttress unconformity 

with Jv4. 

Jurassic sandstone/arkose lenses (Jss):  

Northwest of Rancho Seco the uppermost rhyolite unit (Jv4) contains thin lenses of 

apparent sandstone 20-50 meters thick. Commonly this unit is nearly indistinguishable 
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from the enclosing rhyolite but where visible, subtle crossbedding and fine- to very fine-

grained textures are present. At the Sierrita Mine one sample referred to as ‘sandstone’ by 

mine geologists was collected and is a nearly perfect match for the sandstone units 

northwest of Rancho Seco (Figure 15). Similar textures and cross-bedding were observed 

on the western slope of Cerro Colorado Hill, indicating sandstone interfingering with 

earlier rhyolite flows as well. 

In the Oro Blanco District, Knight (1970) described units of sandstone in rhyolite 

tuff, and in the Pajarito Mountains Riggs (1985) observed volcanic units containing 

sandstone interfingering with rhyolite porphyry or quartz porphyry in several areas, 

notably in Potrero Canyon. Cooper (1971) and Ferguson et al. (2003) report occurrences 

of quartz sandstone interbedded with andesite-rhyolite lava sequences in the Ox Frame 

volcanics in the Sierrita Mountains. The sandstone has been correlated by Haxel (Riggs, 

1985) to be the age-equivalent of the Navajo sandstone of northern Arizona. 

Jurassic trachy-dacite flows (Jv4a) 

Isolated occurrences of purple, hornblende-trachydacite displaying strong foliation 

are found on the hill north and northwest of the Cyanide prospects. The Cyanide trachy-

dacite contains sparse quartz phenocrysts up to 2 mm in size in a purple matrix of quartz 

and feldspar (Figure 16). Mafic minerals, particularly hornblende, are abundant and 

staining and whole rock analysis rock indicate notable potassium content. Foliation 

attitudes are consistent with those observed in the quartz-phyric rhyolite flows in the 

Cradle Hills and the overlying adjacent conglomerate. Foliation strikes S40ºE and dips as 

much as 75° southwest. This unit is conformably overlain by conglomerate to the 

southwest. Whole rock analysis on sample CCD15-40 shows this rock to be trachy-dacite 
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in composition (Figure 7). 

Granite plug and dikes near Cradle Tank – Jg2:  

In the vicinity of Cradle Tank occurs a plug and associated dikes of medium-grained, 

equigranular granite intruding the Cradle granite and adjacent rhyolite flows (Figure 17). 

This rock is buff tan to pinkish in color with a crowded texture. Quartz comprises 20-

30% of the phenocrysts, is sub-rounded and terminated, glassy on broken surfaces, and 

etched on outer surfaces. Pink feldspar 1-3 mm in size comprises up to 50% of the rock. 

White feldspar up to 1mm in size, constitutes 10-15% of the phenocrysts. Mafic minerals 

are phenocrysts of less than 2% specular hematite and less than 5% hornblende. The 

equigranular granite contains less than 5% feldspar matrix. 

No alteration of host rocks appears to be associated with the emplacement of this 

granite. Small outcrops of equigranular granite west of Calera Ranch closely resemble 

this granite and may be similar in age. One sample of this unit was collected for U-Pb in 

zircon dating and produced an age of 170.3 ± 2.5 Ma (Table 1). 

Glance Conglomerate (Jc): 

Immediately overlying upper Jurassic rhyolite flows (Jv4 and Jv4a) is a 

conglomerate containing clasts of all the underlying local lithology as well as rounded 

clasts of reddish-maroon andesite matching descriptions of that in Ox Frame Canyon by 

Cooper (1971) and Ferguson et al. (2003). The conglomerate is massive, up to 500 m 

thick near the Black Princess Mine, contains angular to rounded clasts ranging from 

pebbles to boulders in size, and varies from matrix- to clast-supported (Figure 18). West 

of the Cyanide prospects the conglomerate strikes S55°E, dips 75° to the southwest, and 

is in buttress unconformity with younger Las Guijas andesite. The conglomerate is almost 
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everywhere altered to some degree, with hematite present in mafic sites in clasts and 

feldspars commonly altered to clay or goethite (Figure 19).  

The conglomerate does not contain clasts of Las Guijas andesite (Kal) and, therefore, 

predates the andesite, which was the consensus of previous researchers. In their studies of 

the conglomerate Davis (1955) described the matrix as fine-grained arkosic and Jones 

(1957) noted that the matrix resembles that of an altered igneous rock and that this unit 

was likely hypabyssal in nature. The term conglomerate was suggested by Chaffee (1964) 

(Cerro Colorado Conglomerate) “…to remove the misleading characteristics of this unit; 

the degree of rounding of clasts set in a sedimentary matrix indicates this unit is, in fact, a 

conglomerate”.  

At Cerro Colorado, the conglomerate is strikingly similar to exposures of the Glance 

Conglomerate observed by the author in the Canelo Hills, Santa Rita Mountains, and 

Mule Mountains of southern Arizona described by Klute (1991). Regionally, the Glance 

Conglomerate has been classified as the basal unit of the Bisbee Group sedimentary rocks 

(Klute, 1991). Therefore it is suggested that this unit be referred to as Glance 

Conglomerate in the Cerro Colorado, Las Guijas, and Oro Blanco districts, a more widely 

accepted term, thereby expanding the presence of known exposures of the Glance 

Conglomerate across the region. Andesite clasts in the Glance are 172 to 178 Ma in age 

(Gilbert, 2012), consistent with ages of Jurassic rhyolite flows of this investigation. South 

of Arivaca the conglomerate was referred to as the Oro Blanco conglomerate member of 

the Oro Blanco Formation, by Knight (1970) which includes the overlying siltstones 

(Bisbee Group) described below. In the Pajarito Mountains Riggs (1985) referred to the 

conglomerate as the Summit Conglomerate. 
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One conspicuous feature of the Glance Conglomerate at Cerro Colorado is the 

presence of large, sub-rounded clasts of quartzite, reaching up to one meter in size near 

the Mary G Mine. These altered clasts were described in detail by Davis and Jones, 

whose determination of their source was simply enigmatic. Chafee (1964) notes that the 

origin of the quartzite in the conglomerate could not established and reconnaissance of 

several square miles outside of the area adjacent to Silver Hill failed to reveal a similar 

unit in outcrop. Speculating that the source of the quartzite may never be determined, 

Chaffee goes on to point out “…the rounded nature of clasts of this material also suggests 

a distant origin. The great distance of transport required and the narrow areal extent of 

this unit, both in the area of this study (Silver Hill) and in those of Davis and Jones, 

would seem to indicate that deposits of the conglomerate represent the remnants of 

ancient stream channels.” Intensely altered Jurassic rhyolite outcrops north and east of 

Rancho Seco are undoubtedly the source of these clasts in the Glance Conglomerate. 

Quartz-pyrite veins are common in the Glance Conglomerate at Cerro Colorado and 

Oro Blanco, and localized silicification with minor textural destruction is common. 

Hematite staining is common in the Glance nearly everywhere; at Oro Blanco the Glance 

is found throughout the district and hosts quartz-sulfide mineralization as described by 

Weiskopf (1994).  

Keith and Theodore (1978) and Drewes (1997) describe the coarse conglomerate as a 

distinct, separate unit from overlying units (described below). In the study area coarse 

conglomerate, interpreted to be Glance dips 50 – 75° SW, and is in apparent 

unconformable contact with tilted and folded shale and mudstone units with steep 

eastward dips west of Fernstrom Tank. South and west of Montaño Ranch these 
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mudstone units strike nearly east-west and are gently folded. These latter rocks have been 

interpreted to be Bisbee Group sedimentary rocks based on their consistency with 

occurrences of similar-looking Bisbee Group rocks (shale and mudstone) in the region, as 

described by Klute (1991). This unique relationship warrants the Glance Conglomerate 

be treated as a tectonically separate unit from the Early Cretaceous Bisbee Group rocks in 

the study area, pre-dating faulting and tilting of Jurassic volcanic rocks, and deposition 

and folding of Bisbee Group shale and mudstone. 

Bisbee Group sedimentary rocks (Kb):  

The Glance Conglomerate is unconformably overlain in the study area by a sequence 

of Mesozoic sedimentary rocks described as varicolored shale with a basal conglomerate 

by Keith and Theodore (1975) and Drewes (1997). As described above, the position of 

these rocks above the Glance Conglomerate and below volcanic rocks shown to be 

Laramide in age in this study, constrain the timing of their deposition to between 170.3 

Ma and 78.7 Ma, consistent with regional sedimentary rocks in the Bisbee Group and 

possibly Fort Crittenden Formations. Based primarily on regional stratigraphic 

correlations and petrographic evidence, it is proposed here that that these sedimentary 

rocks be included in the Bisbee Group described by Klute (1991). 

There are no petrographic or fossil constraints on Bisbee Group rocks at Las Guijas 

so as to assign them to a specific formation in the Bisbee Group, such as the Apache 

Canyon, Willow Canyon, or Turney Ranch Formations. Drewes (1997) briefly describes 

impressions of plant matter in this unit south of Arivaca. The lack of discovery of 

vertebrate fossils in this unit to date supports the likelihood that they are older than 

Turney Ranch. 
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Bisbee Group rocks occur on the western end of Cerro Colorado near Fernstrom 

Tank, on the east and west flanks of the Las Guijas Mountains, several miles south of the 

town of Arivaca, and reach south of the town of Ruby, a distance of nearly 30 km, and 

likely persist southward into Mexico. This group contains a lower unit of matrix-

supported, pebble-conglomerate containing thinly bedded, up to one meter in places, sub-

rounded to rounded clasts of locally derived rhyolite and more distal plagioclase-andesite 

of Jurassic age. The lower conglomerate is approximately 100 m thick and is in 

unconformable contact with the underlying Glance Conglomerate at Fernstrom Tank and 

west of Calera Ranch. The thickness of the lowest unit can vary and appears to be very 

thin west of Calera Ranch, likely the representation of local paleo topography at the time 

of deposition.  

The lower conglomerate member is gradationally overlain by and interfingered with 

units of siltstone and mudstone (shale) in the middle member of the Bisbee Group. 

Interbedded lenses of sandstone, conglomerate, and small bodies of calcareous sandstone 

and carbonate rocks are common, with shale beds reaching thicknesses of 20 meters or 

more south of Montaño Ranch (Figure 20). The low, rolling hills on the eastern flanks of 

the Las Guijas Mountains are comprised almost entirely of shale units belonging to the 

middle member of the Bisbee Group. The upper member is a conglomerate consisting of 

matrix-supported, pebble-sized clasts of rhyolite and Jurassic andesite. The entire 

sequence of these members is not present everywhere, and is in apparent fault contact 

with younger Las Guijas andesite west of Montaño Ranch and in buttress unconformity 

with the andesite west of Calera Ranch. 

North of the old Las Guijas mill site occurs a distinct unit of matrix-supported, 
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pebble-conglomerate containing clasts of Jurassic rhyolite. Lenses and channels are 

common in this unit and bedding attitudes are shallow, typically less than ten degrees, 

with some shallow faulting present, suggesting deposition postdating early Laramide 

compressional deformation, as no folding was observed in this unit. The relationship of 

this conglomerate with the underlying siltstone member is unclear, and the upper 

conglomerate member does not contain clasts of Las Guijas andesite, constraining its age 

to pre-Laramide. Knight (1970) describes a similar conglomerate member of the Oro 

Blanco formation to the south; containing clasts of underlying tuff and clasts of andesite 

of unknown origin. The Bisbee Group is gently to moderately folded, particularly 

southwest of Montaño Ranch (Figure 21), with steeper (tighter) folding west of 

Fernstrom Tank. 

Early Laramide sedimentary and volcanic rocks 

Laramide sedimentary rocks in the study area are restricted to isolated exposures of 

gently dipping pebble- to cobble-conglomerate conglomerate and carbonate rocks 

postdating the Bisbee Group and predating Laramide volcanic activity.  

Black Princess limestone (Kls) 

Near the Black Princess Mine and Black Princess Hill (473105 E, 3505458 N) 

occurs a thinly bedded carbonate unit up to 5 meters thick in angular unconformity with 

nearby tilted Glance Conglomerate. The limestone is brown, contains sand- to pebble-

size lithic fragments of quartz and rhyolite, and contains no fossils (Jones, 1957).  Clasts 

of Jurassic rhyolite up to several centimeters occur in the limestone on Black Princess 

Hill, about 100 meters north of the mine workings above the large wash adjacent to the 

mine (Figure 22). Bedding strikes S80°W and dips 10-15° south at Black Princess Hill 
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and 5° to the northeast on the hill east of Rancho Seco. South of the Black Princess Mine 

in a wash about 20 meters west of the two-track road (473132 E, 3505097 N) the 

limestone is interbedded with overlying conglomerate containing abundant clasts of Las 

Guijas andesite. This conglomerate, designated Kc, is described below.  

Additional outcrops/exposures of Black Princess limestone are found on the west 

flank of Cerro Colorado hill, as described by Jones (1957), the east flank of Cerro 

Colorado Hill, the hill east of Ranch Seco (as described by Jones, 1957), and at the base 

of the Cenozoic volcanic complex of the Cerro Colorado Mountains (475099 E, 3506683 

N). Cobbles of limestone are also found in float adjacent to a large fault east of the 

Cyanide prospects at 472424 E, 3503008 N.  

Carbonate rocks are rare in the Oro Blanco district except at three locations; one thin 

unit of carbonate rock was observed along a two-track road on a ridge east of Warsaw 

Canyon (UTM: 476325E, 3475180N). The relationship of this carbonate with the Glance 

Conglomerate is unclear and this unit may be locally derived lacustrine carbonate similar 

to that at the Black Princess Mine. Knight (1970) noted two locations for limestone in 

contact with underlying Glance Conglomerate at Oro Blanco; one in the eastern part of 

the district and another in the Pajarito Mountains to the east. These observations are 

consistent with those made by the author at Black Princess Hill and are suggestive of 

correlation in age of this carbonate unit as early Laramide. 

The Black Princess limestone appears to be terrestrial due to lack of marine fossils, 

and may represent a period of wetter climate, correlating temporally with regional units 

such as the Fort Crittenden Formation in the Santa Rita Mountains (Drewes, 1971, Hayes 

and Drewes, 1978, and Hayes, 1986). Additional locations where similar units have been 



210 

  

 

observed were mapped by previous researchers, including the Banner district (Kss of 

Willden, 1964), Copper Creek (Mzs of Krieger, 1968) and Pinkard Formation (Kp) at 

Klondyke by Simons (1964). 

Early Laramide conglomerate (Kc) 

A thin conglomerate unit, up to 4 meters thick, occurs near the Black Princess Mine 

and in isolated outcrops across the district, including west of Montaño Ranch in Las 

Guijas wash (466953E, 3502099N and 470917E, 3501692N) (Figure 23), west of Calera 

Ranch, and north of Arivaca Road (471000mE, 3501300mN) west of milepost 7. The 

conglomerate is interfingered with limestone near the Black Princess Mine (Figure 24) 

and is composed entirely of pebble- to cobble-size clasts of Las Guijas andesite. Near the 

Black Princess Mine the conglomerate is also intercalated in places with flows of Las 

Guijas andesite; these relationships suggest coeval deposition of conglomerate and 

andesite that locally postdates the limestone described above. Outcrops of early Laramide 

conglomerate (Kc) dip shallowly (less than 20º) with strike attitudes that generally radiate 

away from the central portion of the district, particularly vectoring away from the New 

Colorado Hills (Figure 25). 

Flow-banded early andesite – Black Princess area (Kaf): 

Jones (1957) mapped a distinct unit of flow breccia in the hills near the Black 

Princess Mine described as overlying the bed of limestone there with more abundant 

angular fragments of intensely flow-banded andesite (Figure 26). Flow breccia is 

common and the andesite is similar in composition to the Las Guijas andesite (Kal), but 

displays strong flow-banding. Plagioclase and hornblende phenocrysts are aligned in such 

a manner as to distinguish these flows from Las Guijas andesite. Lower flow breccias of 
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this unit are in depositional contact with the underlying limestone and in some places is 

directly deposited on the Las Guijas andesite. These stratigraphic relationships suggest 

this unit is contemporaneous with the Las Guijas andesite, constraining its age to early 

Laramide time. 

Las Guijas andesite – (Kal) 

Laramide volcanic rocks at Cerro Colorado include monotonous flows of andesite 

and associated flow breccia. Andesitic volcanic rocks are in angular (buttress) 

unconformity with the Cradle granite, Jurassic rhyolite flows, Glance Conglomerate, and 

Bisbee Group sedimentary rocks, and are overlain by Cenozoic volcanic rocks at the base 

of the Cerro Colorado Mountains. Laramide volcanic flows are dominantly purple and 

purple-grey in the southern portions of the district and grey to grey-green in the northern 

portions of the district. The two andesite units are distinct in composition and color and 

were mapped as separate units in the field.  

The purple hornblende-andesite spans the entire southern portions of the district, an 

area of approximately 35 square kilometers and was originally designated the Las Guijas 

andesite by Hirt (1978). The grey-green andesite found in the northern and western 

portions of the district spans northward beyond the map area where it disappears under 

alluvial cover and is herein referred to as undifferentiated andesite (described below), 

based on its high degree of compositional and textural variability. 

Davis (1955) was the first to describe andesite flows and agglomerates at Cerro 

Colorado in detail, putting their age as simply younger than quartz latite and 

conglomerate, which he designated as Cenozoic in age. Descriptions provided by Jones 

(1957) match closely with observations made in the course of this study. Samples of Las 
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Guijas andesite vary greatly in composition; ranging from plagioclase-biotite to 

pyroxene-hornblende-plagioclase (Figure 27). Phenocryst size and abundance are also 

highly variable, with phenocrysts (<1 – 6 mm) comprising from 10 to 75% of the rock. 

Flows of pyroxene-hornblende andesite are more commonly coarse-grained. 

The Las Guijas andesite is present across the southern half of the district, with 

limited exposures north of the Cradle Hills along the Bolas Blancas fault, reaching 

southwest to Calera Ranch and southeast to the Jurassic hills beyond the map area east of 

Arivaca Road. Southwest of Montaño Ranch and west of Calera Ranch the andesite sits 

in disconformable contact with Bisbee Group sedimentary rocks. Two samples of Las 

Guijas andesite were submitted for zircon separation; one pyroxene-plagioclase and the 

other plagioclase-biotite facies. Only the plagioclase-biotite facies yielded zircons used 

for dating in this study (sample CCD14-197) and produced an age of 78.7 ± 0.5 Ma 

(Table 1). One sample (CCD15-67) collected near the South Clark Mine was submitted 

for whole rock analysis and is shown on Figure 7 as a trachy-andesite. 

 Some flows display local bedding (Figure 28) and minor flow banding while most 

exposures of the andesite do not display any flow attitudes, jointing, or foliation. 

Generally speaking where andesite flows are flat-lying, flow breccia occupies 

topographically higher areas, with coherent flow facies exposed in eroded washes and 

gullies. Most areas mapped as breccia are monomictic and interpreted to be the 

autoclastic basal or carapace breccia of andesite flows, the matrix resembling the clasts in 

composition. Areas mapped as breccia commonly contain matrix-supported clasts of 

andesite up to 20 cm, and in some places clasts can be up to one meter in size. Some 

much larger fragments can easily be mistaken for outcrops of coherent flows and mapped 
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as such. Some flow agglomerates are composed of fragments that do not represent the 

overall composition of the andesite, containing much less plagioclase phenocrysts and 

more hornblende, with less pyroxene. Areas of polymictic breccia may represent lahars or 

debris flows containing clasts from several individual flows or events.  

The Las Guijas andesite is dominantly porphyritic with dark purple to light grey 

matrix and in places possesses deep red hematite staining in strands through the matrix. 

Gradational and subtle changes between mafic (pyroxene-hornblende-biotite) and felsic 

(biotite-plagioclase) facies of this rock made tracing contacts in the field difficult. Thin 

sections show flow banding in the andesite and commonly hornblende and plagioclase 

are oriented. Efforts were made to establish flow source and direction among individual 

flows, with numerous measurements taken on the orientations of phenocrysts in outcrop. 

Variations on the attitudes, however, indicate no relationship between the orientation of 

minerals and general flow direction, suggesting the orientations represent only localized 

flow features. 

Alteration is common in the Las Guijas andesite, presenting as chlorite replacing 

nearly all of the biotite or hornblende. Outcrops typically weather light grey on the 

surface, with clay alteration of hornblende and pyroxene common, especially adjacent to 

intrusive dikes or younger megacrystic hornblende andesite plugs, and in places, 

feldspars are replaced by sericite or clay (goethite), particularly adjacent to quartz-calcite 

veins. 

Undifferentiated andesite – northern CCD (Kau): 

The grey-green andesite found in the northern and western portions of the district 

spans from north of the Immigrant Pass area west to the Fernstrom Hills and from the 
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southern Fernstrom Hills and the vicinity of the 8-Cylinder prospects northward beyond 

the map area where it disappears under alluvial cover. The andesite is typically grey-

green in appearance, porphyritic, with equal amounts of phenocrysts and matrix. On the 

north side of Las Guijas wash (465539E, 3503167N) this unit can be observed 

immediately overlying the Las Guijas andesite, as schematically represented in Figure 29. 

Some portions of this andesite may be differentiated by the presence of moderately 

abundant pink feldspar greater in quantity than plagioclase. Hornblende in this facies is 

also abundant, commonly comprising up to 40% of the rock. Chloritization is common as 

well. The pink feldspar facies occurs most notably east of the Liberty Mine group 

westward north of Silver Hill and comprises a good portion of Silver Hill proper. The 

high degree of variability in composition of the pink feldspar facies, lack of breccia 

flows, and its restricted occurrences in the north warrant classification of this unit into the 

undifferentiated andesite common in the northern portions of the district. Discussions in 

the field with fellow researchers concluded this rock may be hypabyssal in nature, based 

largely on the lack of flow breccias typical of andesitic volcanics.  

The undifferentiated andesite is intruded by rhyolite dikes and a group of hornblende 

dikes common in the district. This field relationship suggests the undifferentiated andesite 

as a whole to be younger than the Las Guijas andesite, but older than the district-wide 

hornblende dikes that intrude it. 

Intrusive rocks of early Laramide age in the CCD 

Summary: Several intrusive units observed in the Cerro Colorado and Oro Blanco 

districts contribute significantly to Ag-base metal mineralization, and reconnaissance 

mapping in the Las Guijas district revealed granodiorite dikes of similar compositions in 
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the vicinity of several prospects. Descriptions are provided for samples obtained at Cerro 

Colorado and to compare and contrast mineralization in the two districts, descriptions of 

a suite of rocks collected at Oro Blanco are included in this investigation. 

Fine-grained biotite granodiorite – (Kgd): 

Northwest of Rancho Seco a fine-grained stock of biotite-granodiorite intrudes upper 

flows of Jurassic rhyolite and the Glance Conglomerate. The area of the exposed stock is 

approximately 1,000 m x 400 m with additional smaller exposures to the south.  Most of 

this stock consists of fine-grained granodiorite approximately 20-25% quartz up to 1 mm 

in size, 40-50% plagioclase up to 1 mm in size, and less than 10-15% orthoclase up to 1 

mm in size. Slightly coarser versions (to 2 mm) occur locally. Hornblende is minor, less 

than 1% and biotite is dominantly sub-millimeter, up to 25% total. In thin section as 

much as 75% of the biotite has textures indicative of a hydrothermal (secondary) origin.  

Several historic drill holes in the granodiorite produced pyrite-bearing chips. Dikes 

of hornblende quartz monzonite that intrude the granodiorite commonly contain copper 

sulfides. Other rocks intruding the granodiorite include rhyolite felsite, biotite orthoclase 

porphyry dikes, and Liberty granite (Figure 30). Two samples from this unit were dated 

using U-Pb in zircon (CCD14-94 and CCD15-50, Table 1) and whole rock analyses are 

presented in Tables 2 and 3 and Figure 6. U-Pb in zircon ages on samples of this unit are 

75.6 ± 0.5 and 75.5 ± 0.7 Ma, respectively. 

Quartz diorite of New Colorado – (Knc): 

East of the Mary G Mine is a group of hills wherein lie the mines and prospects of 

the New (Nuevo) Colorado group. The hills are herein referred to as the New Colorado 

Hills and are composed of hornblende-quartz diorite rocks, Glance Conglomerate, 
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Jurassic rhyolite tuff, and megacrystic hornblende andesite intrusions described below. 

The quartz diorite of New Colorado is a porphyritic rock (Figure 31), with quartz up to 1 

mm comprising less than 10% of the rock, plagioclase up to 3 mm in size makes up 

nearly 50% of the phenocrysts, and hornblende up to 3 mm makes up the remaining 30-

40% of the rock. The matrix is dominantly feldspar with lesser amounts of quartz. These 

descriptions are very similar to samples of the Ruby diorite obtained at the Montana and 

Warsaw Mines in the Oro Blanco district (Figure 32). One sample of this rock (CCD 17-

07) produced a U-Pb in zircon age of 75.3 ± 1.1 Ma. 

The quartz diorite comprises the western two thirds of the New Colorado Hills and is 

present in medium- to fine-grained phases to the east, south of Rancho Seco. Chill 

margins are especially prominent in plugs of quartz diorite in the vicinity of the Brouse 

Mine northwest of the Heintzelman Mine, where most of the rock is medium- to fine-

grained with fine- to very fine-grained chill margins hosted in flows of Las Guijas 

andesite (Kal) and undifferentiated andesite (Kau).  

Epidote replacing feldspars is pervasive in the more coarse-grained phase in the 

topographically high portions of the New Colorado Hills, and chlorite is common, 

replacing hornblende and lesser biotite almost completely. Much of the hornblende is 

altered to clay where the feldspars are less altered. The quartz diorite hosts Ag 

mineralization in abundant quartz-calcite (±barite) veins in the Nuevo Colorado group of 

mines and prospects on the north side of the New Colorado Hills. 

Black andesite dikes and plugs (Kai) 

In the hills east of the Liberty prospects and east of the New Colorado Hills are 

exposures of intrusive, hornblende-plagioclase andesite which is very dark in color. This 
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rock is commonly intensely chloritized with complete textural destruction and, as such 

was mapped as a separate lithologic unit. Exposures of the black andesite are found along 

the border of the biotite granodiorite and on the western margins of the hornblende quartz 

monzonite east of Liberty and northwest of Rancho Seco, and commonly contain 

xenoliths of pink, coarse-grained granite (Jgc?). The age relationship of this unit to other 

units is based on the Liberty granite intruding this rock and its intrusive nature into parts 

of the New Colorado quartz diorite. 

Liberty granite - (Kgl) 

East of the Liberty prospects is a pink, fine- to medium-grained granite that intrudes 

older undifferentiated andesite, hornblende-plagioclase andesite plugs, and the biotite 

granodiorite. The Liberty stock is exposed in an area approximately 400 m x 100 m and 

contains quartz, biotite, and subequal amounts of plagioclase and orthoclase (Figure 

33A). Quartz is generally 1-2 mm in size and constitutes up to 20% of the phenocrysts. 

Plagioclase is up to 2 mm in size and makes up approximately 15-20% of phenocrysts 

and orthoclase is abundant, reaching up to 4 mm in size and comprising 30-40% of 

phenocrysts. Biotite is the dominant mafic mineral typically presenting  as secondary, 

felty masses up to 4 mm in size, but generally 1 mm is common, comprising 10-15% total 

mineral abundance. No hexagonal phenocrysts of primary biotite were observed in this 

rock; the biotite present is likely a product of potassic alteration and, in turn, the biotite is 

almost completely altered to chlorite. Hornblende is minor, up to 1 mm, ranging from 

none up to 1-2% total.  

Based on cross-cutting relationships, this unit is the oldest in a sequence of 

intermediate stocks that occur east of the Liberty Hills. The Liberty granite intrudes into 
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biotite granodiorite in the main north-south drainage in the area, as indicated by large (up 

to 5cm) veins of granite in granodiorite. The Liberty granite also intrudes older, dark 

andesite, as in Figure 33B, where the granite veins are slightly more coarse-grained and 

less altered, and showing fresh biotite. In places, pyrite and lesser chalcopyrite are 

present in outcrop, particularly near 470500mE, 350660mN. 

Hornblende quartz monzonite - (Kqm) 

Northwest of Rancho Seco occurs a hornblende quartz monzonite, though the 

composition can vary notably between locations. Similar but subtle changes in 

composition are observable in hand sample, presenting this unit in the field as a mappable 

facies of generally quartz monzonite (Figure 34).  

The quartz monzonite is equigranular in texture with abundant hornblende 

comprising up to 15% of the rock that, in some places are up to 4 mm in size. Quartz is 

typically 1-2 mm and comprises up to 20% of the rock, orthoclase is up to 2 mm in size 

and comprises at least 30-40% of the rock in places, and plagioclase is up to 2 mm in 

size, comprising about 15-20% of the rock. Biotite is rare, but where present is typically 

sub-millimeter in size and generally about 1-2% total. In some places, the biotite content 

is elevated, and the size of phenocrysts are decreased to sub-millimeter, so as to appear to 

represent the biotite-granodiorite, in other places, biotite is absent. Where biotite content 

is elevated and hornblende is sparse, this rock resembles the Liberty granite.  

Exposures of the hornblende quartz monzonite are restricted to south of the main 

mass of Liberty granite and west of the main mass of biotite-granodiorite, and are found 

as dikes in biotite granodiorite and undifferentiated andesite. Alteration in the quartz 

monzonite is minor, limited to feldspars altered to clay and/or sericite with moderate 
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chloritization of mafic minerals. Alteration is more prevalent in dikes, particularly where 

brecciation has occurred or oxidized copper sulfide minerals are present. Dikes up to 2 

meters wide contain disseminated chalcopyrite, pyrite, and rarely bornite with copper 

oxides present. Several prospects lie on dikes of this unit where it occurs in the 

granodiorite. Timing of emplacement of this unit is bracketed by its intrusive relationship 

with the biotite-granodiorite and younger monzodiorite dikes, both of which were dated 

using U-Pb in zircon in this study.  

Rhyolite dikes – (Kr) 

A series of sub-parallel, steeply dipping rhyolite dikes are found in the foothills west 

of the Cerro Colorado Mountains, intruding into the Cradle granite, continuing west in 

the vicinity of Immigrant Pass, through the Liberty prospects, south of Silver Hill, and on 

the southern slopes of the Fernstrom Hills. Striking N80°W in the vicinity of the Liberty 

Mine, the dikes make a gradual change in orientation in the Silver Hill area and strike 

S40°W in the Fernstrom Hills. Northwest of Ranch Seco, in the Liberty granite, the 

rhyolite dikes are cut by coarse-grained biotite-monzodiorite dikes. This relationship 

constrains the age of the rhyolite dikes to younger than the biotite granodiorite and 

Liberty granite, yet older than the biotite-orthoclase dikes.  

Rhyolite dikes are up to two meters wide, form low ridges, and are easily identifiable 

in the field and on areal images by their stark contrast with darker enclosing rocks. The 

rhyolite dikes vary slightly in composition, but are generally very fine-grained (felsite) 

and consist of subequal amounts of quartz and white orthoclase (Figure 35). Quartz 

phenocrysts are rarely up to 1 mm in size. A sample (CCD15-54) of rhyolite dikes was 

analyzed for whole rock composition and determined to be rhyolite in composition 
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(Figure 7).  

Jones (1957) describes the rhyolite dikes as one exposure of felsite too fine-grained 

to discern composition or texture, typical of the rhyolite dikes in this study. One sill of 

rhyolite was described by Jones as containing phenocrysts of 1 mm quartz and orthoclase 

in the Jurassic tuff northeast of Rancho Seco. The sill described by Jones is likely 

actually a restricted exposure of a facies of the multiple Jurassic rhyolite tuffs in the 

northeast portions of the district. Chaffee (1964) described a series of similar, felsite 

dikes intruding the andesite porphyry south of Silver Hill.  

Flow structures and foliation are prominent in the rhyolite dikes, with foliation 

typically vertical. The dikes have altered the host rock by mobilizing iron and staining the 

andesite locally to a deep red up to two meters on their margins. East of Liberty the 

rhyolite dikes contain cubic pyrite up to 5 mm in size (Figure 35B). A larger plug of 

rhyolite occurs east of the Mary G Mine and no younger rhyolite dikes were observed 

intruding the Cenozoic volcanics in the Cerro Colorado Mountains. Knight (1970, p. 72-

73) describes a plug of silicic rhyolite containing disseminated pyrite which differs from 

other Cenozoic rhyolite dikes and plugs observed at Oro Blanco. Most rhyolite dikes at 

Oro Blanco have been shown by Knight to be younger than the Cenozoic volcanic rocks 

of the Atascosa Formation, with the exception of the pyrite-bearing plug.  

Observations and comparisons of rhyolite dikes in both districts suggest two distinct 

types, and possibly ages, for these rhyolite dikes and plugs. One older, early Laramide 

set, occurring at Cerro Colorado and Oro Blanco, and a younger, more widely distributed 

set in the Oro Blanco district.  
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Dikes of biotite-orthoclase and hornblende-plagioclase – (Kmd) 

In the northern portions of Cerro Colorado occurs a series of east-west striking, 

steeply dipping dikes containing abundant mafic minerals (hornblende and biotite) and as 

such are herein referred to as hornblende-biotite dikes (Figure 36). The hornblende-

biotite dikes vary slightly in composition and have been described as andesite porphyry 

dikes by Chaffee (1964) and Hirt (1978), and as granodiorite dikes by Jones (1957). 

Hornblende-biotite dikes are more coarse-grained and resistant to weathering than the 

enclosing host rocks and manifest as low, narrow ridges, typically one to three meters 

wide, sometimes larger. Two distinct groups of hornblende-biotite dikes are present, one 

which contains large orthoclase and biotite phenocrysts and another equigranular group 

with abundant hornblende (up to 15%) and plagioclase. 

The biotite-orthoclase (monzodiorite) porphyry dikes, contain less than 5% quartz, 

phenocrysts of orthoclase up to 2 cm in size, and plagioclase generally less than 2 mm set 

in an aphanitic matrix. Large phenocrysts of orthoclase are not always present in these 

dikes, but biotite is common, up to 4 mm and is typically bleached, superficially 

appearing as muscovite in hand sample, but is still biotite (phlogopite) in thin section. 

Dikes similar in composition and appearance to the biotite-orthoclase monzodiorite dikes 

are present near the base of the Cerro Colorado Mountains and continuously to the west 

in the Liberty and Silver Hill areas, with slight variations in composition being common.  

Hematite staining and clay alteration are associated with the biotite-orthoclase dikes 

in host rocks and in the dikes themselves. Contrary to reports by early authors (Jones, 

1957), chill margins on the larger biotite-orthoclase dikes have been identified in several 

locations, indicating the host rock was not warm when the dikes intruded.  
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The other series of temporally related hornblende-biotite dikes share similar east-

west striking characteristics. Dikes of equigranular hornblende and plagioclase are 

generally found coevally with biotite-orthoclase dikes and include variations of similar 

lithology including porphyritic textures and increased quantities of plagioclase, biotite, 

and lesser hornblende. Hornblende-plagioclase dikes generally contain less than 5% 

quartz up to 1 mm in size, 30-40% plagioclase up to 2 mm in size, and 40-50% 

hornblende up to 2 mm in size, with 1 mm being common. Dikes of these general 

compositions are common and have been included in this series of equigranular to 

porphyritic hornblende-biotite dikes and range in composition from quartz-diorite to 

granodiorite, based on point counts in hand samples and thin sections.  

Two large, parallel dikes west of the Mary G Mine strike N40°E and are up to 15 

meters wide in places, with 5-8 meters being common. The two dikes appear to be 

apophyses of the New Colorado stock, based on their hornblende-biotite content and 

apparent source of origin north of the Mary G Mine. These two dikes are distinct in 

appearance across the southwestern portion of the district and have been mapped in 

intermittent outcrops for approximately 2.5 km to the southwest before coalescing into 

one smaller body north of Montaño Ranch. This dike persists almost continuously for 

another 2.5 km along strike to the southwest, with no apparent offset due to faulting, 

south of Montaño Ranch where it disappears under cover near Placer Tank.  

Numerous prospects lie adjacent to the hornblende-plagioclase dikes along the 

contact with the host rock, particularly in the Liberty group, Silver Hill east, and 8-

cylinder prospects. This relationship is likely an artifact of the presence of intense 

hematite staining accompanied by weak base metal mineralization, though the dikes 
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themselves are not mineralized. Mineralizing fluids likely moved along the margins of 

the dikes, depositing modest amounts of metals including Pb-Zn-Ag. One sample of the 

biotite-orthoclase (monzodiorite) dikes was submitted for U-Pb dating (CCD14-204, 

Table 1) and produced an age of 74.8 ± 0.4 Ma. 

Monzonite? plug south of Montaño Ranch (Km)  

Limited exposures of a light brown to tan/buff rock occur south of Montaño Ranch. 

This rock is very fine-grained with sparse, sub-rounded quartz less than 1 mm in size,  

20-30%, feldspar phenocrysts 1-2 mm in size, approximately 50%, and clay-altered 

hornblende 1-2 mm approximately 20-25% total. Other mafic minerals include less than 

5% specular hematite in places. The sub-rounded nature of quartz phenocrysts suggests a 

volcanic nature to this rock, and it is possible that this rock is a distal representation of 

flows of Jurassic rhyolite tuff, though exposures appear to be intrusive in nature within 

Las Guijas andesite, placing the rock as younger than the andesite (UTM: 467894mE, 

3501438mN). 

Granodiorite southwest of Montaño Ranch (Kgd2)  

Southwest of Montaño Ranch occur limited exposures of porphyritic granodiorite 

dikes and plugs intruding Bisbee Group sedimentary rocks (Figure 37). The matrix of is 

50:50 quartz:feldspar, comprising about 30% of the rock. Quartz is subrounded, typically 

< 1 mm, comprising up to 30% of phenocrysts. Plagioclase is abundant, up to 40% of 

phenocrysts and typically 1-2 mm. Hornblende is acicular, up to 3 mm in length, about 20 

% of phenocrysts, completely altered to chlorite with subsequent clay alteration in places. 

Biotite is hexagonal, up to 2 mm in size, comprising 10-15 % of phenocrysts, and nearly 

entirely altered to chlorite, though some fresh biotite remains (< 1%). Magnetite is 
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present < 2 % total and Ag-base metal veins were not observed in exposures of this 

granodiorite. One sample of the southwest granodiorite was collected for U-Pb dating 

(CCD17-03, Table 1) and produced an age of 74.4 ± 1.0 Ma. 

Megacrystic hornblende andesite intrusions (Kh) 

Intruding all of the Laramide rocks in the Cerro Colorado district are dikes and 

small-volume plugs of megacrystic hornblende andesite, particularly prominent in the 

New Colorado Hills. Intrusions of hornblende andesite are distinguishable from the 

enclosing Las Guijas andesite, being typically dark grey in appearance and slightly more 

resistant to weathering. Hornblende andesite intrusions do not contain appreciable quartz 

and are composed primarily of subequal amounts of plagioclase up to 2 mm in size and 

hornblende typically elongate and acicular, 1-2 mm wide, and up to 1 cm in length 

(Figure 38), with frequent occurrences of hornblende exceeding 3 cm.  

The intrusive nature of the megacrystic hornblende andesite is readily marked by 

sharp contacts with host rocks and in the low hills southwest of the Waterman Mine 

where the margins of the hornblende andesite contains brecciated clasts of New Colorado 

diorite. In the eastern New Colorado Hills several prospects lie on the contact between 

Jurassic rocks and hornblende andesite intrusions. Alteration and mineralization in the 

hornblende andesite intrusions are nearly nonexistent, with hornblende consistently 

glassy and fresh.  

Megacrystic hornblende andesite intrudes Laramide and Jurassic rocks, and based on 

the lack of hornblende andesite intrusions in the Cenozoic Cerro Colorado Mountains and 

any other geologic evidence to constrain the hornblende intrusions to any age other than 

Late Cretaceous (early to middle Laramide), these rocks are designated Cretaceous in age 
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(Kh). 

Jurassic and Laramide intrusive rocks of the Oro Blanco district 

Summary: Geologic similarities and proximity to the Cerro Colorado district 

warranted the inclusion of limited investigation in the Oro Blanco district for comparison 

to those features studied at Cerro Colorado. Field observations and reconnaissance 

mapping at Oro Blanco included dikes responsible for contributing to Pb-Zn-Ag (Au) 

mineralization in the district as proposed by Knight (1970) and Weiskopf (1994). 

Descriptions of rocks in the Oro Blanco district were made to maintain consistency with 

previous investigations and current IUGS classifications of intrusive rocks. Point counts 

and modal estimates on hand samples were conducted to classify rocks in order to make 

an accurate comparison to those studied at Cerro Colorado.  

Warsaw quartz monzonite 

Knight (1970) described a quartz monzonite (Warsaw quartz monzonite – Jw, Figure 

39) in the southwest portions of the Oro Blanco district that intrudes Jurassic rhyolite 

tuffs. The Warsaw quartz monzonite is modally similar to the Durazno and Cradle 

granites and may be temporally equivalent. The Warsaw quartz monzonite is coarse-

grained with chloritized biotite in felty masses. Quartz and orthoclase are abundant, 

typical of quartz monzonite compositions. Relationships between the Warsaw quartz 

monzonite and overlying tuffs were observed as nearly identical to those between older 

granite and younger rhyolite tuffs at Cerro Colorado; the nature of the granite may not be 

intrusive to the tuffs at Cerro Colorado and Oro Blanco, rather the contact is likely 

topographic or depositional, appearing as intrusive. 

Drewes (1998) reports a U-Pb age on the Warsaw quartz monzonite of 167.3 Ma and 
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Knight (1970) reported abundant clasts of the Warsaw quartz monzonite in the 

conglomerate (Oro Blanco/Glance Conglomerate) one half mile south of the Montana 

Mine, placing it older than Early Cretaceous (Knight, 1970). Tosdal et al. (1989) assigned 

a Jurassic age to this rock, equivalent to the Jurassic Kit Peak-Trigo Peak super unit (from 

Weiskopf, 1994, p. 28).  

Blue Ribbon andesite (RBY16-01) 

Originally referred to as the Blue Ribbon diorite by Fowler (1938) and the Blue 

Ribbon andesite by Knight (1970), small exposures of andesite southeast of Ruby appear 

to be stratigraphically older than the Cenozoic volcanic rocks that comprise the Atascosa 

Mountains. The Blue Ribbon andesite is fine-grained, matrix comprises nearly 80% of 

the rock, with phenocrysts being sparse (Figure 40). Quartz is not visible, plagioclase is 

typically less than 1 mm in size, constituting up to 50% of the phenocrysts, and 

hornblende makes up an additional 50% and is typically sub-millimeter in size. Some 

hornblende has been altered to clay.  

Knight attempted to correlate the Las Guijas andesite at Cerro Colorado with similar 

volcanic units at Sierrita and Ruby, reporting the Demetri volcanics at Sierrita closely 

resemble the Las Guijas andesite and are overlain by Cenozoic volcanic rocks through an 

angular unconformity. At Ruby the basal andesite member of the Montana Peak 

formation is also overlain disconformably by Cenozoic rocks. 

Knight reports the Blue Ribbon andesite is younger than faults that cut the Ruby 

diorite, and younger than the Sidewinder quartz monzonite, however, no observations 

were made in support of this claim. One sample of Blue Ribbon andesite was submitted 

for zircon separation, but no zircons could be obtained from this sample. This sample did 
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contain apatite crystals that produced a U-Pb age of 84.9 ± 8.6 Ma (Table 1). 

Sidewinder hornblende-quartz monzonite 

Knight (1970) mapped a series of dikes and plugs at Oro Blanco that he dubbed the 

Sidewinder quartz monzonite, with a Cenozoic (Tertiary) designation (Ts) on his maps. 

Knight proposed the renaming of this rock to a quartz monzonite rather than diorite (after 

Fowler, 1938), based on districtwide petrographic descriptions. Dikes and plugs of 

hornblende-biotite rocks were shown by Knight (1970) to be older than or at least 

contemporaneous with mineralization at the Montana Mine and other locations in the Oro 

Blanco district. Weiskopf (1994) also states that the Sidewinder quartz monzonite is in 

close association with mineralization across the district and observations by the author on 

the surface and in underground mine workings confirm the association of Ag-base metal 

mineralization at Oro Blanco with the Sidewinder quartz monzonite and/or the Ruby 

diorite and similar rocks. 

Slight compositional variations in facies of the Sidewinder quartz monzonite are 

common (Figure 41), but overall, the rock presents as greenish-grey, porphyritic with 

hornblende up to 4 mm, about 40% of all phenocrysts. Quartz is sub-mm, typically less 

than 10% total. White feldspar up to 7 mm, makes up about 50% of the rock, altered to 

epidote about 30-50%. Hornblende is altered to chlorite about 50%. Matrix is sub-mm 

feldspar and hornblende and the rock generally does not contain magnetite or biotite.  

Samples of Sidewinder quartz monzonite were submitted for whole rock analyses 

(Figure 6) and this unit is herein referred to as the Sidewinder hornblende-quartz 

monzonite. One sample of Sidewinder from the Austerlitz Mine produced a U-Pb in 

zircon age of 76.9 ± 1.1 Ma (OBD16-01, Table 1). It is suggested here that the 
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Sidewinder hornblende-quartz monzonite be designated (Ks) on future research projects 

in the Oro Blanco district.  

Ruby diorite 

At the Montana and Warsaw Mines the Ruby diorite closely resembles the quartz 

diorite in the New Colorado Hills at Cerro Colorado (Figure 32). The Ruby diorite is 

porphyritic, with plagioclase up to 4 mm in size comprising nearly all of the phenocrysts. 

Hornblende is very fine-grained, typically sub-millimeter in size. Biotite is present, but is 

also sub-millimeter in size and comprises less than 10% of the rock. Weak chlorite 

alteration is common in the matrix, where most of the hornblende is contained. Samples 

of Ruby [diorite] were submitted for whole rock analyses (Figure 6), and though analyses 

show this sample to be a granodiorite, this unit is herein referred to as the Ruby diorite. 

Lithologic complexity at Oro Blanco: 

A new unit: Observations of dikes originally mapped by Knight (1970) as 

Sidewinder quartz monzonite (Ts) across the district revealed a unit of greatly differing 

composition than most others in the Sidewinder group. Samples of this different unit 

were collected at the town of Ruby, another from the Oro Blanco Mine, and another from 

the Hilltop Mine. Each sample is nearly identical in composition, but significantly 

different from the Sidewinder hornblende-quartz monzonite (compare Figure 41 (A, B, C, 

D, and F – Sidewinder hornblende quartz monzonite dikes vs. Figure 41E - granodiorite 

from the Hilltop Mine area) and Figure 42). 

This unit contains quartz up to 1 mm in size comprising less than 15% of the 

phenocrysts. Hornblende is sparse, making up less than 5% and is typically sub-mm in 

size. Biotite is present in some samples, but is generally rare, comprising less than 1% of 
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the phenocrysts. Plagioclase phenocrysts are typically 2-4 mm in size, but can be as large 

as 7 mm and make up about 50% of the phenocrysts. Orthoclase makes up less than 20% 

of the phenocrysts. The groundmass is aphanitic, composed of subequal components of 

quartz and feldspar, and makes up about 50-75% of the rock.  

In the of the town of Ruby this unit manifests from an intrusive rock to one with 

eruptive textures, consistent with observations by Knight (1970, p. 66), and Knight 

reports the Sidewinder quartz monzonite intruding the Ruby diorite, consistent with 

observations of this unit made by the author near the Montana Mine. Where observed, 

this unit does not display an association with Ag-base metal mineralization and appears 

to postdate this style of mineralization across the district.  

Knight, Weiskopf, and Riggs present data supporting a Cenozoic age (24.6 Ma, after 

Riggs (1985)) for the Sidewinder quartz monzonite. Based on cross-cutting relationships, 

the high degree of variability between this unit and other exposures of Sidewinder 

hornblende-quartz monzonite, and conflicting observations and claims of close 

association of the Sidewinder with mineralization, one sample of this unit was collected 

for U-Pb dating from a road cut above the Oro Blanco Mine (OBD16-02, Table 1). This 

sample matches nearly identically (Figure 41E and 42) the unit observed at Ruby with 

extrusive facies described by Knight (1970), and produced a U-Pb age of 28.5 ± 0.9 Ma. 

It is suggested herein that this unit be referred to separately from the Sidewinder 

hornblende-quartz monzonite in the Oro Blanco district and be designated as Tgd 

(granodiorite), as suggested by whole rock analysis (Figure 6) in future research projects 

in the Oro Blanco district. This unit may represent the onset of Tertiary magmatism in the 

Oro Blanco district. 
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Cenozoic (Miocene) volcanic rocks of the Cerro Colorado Mountains (Tv, 

collectively) 

Summary: The map area adjoins/overlaps exposures of the stratigraphically lower 

part of the Cenozoic volcanic complex of the Cerro Colorado Mountains east of the 

Cradle Hills. Descriptions of rocks observed in the Cerro Colorado Mountains are 

provided here in ascending stratigraphic order and are consistent with those by Smith 

(1966). Shafiqullah et al. (1980) report K-Ar ages on basalt flows on top of the Cerro 

Colorado Mountains of 23.8 Ma and Seaman (2000) presents K-Ar ages on volcanic 

rocks in the Cerro Colorado, Tumacacori and the Atascosa Mountains to the south 

ranging from 26.0 Ma to 23.0 Ma, respectively. 

Lithic Tuff (Tl):  

A clast-rich, lithic tuff sits at the base of the Cerro Colorado Mountains in the 

northeast corner of the map area and further to the north along the steep cliffs of the 

lower volcanic complex (475526E, 3506448N) (Figure 43). The tuff contains clasts of 

pumice and rhyolite up to 2 cm in size in a fine-grained, tuffaceous matrix. The lithic tuff 

is at least 100 meters thick and displays bedding in several places. 

Flow-banded rhyolite (Tr): 

 East of Cradle Tank flow-banded rhyolite rests conformably on Las Guijas andesite. 

The flow-banded rhyolite is approximately 100 meters thick, vitreous in appearance, and 

displays strong flow-banding. Mafic minerals are rare, but hornblende is present, up to 

~10 % total. This unit is significantly different from the flow-banded andesite at the 

Black Princess Mine. 
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Cenozoic basaltic intrusions (Tb):  

Northwest and east of Cradle Tank and in the Fernstrom Hills occur isolated 

outcrops of vesicular basalt or basaltic andesite (Figure 44). East of Cradle Tank the 

basalt locally intrudes Cenozoic flow-banded rhyolite and north of Cradle Tank one 

outcrop was observed intruding Jurassic rhyolite tuff. In the eastern Fernstrom Hills the 

basalt intrudes near the contact between older Las Guijas andesite and younger 

undifferentiated andesite. One sample of trachy-basalt obtained in the Fernstrom Hills 

was submitted for whole rock analysis (CCD15-69, Table 3 and Figure 7).  

Cenozoic conglomerate (Tc):  

Near the base of the Cerro Colorado Mountains (475526E, 3506448N) rests a 

pebble- to cobble-conglomerate containing clasts of most of the Cenozoic volcanic rocks 

observed in this study, including rhyolite, pumaceous lithic tuff, and basalt. This 

conglomerate is mostly consolidated material, unlike typical Quaternary alluvium. 

DISTRIBUTION AND STRUCTURE 

Mapping in the Cerro Colorado and portions of the Las Guijas districts reveals new 

insights into the structural history of the area and allows for a comparison to regional 

structural events. The geologic map (accompanying plate) displays the larger faults in the 

study area. Cross sections illustrate repeated sections of Jurassic volcanic and 

sedimentary rocks, similar to observations at Oro Blanco. 

Pre-Laramide northwest-southeast faulting at Cerro Colorado: 

Repeating map patterns of Glance Conglomerate and upper Jurassic rhyolite suggest 

northwest-trending, pre-Laramide faults (Figure 45). This faulting was accompanied by 

tilting up to ninety degrees in the eastern portions of the district; the degree of rotation is 
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most apparent in the vertically dipping beds of Jurassic rhyolite tuff in the Cradle Hills, 

though most of the tilting in the Jurassic rocks is 55-70 degrees. A simplified cross 

section displaying at least two generations of normal faults accommodating this extension 

is found in Figure 46. 

Angular unconformity between the Glance Conglomerate and Bisbee Group 

sedimentary rocks at Fernstrom Tank demonstrates tilting of units older than Bisbee 

Group. The lower Bisbee Group strikes N25°W and dips steeply to the northeast in 

contrast to Glance Conglomerate, which consistently strikes S55°E and dips southwest 

55°-70° across the district. In places, Glance Conglomerate is overlain by the basal, 

conglomerate of the Bisbee Group; in other places middle shale units of the Bisbee Group 

are in contact with the Glance Conglomerate. The latter relationships suggest either paleo 

topography during Bisbee Group deposition or post-depositional faulting. No faults were 

observed at Las Guijas or Fernstrom to suggest fault relationships between the Bisbee 

Group and Glance Conglomerate.  

Two sub-parallel faults, the Buster and Durazno faults, strike N40°W and dip 

northeast along the front of the range. The Buster fault demarks the contact between 

Bisbee Group sedimentary rocks and Durazno granite in places, though this relationship 

is not obvious to the southeast along strike of the fault. It is possible that the Buster fault 

predates pre-Bisbee Group rocks and was reactivated by minor extension or compression 

after deposition of the Bisbee Group.  

In places Au-bearing quartz-pyrite and less common W-bearing veins occupy the 

Durazno fault. The Durazno fault marks the alteration boundary between the ‘alaskite’ 

and the fresh facies of the Durazno granite described by previous workers. These two 
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faults converge in the vicinity of Durazno Canyon to the southeast, where the geology 

becomes more obscured by cover. 

Additional evidence for pre-Laramide tilting is presented by the unconformable 

contact of early Laramide limestone at the Black Princess Mine on adjacent Glance 

Conglomerate and upper rhyolite flows. The Black Princess limestone represents the 

earliest episode of pre-Laramide to Laramide sedimentation, dips gently (10°) to the 

south, and lies in depositional unconformity on Glance Conglomerate and upper rhyolite 

units that dip steeply to the west (85°). At one location north of the Mary G mine (UTM 

470000mE, 3505384mN) Glance Conglomerate is in the hanging wall of an apparently 

east-dipping normal fault, against underlying rhyolite in the footwall. The fault observed 

strikes N40°W and dips northeast 40°- 60° and is subsequently intruded by small-volume 

exposures of megacrystic hornblende andesite and purple, fine-grained andesite dikes. 

Southeast of Durazno Canyon and west of Calera Ranch the structural geology of the 

Las Guijas Mountains is complicated by lack of exposures of Bisbee Group rocks and 

vast pediment surfaces of Jurassic rhyolite tuff, and dip attitudes on Jurassic rhyolite and 

Glance Conglomerate are difficult to ascertain. Stratigraphic relationships and map 

patterns in this area suggest top-to-the-north rotation along a covered extension of the 

Durazno Fault. Varying thicknesses of shale beds and apparent offset of sandstone lenses 

in washes near Placer Tank, suggest the presence of north-south trending faults in the 

shale. Other faults may be inferred by the presence of topographic features such as 

Pasquiera Wash and Calera Wash, though there is no other evidence supporting such 

faults. Subtle changes in occurrences of Bisbee Group sedimentary rocks and a change in 

the strike and dip of the Bisbee Group to southeast of Durazno Canyon are the strongest 
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indicators of localized faulting.  

Regional post-Jurassic normal faults striking northwest-southeast have been 

described in the Oro Blanco district by Knight (1970), who reports northwest-striking 

faults cut the Ruby diorite, suggesting the diorite was emplaced prior to this sequence of 

faulting. The Ruby diorite is early Laramide in age, based on its relationships with rocks 

dated in the Oro Blanco district in this study. Knight (1970) addresses major northwest-

striking faults that have tilted the Jurassic rhyolite and Glance Conglomerate regionally, 

and mentions that this faulting has had apparent effect on the andesite in the Cerro 

Colorado district, though the details are unclear, and no such discernable effects on the 

andesite were observed during this investigation. 

Pre-Laramide east-west faulting: 

Jones (1957) describes an east-west trending fault on the north end of the district 

along Bolas Blancas Wash, which is rarely exposed, but its presence is amply supported 

by the termination of intersecting structures along this trend. Corroboration of the 

presence of the Bolas Blancas fault was made in this study; minor, synthetic faults along 

the wash are numerous and subtle lithologic differences in the tuffs on either side of the 

wash indicate offset bedding. Intense hematite staining and minor clay alteration are also 

strong indicators for a large east-west fault zone in Bolas Blancas Wash. Movement on 

the Bolas Blancas fault is apparently down to the north, as indicated by the presence of 

flows of Laramide andesite and abundant basin fill in the hanging wall north of the fault 

and exposures of uplifted Jurassic rocks in the footwall to the south. The fault is likely 

pre-Laramide in age; the andesite and younger rocks in the hanging wall occupying a 

partial graben created by the fault to the north. 
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Additional pre-Laramide, east-west faults occur north of Cerro Colorado Hill 

(474500mE, 3504000mN) (accompanying plate), where vertically tilted sections of 

Jurassic rhyolite are offset by oblique, left lateral movement along steep east-west normal 

faults. This series of small-scale, steep, east-west faults persists from Cerro Colorado Hill 

north to the Bolas Blancas Fault. Tracing these east-west faults into nearby Las Guijas 

andesite revealed no evidence for east-west faulting to postdate emplacement of the 

andesite, constraining the timing of east-west faulting to pre-Laramide. The timing of 

these faults with respect to post-Jurassic northwest-striking faults is unclear. It is possible 

that the east-west faults are normal faults predating extension and rotation of the Jurassic 

section. This is apparent through the lateral offset of rocks adjacent to the faults. 

Early Laramide folding and faulting: 

Bisbee Group sedimentary rocks are folded and possibly overturned in places west of 

the Fernstrom Hills, south and west of Montaño Ranch, south of Arivaca, and south of 

the town of Ruby. Laramide compressional stresses were generally from the south-

southwest, as indicated by the east-southeast orientation of the folds in the Bisbee Group 

rocks. These stresses are consistent with those during Laramide time, as presented by 

previous researchers (Rehrig and Heidrick, 1976). Early Laramide reverse faulting and 

large scale regional basement-cored uplifts are not present at Cerro Colorado. Folding of 

Bisbee Group rocks, but lack of compressional indicators in the Las Guijas andesite are 

strong evidence for deformation prior to emplacement of the Las Guijas andesite at 78.7 

Ma.  

Strong evidence for early Laramide compressional (reverse) faults are reported at 

several locations regionally and have been shown to predate, postdate, and possibly be 
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contemporaneous with early Laramide volcanism (i.e. Silver Bell (Richard and 

Courtright, 1959 and Mizer and Barton, in prep.), Copper Creek (Favorito, in prep.), 

Christmas (Mizer and Barton, in prep.), and Tombstone (Gilluly, 1945 and Mizer and 

Barton, in prep.)). Additional locations displaying these relationships are presented by 

Mizer and Barton (in prep.).  

The Las Guijas andesite postdates early Laramide compressional deformation, as 

evidenced by lack of significant deformation of the andesite. One exception to consider, 

however, is the occurrence of qz-calcite veins occupying Laramide structures hosted in 

the andesite; these may be compressional in nature. Small-scale faults in the Las Guijas 

andesite strike east-northeast and are characterized by breccia and/or gouge (clay) at the 

surface. The degree of movement on these faults cannot be ascertained due to lack of 

stratigraphic markers. Many of the Ag veins at Cerro Colorado are hosted in shear zones 

adjacent to these faults, which contain numerous small-to moderate synthetic 

displacement faults that together may have accommodated significant movement. The 

faults, which are steep in nature, may be tensional, accommodating Laramide 

compressional stresses or these faults accommodated local extension during early 

Laramide time. 

The lack of quartz veins in intrusive units such as the Liberty granite, hornblende 

quartz monzonite, and biotite-granodiorite northwest of Rancho Seco is additional 

evidence suggestive of the timing of district-scale stresses and the emplacement of the 

quartz veins. The ages of rocks in the district constrain modest early Laramide stresses in 

the district and vein emplacement to between 78 and ~74 Ma at Cerro Colorado. 

Along the Las Guijas Wash restricted fault relationships between Las Guijas andesite 
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and Bisbee Group shale are observed (UTM: 465530mE, 3502800mN). The Las Guijas 

fault strikes S30°W and dips 50°-60° to the southwest. This fault is obscured by 

sedimentary rocks in the wash, but may continue to the southeast and merge with a more 

southerly fault represented by topography in or near Pasquiera Wash. 

HYDROTHERMAL FEATURES (ALTERATION AND MINERALIZATION) 

Alteration 

Alteration in the Cerro Colorado district occurs in various forms including weak to 

intense chloritic, weak to intense propylitic, moderate quartz-sericite, and moderate 

potassic (Figure 47). Chlorite alteration of varying degrees is present almost everywhere 

in the Las Guijas andesite. Pervasive chlorite alteration occurs in the black fine-grained 

intrusive units adjacent to the eastern lobe of New Colorado quartz diorite and 

hornblende quartz monzonite east of Liberty, and in andesite west of the Cyanide 

prospects. Chlorite alteration also occurs in Jurassic rhyolite and Glance Conglomerate in 

the Oro Blanco district. 

Propylitic alteration includes the presence of calcite and quartz replacing 

phenocrysts, the complete or partial alteration of feldspars and matrix to epidote, and the 

alteration of mafic minerals to chlorite. Propylitic alteration is pervasive in some areas at 

Cerro Colorado, particularly in the flow breccia facies of Las Guijas andesite in the 

eastern Fernstrom Hills (Figures 48 and 49). Propylitic alteration in the andesite 

commonly manifests as the complete replacement of all minerals in breccia clasts by 

epidote and the addition of quartz and calcite. At other places epidote replacing feldspars 

is common in the Las Guijas andesite. Epidote occurs in veinlets up to 1 cm wide with 

intense epidote envelopes up to 4 cm wide Southwest of Mina del Tajo and Montaño 
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Ranch. Propylitic alteration is moderate to intense in the New Colorado quartz diorite, 

particularly near the summit of the New Colorado Hills. Epidote is common in the Cradle 

granite, replacing rims of some feldspars, especially adjacent to chloritized mafic 

minerals. Some larger feldspars show partial secondary biotite replacement that has been 

subsequently altered to chlorite.  

Clay alteration is common in the Las Guijas andesite, particularly adjacent to quartz-

calcite veins; feldspars are altered to kaolinite/clay and, to a lesser degree, fine-grained 

mica or sericite. A few fault zones in the andesite are also demarked by topographic 

features (deep, incised washes) and abundant clay alteration, such as south and east of the 

Cyanide prospects. 

Potassic alteration at Cerro Colorado occurs in the Jurassic granites, expressed as 

secondary, felty biotite constituting nearly 20% of the rock, which is nearly always 

altered to chlorite. Other areas of potassic alteration include the biotite granodiorite 

northwest of Rancho Seco and the similar granodiorite southwest of Montaño Ranch, 

where secondary biotite and potassium feldspar veins are common. The Liberty granite 

also displays chloritized secondary biotite. One thin section of Las Guijas (hornblende-

biotite-plagioclase) andesite east of the South Clark Mine contains secondary biotite and 

abundant copper oxides, with elevated potassium content (Figure 7 and Table 3).  

Upper Jurassic rhyolite and Glance Conglomerate are intensely altered north of the 

Mary G Mine and northwest of Rancho Seco; veins and alteration include quartz-pyrite 

veining with sericite envelopes up to several centimeters wide. Fresh sulfide minerals 

(pyrite) are rare, presenting as oxidation products (hematite/jarosite/goethite) staining 

fracture surfaces and in veins. Northwest of Rancho Seco pervasive quartz-sericite-pyrite 
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alteration in Jurassic rocks is likely associated with the fine-grained biotite-granodiorite. 

Quartz (-pyrite) veinlets (1-2 mm wide) with sericitic envelopes up to several centimeters 

wide are common.  

Two distinct sets of veins are found in the biotite-granodiorite northwest of Ranch 

Seco; epidote veinlets up to 1 mm wide have sodic envelopes 1-2 mm wide, and 

potassium feldspar veins up to a few cm wide are common. Minor epidote replacing 

secondary biotite was observed in several thin section, and epidote rims on feldspar are 

common. Alteration in the biotite-granodiorite (potassic and weak Na-Ca) is typical of 

deeper levels intrusive systems (Guilbert and Park, 1986, Seedorff et al., 2005, and 

Sillitoe, 2010). 

Silicification (addition of silica replacing quartz and feldspar matrix) is common in 

Jurassic rhyolite and Glance Conglomerate, and is spatially associated with quartz-pyrite 

veins. Textural destruction is common due to the addition of silica and acid alteration of 

feldspars. Intense hematite staining on feldspar rims is common and likely due to the 

oxidation of added sulfide minerals disseminated and in veins, though originally 

proposed to be the result of oxidized magnetite by Jones (1957). Silicification appears to 

predate and is unrelated to Laramide magmatism and may represent circulation of 

intracaldera fluids during Jurassic time. 

Units Jv2 and Jv3 are intensely altered on the east slope of Cerro Colorado Hill and 

to the north for approximately two kilometers. Where this alteration is most pervasive, as 

in the low hills north and northeast of Rancho Seco, the texture of the rock is almost 

completely destroyed, giving the appearance of a nearly pure quartzite, and veins of 

quartz-hematite are almost always absent in larger outcrops. North of Rancho Seco 
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quartzite comprises almost entirely a large hill in an area known locally as Immigrant 

Pass. The quartzite is nearly homogeneous, and shows complete textural destruction from 

the original rhyolite or sandstone. These intensely altered rocks are undoubtedly the 

source of the enigmatic quartzite clasts in conglomerate of earlier studies by Davis (1955) 

and Jones (1957). Quartzite alteration may be temporally and spatially associate with 

silicification of intracaldera tuff material during Jurassic time. 

Moderate to intense alteration (localized silicification and hematite after oxidized 

pyrite and associated Au mineralization) is common, but not pervasive, in the Glance 

Conglomerate at Oro Blanco, with alteration but no Au mineralization at Cerro Colorado. 

This alteration is not present in Bisbee Group rocks, suggesting Jurassic, (intracaldera?) 

timing of deposition for the Glance Conglomerate in the study area. 

Alteration along the Durazno and Buster faults: 

Veins in the Durazno granite include quartz-muscovite and fine-grained muscovite 

veins, medium-grained muscovite (-pyrite), greisen-type veins and quartz-pyrite with 

associated sericitic and chloritic alteration. Chloritic alteration persists distally to the fault 

zone and is common up the slopes of the Las Guijas Mountains to the west. 

The alteration is typically within 50-100 meters of the Durazno fault zone and can be 

seen in the gradational contrast in color on the eastern slopes of the range. Drewes (1997) 

reports a zone of ‘sheared and shattered rock’ along an area that has been interpreted here 

to be sub-parallel 2nd generation, pre-Laramide normal fault (Buster fault, Figure 46). In 

places this alteration closely resembles that of greisen, but may also simply be the deeper 

portions of a muscovite-bearing granite with local muscovite veins and late qz-py veins. 
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Mineralization 

Three distinct styles of mineralization have been identified in the study area: 1) Ag-

base metal (tetrahedrite, Ag-bearing) quartz-calcite (±barite) veins (Figure 50), 2) native 

copper and associated propylitic alteration in Las Guijas andesite northeast of Montaño 

Ranch (Figure 51), and 3) quartz-sulfide (pyrite) Au-bearing veins. Each style is 

discussed separately herein, as they are distinct in nature and likely represent different 

mineralizing and hydrothermal events, possibly of different ages. The characteristics of 

nearly all Ag-base metal veins examined in the Cerro Colorado and Oro Blanco districts 

are consistent with those summarized by Kissin and Mango (2014). 

Ag-Pb-Zn (qz-cal-bar) veins 

Numerous prospects are located on Ag-base metal quartz veins that typically strike 

N40°E, N90°E, and less often N50°W-N30°W and dip steeply between 65 and 90 

degrees. Veins pinch and swell, ranging from a couple of centimeters up to one meter 

wide in outcrop over short distances (Figure 52), can be tabular or splayed, and 

commonly occur in parallel offset sheets. Veins are typically compound in nature with a 

wide variety of textures, including colloform banding, rarely crustiform druzy quartz, and 

locally with large, euhedral quartz crystals, and may grade into broad zones of 

hydrothermal breccia or fault breccia up to several meters wide. 

Ag-base metal mineralization occurs in qz-cal (±bar) veins as primary sulfide 

minerals including tetrahedrite, sphalerite, galena, and minor balkanite and imiterite. 

Moderate cinnabar is associated with tetrahedrite at some locations, notably along the 

Mina Del Tajo vein at the Mina del Tajo and South Clark Mines. Keith (1974) reports the 

highest metal values in the district occur at the New Colorado Mines: 120 oz. Ag/T, 2.7 
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oz. Au/T, 19 % Pb, and 2 % Cu. Balkanite and imiterite were identified at Cerro 

Colorado, the first confirmed occurrences in Arizona, expanding the known localities of 

these minerals in North America to four. Vein mineralogy and compositions are reported 

in more detail by Mizer et al. (in prep.). 

Common oxidation products of primary sulfides include acanthite, covellite, 

descloizite, endlichite, and varieties of copper oxides. Native silver and silver halides 

have been reported in the district, though none were observed in the field during this 

investigation. Mineralization occurs in patches and pods as well as fine-grained 

disseminations confined to veins, sometimes hosted in the carbonate portion of the vein, 

if present. No mineralization was observed outside of the vein or in the host rock. Gangue 

mineralogy is dominantly carbonates (siderite and minor dolomite), quartz, and barite.  

Ag is found primarily in tetrahedrite and secondary acanthite, comprising up to 8 wt. 

% in tetrahedrite at some locations, with 2 wt. % being common. Hg in tetrahedrite is 

common, up to 2 wt. % on average, reaching up to 13 wt. % at Mina del Tajo, with one 

sample as high as 20 wt. %. Zinc in tetrahedrite is up to 6 wt. % on average, and arsenic 

presents as secondary to antimony, typically less than 2 wt. %. Reports of argentiferous 

galena occur in historic records, but numerous analyses did not reveal any Ag in galena. 

Te and Bi are absent in nearly all analyses of tetrahedrite and galena, respectively.  

Ag-base metal veins occur in the Las Guijas andesite, some early intermediate stocks 

and plugs, and are abundant in the New Colorado quartz diorite in the New Colorado 

group of mines. Veins have been observed cutting biotite-orthoclase dikes north of 

Rancho Seco, and being cut by hornblende-granodiorite dikes at other locations.  In the 

Liberty and Silver Hill areas a close association of mineralization with the biotite-
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orthoclase dikes can be observed. Mineralization is likely associated with dikes and 

apophyses of the quartz diorite of the New Colorado Hills or similar hornblende-

granodiorite dikes common in the district or shallowly emplaced, unexposed stocks. 

Veins were emplaced into fractures or pre-existing structures, common as fissure-

filling of small faults and replacement and cementing of brecciated host rock. The oldest 

fissures were repeatedly mineralized and subsequently brecciated, as indicated by the 

presence of brecciated host rock and vein material. In some instances there is no obvious 

hanging wall and the distinction between the vein and country rock becomes textural. 

Adjacent to qz-cal veins, the andesite is characterized by a reddish-colored zone of 

hematite alteration, sometimes accompanied by minor silicification. Locally, adjacent 

host rocks display only weak hydrolytic alteration (feldspars replaced by sericite or white 

clays, with chlorite replacing mafic minerals), and do not display evidence of propylitic 

alteration.  

The fact that much of the known vein mineralization at Cerro Colorado is associated 

with veins filling brecciated faults indicates a strong structural control of vein deposits in 

the district. Davis (1955) showed in his work that the orebodies in the Mary G mine are 

structurally controlled and the most favorable locations for orebodies are shown to be at 

fault and fracture intersections. 

Weiskopf (1994) investigated veins and mineralization in the Oro Blanco district 

similar to that at Cerro Colorado, reporting three styles of mineralization: 1) quartz-

sulfide veins occupying steeply dipping faults with Pb-Cu-Sb zones, 2) shallowly dipping 

quartz lenses with similar metal content, and 3) high angle breccia veins similar to 

quartz-sulfide veins.  
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Native and oxide Cu mineralization associated with propylitic alteration at 

Cerro Colorado 

Northeast of Montaño Ranch propylitic alteration is locally very intense (Figure 49) 

and occurs in flow breccia clasts and as localized pods in coherent flows of Las Guijas 

andesite. Copper oxides and native copper (Figure 51) are a common occurrence with 

intense epidote alteration. Ag-base metal veins do not occur in this area, and native 

copper mineralization does not appear to be associated with Ag-base metal veins across 

the district. This lack of association suggests that a different hydrothermal mechanism is 

responsible for copper mineralization and propylitic alteration, and no evidence for the 

timing of native copper mineralization with respect to Ag veins was observed. 

Native copper is found replacing hornblende, biotite, and pyroxene in clasts of 

andesite. Copper oxides were observed in veins and on fracture surfaces east of the South 

Clark workings (along Arivaca Road), south of the Mina del Tajo Mine, and southwest of 

the Mary G Mine near the 5-Hole prospects. This copper mineralization is observed 

exclusively in flow breccias of Las Guijas andesite. No such alteration and mineralization 

were observed in the undifferentiated andesite to the north. 

Hirt (1978) addressed several possible sources for native copper mineralization at 

Cerro Colorado and Kirkham (1995) presents evidence for similar deposits hosted in 

subaerial volcanic rocks. Petrographic observations and many microprobe analyses failed 

to reveal copper sulfides associated with native copper occurrences. Cu is present in 

biotite near the South Clark workings and, combined with copper oxides in veinlets in the 

same vicinity, one can surmise that biotite was the source of copper upon eruption, or that 

the copper had preferentially replaced biotite through the circulation of copper-bearing 
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fluids.  

Quartz-sulfide (pyrite ± Au) mineralization – Las Guijas and Oro Blanco 

Several prospects in Glance Conglomerate and Jurassic rocks at Cerro Colorado lack 

the Ag-base metal association common at Cerro Colorado and represent small-volume 

Au and associated pyrite mineralization in silicified quartz vein zones. This quartz-sulfide 

style of mineralization and silicification is similar to that observed in the Las Guijas 

district and reported in the Oro Blanco district by Knight (1970) and Weiskopf (1994). 

The source of this style of mineralization in the Las Guijas Mountains is enigmatic. The 

differences between the styles of Ag- and Au-bearing systems, their host rocks, and 

regional timing of Ag mineralization are evidence for at least two generations of 

mineralization in the area: one early, possibly late Jurassic, Au-bearing quartz-sulfide 

mineralizing event, and another series of early Laramide, Ag-base metal mineralizing 

events. 

Placer gold is found on alluvial terraces south of Montaño Ranch and discussions 

with modern gold prospectors at Las Guijas revealed patterns in the methods and style of 

placer gold located there. Prospectors use dry panning techniques to recover fine gold 

from alluvial terraces composed almost entirely of Jurassic clasts and from pediment 

surfaces developed across Jurassic rocks. Prospectors currently working these alluvial 

terraces pointed out that all of the placer gold is acquired in these pediment surfaces 

rather than the shale of the Bisbee Group. Gold is typically found as fine pieces (< 2 mm 

in size) rather than nuggets.  

These observations are consistent with recounts of early Spanish prospecting at Las 

Guijas, which is interpreted from the Spanish term for ‘gravel’, from which early Spanish 
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or Mexican prospectors likely obtained gold from the east side of the Las Guijas 

Mountains (Kasulitis, pers. comm., 2013). The fact that gold is not found in appreciable 

quantities Bisbee Group rocks, combined with the lack of Au-Py (±W)-bearing quartz 

veins hosted in the same rocks, are strong indicators for the timing of the Au-Py (±W)-

bearing quartz veins as being Jurassic. Occurrences of Au mineralization in Jurassic 

rocks at Las Guijas and Oro Blanco are consistent with reports of similar mineralization 

in granite-related systems of Jurassic age reported by Barton et al. (2011). 

DISCUSSION 

Synopsis of geologic history 

Jurassic rocks represent the earliest exposed magmatic events in the Arivaca area. 

Early granitic intrusions were contemporaneously emplaced with regional eruptions of 

rhyolitic ignimbrites. Rhyolite and andesitic rocks of Jurassic age are widespread in the 

region and occur in the Sierrita Mountains not far to the north, but Jurassic andesite is 

absent in the Arivaca area. Jurassic silicic calderas overlapped spatially and temporally 

during middle Jurassic time and comprised a broad, low-lying arc into which eolian 

sedimentary rocks accumulated. Jurassic volcanism was followed by regional extension, 

erosion and sedimentation, as can be seen in regional distribution of the Glance 

Conglomerate, which contains clasts of Jurassic andesite, rhyolite, and sandstone. 

Northwest-striking normal faults dismembered and rotated Jurassic rocks, locally 

exposing deeper Jurassic granite.  Subsequent sedimentation deposited the Early 

Cretaceous shales and mudstones of Bisbee Group rocks in angular unconformity on 

tilted Jurassic units. Later, Bisbee Group sedimentary rocks were tilted and gently folded, 

the result of regional early Laramide compressional forces. 
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The interbedded nature of the Black Princess limestone (Kls) with conglomerate 

(Kc), and conglomerate (Kc) with andesite (Kal) indicates the timing of andesite with 

respect to the limestone. Restricted intermountain basins in the region produced terrestrial 

lakes and deposits of associated carbonate rocks contemporaneous with the onset of 

Laramide magmatism. Early Laramide magmatism at Cerro Colorado spanned 78-74 Ma 

beginning with several distinct flows and agglomerates of hornblende-plagioclase 

andesite. Younger, contemporaneous intrusions of biotite granodiorite, hornblende quartz 

diorite, biotite-hornblende granite, and hornblende quartz monzonite are present in the 

north-central portion of the district. All older units were subsequently intruded by steeply 

dipping rhyolite dikes in the north. A younger group of highly variable, but dominantly 

hornblende-biotite feldspar dikes intruded these older units.  

Ag-bearing veins prominent in the district have been shown to be closely associated 

with this generation of hornblende-granodiorite dikes, placing their age between 78.7 and 

74.4 Ma. The latest Laramide event in the district was the emplacement of hornblende-

megacrystic andesite plugs, the age of which has only been constrained to late in the 

Laramide sequence or early Cenozoic. The onset of Cenozoic magmatism began at Oro 

Blanco at 28.5 ± 0.9 Ma with the emplacement of the young granodiorite. This age is 

likely the same as the lower portions of the Cenozoic volcanic package in the Cerro 

Colorado Mountains, which were reported to be 26.0 and 23.8 Ma by K-Ar by Seaman 

(2000) and Shafiqullah et al. (1978), respectively.  

Intrusive units at Oro Blanco reported by Knight (1970) include Jurassic Warsaw 

quartz monzonite, Cretaceous Sidewinder hornblende-quartz monzonite dikes and plugs, 

Ruby diorite, and Cenozoic granodiorite. Small-volume dikes at Oro Blanco are highly 
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variable in composition and previous mapping does not provide enough detail to 

adequately convey the geologic history of the district.  

Structural Interpretations 

The structural history of the Arivaca area occurred in two major episodes. The first 

episode generated large, northwest-striking faults that extended, dismembered, and 

rotated Jurassic rocks and Glance Conglomerate. Minor left-lateral movement along east-

striking faults offset local stratigraphic expressions of regional Jurassic caldera fill and 

rhyolitic flows. Two large faults west of Calera Ranch and south of Placer Tank appear to 

coalesce and have effectively dismembered portions of the Durazno granite and overlying 

rhyolite tuff. The Amigo Wash fault of Drewes (1997) may merge with portions of the 

Durazno fault south of Placer Tank (467500mE, 3500500mN); observations of these 

faults are difficult to make in the field due to alluvial cover, adding to the complexity of 

this particular area.  

The nearby Amigo Wash fault continues the trend of shale on granite south of Placer 

Tank and may be cut off by an extension of the Durazno fault, indicating the timing of 

the Durazno fault as younger than the Amigo Wash fault. Drewes (1997) mapped a fault, 

which he referred to as the Arivaca Fault II, in the southern map area (473300mE, 

3497700mN) that places Glance Conglomerate against upper Jurassic volcanic rhyolite 

flows. No evidence for this fault was observed in the field and considering this normal 

stratigraphic relationship occurs in several locations in the district, the Arivaca Fault II 

may not be a fault, but a normal representation of stratigraphy. 

The second structural episode was early Laramide compression, which moderately 

folded Bisbee Group sedimentary rocks and set the stage for small-volume Ag-base metal 
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vein systems in the area. At Cerro Colorado early Laramide faults host the quartz-calcite 

Ag-base metal vein systems. The timing of this faulting and the accompanying vein 

systems is constrained by U-Pb dating of early Laramide rocks in the district that pre- and 

post-date the vein systems to between 78.7 Ma and 74.4 Ma.  

Regionally, post-Laramide and late Cenozoic extension and associated normal 

faulting are common, rotating and dismembering older rocks and many Laramide-age 

porphyry copper systems. This style of extension is not observed at Cerro Colorado, 

based on nearly flat-lying beds of Black Princess limestone and its relationship with 

conglomerate and andesite as described above. Miocene volcanic rocks in the study area 

are nearly flat-lying in the adjacent Cerro Colorado, Tumacacori, and Atascosa 

Mountains.  

Implications for mineralization 

U-Pb ages and cross-cutting relationships in this investigation constrain the timing of 

Ag-base metal mineralization at Cerro Colorado to between 78.7 and 74.4 Ma, though the 

source of mineralization is, as of yet, unidentified. Similar mineralization styles at Oro 

Blanco are clearly associated with dikes 76.9 Ma in age, and Ag-base metal occurrences 

in the Las Guijas district also show a close association with dikes of intermediate 

composition, possibly early Laramide in age. 

The early Laramide age of rocks in the district and zoning patterns of elemental 

compositions in Ag-base metal veins (Mizer et al., in prep.), suggest mineralizing events 

at Cerro Colorado could be the distal expressions of at least one unexposed Laramide-age 

porphyry copper system. Prior to this study, doubts or concerns regarding the ages of the 

rocks and, therefore the mineralizing events, would have ruled out this possibility.  
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The U-Pb ages are indicative of short-lived, early Laramide magmatic activity, 

spanning only 3-4 m.y. Mizer and Barton (in prep.) present several case studies in the 

region where early magmatic events predate porphyry copper mineralization by 5-10 

m.y., sometimes more, and Seedorff et al. (2005) report episodic mineralizing events in 

porphyry copper systems can occur over a span of 10-15 m.y. following early mafic to 

intermediate magmatism in districts containing clusters of large plutons. Exposed early 

Laramide magmatic rocks at Cerro Colorado may represent early, mafic to intermediate 

magmatism commonly found in porphyry copper districts, and porphyry copper deposits 

of subsequent Laramide age may occur in the district, unexposed by extensional 

dismemberment. 

Generally speaking, regional porphyry copper mineralization ranges from ~68 to 58 

Ma, as summarized by Mizer and Barton (in prep.). This trend of porphyry copper 

mineralization is generally too young to have produced the Ag-base metal veins at Cerro 

Colorado. Regionally, however, Ag-base metal veins of Laramide age occur in some 

districts where no porphyry copper systems have been show to exist. These occurrences 

suggest a different mechanism of mineralization than one associated with porphyry 

copper emplacement.  

Element composition maps of base and precious metals associated with 

hydrothermal systems in the Oro Blanco district by Weiskopf (1994) and reports by 

Knight (1970) provide evidence for two possible Laramide-age centers of Ag-base metal 

mineralization in the northern and southern portions of the district. Between these areas 

lies the Au-mineralized, silicified quartz-pyrite zone contained entirely in Jurassic rocks 

in the vicinity of the Old Glory and Margarita mines.  
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The association of base metals with gold at Oro Blanco may be a localized overprint 

of Laramide base metal mineralization on Jurassic Au mineralization. This zoning was 

identified by Sergestrom (1986) in the Planchas de Plata district in Mexico, where he 

states “…mineralization and zoning of alteration in the district may be of Laramide age 

and may be a peripheral manifestation of a porphyry copper system.”   

Many Laramide porphyry copper systems in the region have been exposed by post-

mineral extension and dismemberment. The lack of post-Laramide structural 

dismemberment in the study area may explain the absence of porphyry copper exposures, 

which may be responsible for manifestations of Ag-base metal vein mineralization at 

Cerro Colorado, Las Guijas, and Oro Blanco.  

Comparison with regional geology 

Exposed rocks in the Arivaca area are nearly all Jurassic age and younger, yet the 

underlying basement must include Paleozoic carbonates, of which there are a few rare 

outcrops, and 1.4 Ga granitoids typical of the Pinal terrane rocks, which are known only 

at Cerro Colorado through evidence from inherited zircon cores (Table 1). Paleozoic 

carbonate rocks are abundant in the region and in many places have consistently been 

shown to display alteration and contact metamorphism associated with the emplacement 

of porphyry copper systems (e.g., in the review of skarn deposits by Einaudi, 1982, and 

other papers in Titley, 1982). The isolated outcrop of metamorphosed limestone north of 

Silver Hill is probably Paleozoic in age, displaying contact metamorphism similar to that 

shown in some porphyry copper districts.  

Intrusive Jurassic rocks (~175 Ma) in the study area are similar in age to occurrences 

of granite at Juniper Flat near Bisbee (Lang et al., 2001), the Date Creek Mountains 
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(Spencer et al., 2015), Squaw Gulch in the Santa Rita Mountains (Lang et al., 2001), and 

the Josephine Canyon stock in the Santa Rita Mountains (Mizer and Barton, in prep.). 

Similar Jurassic rocks also occur at Cananea, Mexico; Valentine (1936) provided an 

early, detailed overview of district geology and much work has since been conducted on 

Jurassic and Laramide rocks at Cananea by Anderson and Silver (1977), Damon et al. 

(1983), McCandless et al. (1993), Wodzicki (2001), Del Rio-Salas et al. (2015), and 

Escarrega and Martinez (2003). The El Torre syenite at Cananea may represent a Jurassic 

pluton similar in age to that of the Cradle and Durazno granites in the Cerro Colorado 

district. 

Jurassic volcanic rocks around Arivaca resemble widely distributed rocks of similar 

ages as reported by Riggs and Busby-Spera (1991), Tosdal et al. (1989), and Spencer et 

al. (2015). These include the Mt. Wrightson formation in the Santa Rita Mountains, 

Harris Ranch and Ox Frame volcanics in the Sierrita Mountains, the Dome Rock 

Mountains in western Arizona, and the Cargo Muchacho Mountains in California. 

Jurassic volcanics at Arivaca may be sourced from the Red Boy Peak cauldron, as 

described by Ferguson et al. (2003) or other large Jurassic calderas in the region. 

Horstman (1996) provides evidence for at least one large, dismembered Jurassic caldera 

east of Arivaca. 

Bisbee Group sedimentary rocks comprise only a few hundred meters of stratigraphy 

at Cerro Colorado. In other places in southeastern Arizona similar shale beds in the 

Bisbee Group can reach thicknesses up to 2000 meters (Klute, 1991). The shortened 

stratigraphy at Cerro Colorado is suggestive of a shallow, intermountain basin bounded 

by post-Jurassic faults, consistent with observations presented by Klute (1991, p. 214). 
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The Black Princess limestone at Cerro Colorado is evidence for a local expression of 

a series of intermountain basins in the region and early Laramide conglomerate in the 

district is likely temporally correlative to the Fort Crittenden Formation in the Santa Rita 

Mountains, as reported by Hayes (1986). Several extensive studies have been conducted 

by Drewes (1971), Hayes and Drewes (1978), and Hayes (1986) on occurrences of mid-

Cretaceous freshwater and estuarian sedimentary rocks and the biota contained within 

them. Mesozoic sedimentary (Fort Crittenden-type) units similar to those at Cerro 

Colorado have been observed by the author at Copper Creek and west of the town of 

Willcox below early Laramide andesite (Mizer and Barton, in prep.). Additional 

occurrences are reported in the Banner district by Willden (1964), at Holy Joe Peak by 

Krieger (1968), and in the Klondyke area by Simons (1964).  

Andesitic volcanic fields commonly display local and widespread features inherent 

to the chaotic nature of multiple, overlapping eruptive events. Many times these events 

can be separated in time by tens to hundreds of thousands of years in long-lived systems, 

and recurring eruptions can overprint and alter previously deposited rocks from the same 

volcanic system. Local topography (valleys and channels) can have significant influence 

on the nature of deposition of volcanic rocks, particularly brecciated material. The 

chaotic nature of some flows of Las Guijas and undifferentiated andesite at Cerro 

Colorado suggest the presence of similar topography in the district during early Laramide 

time. 

Cenozoic (Miocene) volcanic rocks are common in southern Arizona and northern 

Mexico. The Cerro Colorado, Tumacacori, and Atascosa Mountains are composed of 

nearly identical sequences of basal tuff, flow-banded rhyolite, rhyolite tuff, ignimbrite, 
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and sometimes capped by basalt flows. Stratigraphic continuity between these localities 

and nearly horizontal beds of volcanic rocks suggest little to no post-Cenozoic extension 

and tilting in the study area. 

Several Cenozoic K-Ar ages on rocks in the Cerro Colorado and Oro Blanco districts 

were reported by previous researchers (Shafiqullah et al., 1978 and 1980 and Seaman, 

2000). The U-Pb age of 28.5 ± 0.9 Ma on the Oro Blanco granodiorite is consistent with 

previous K-Ar ages on volcanic rocks shown to be Cenozoic in the area. Comparisons 

show that while some consistencies between K-Ar and U-Pb methods occur, the U-Pb in 

zircon method allows for tighter constraints on the timing of events in districts where 

multiple magmatic events occur in both short- and long-lived sequences. Generally 

speaking, K-Ar methods are sound in some districts, but can be significantly affected 

(often presenting a younger age) in districts containing abundant hydrothermal alteration 

or subjected to post-mineral (Cenozoic) volcanic activity (Mizer et al., 2015 and Mizer 

and Barton, in prep.).  

The proximity of older (Laramide) units to younger magmatic events makes them 

inherently prone to apparent younger K-Ar ages due to hydrothermal resetting. This 

resetting, combined with inconsistencies in key parameters of K-Ar dating, such as 

unknown values for the amount of initial argon, loss of argon, and excessive potassium 

through potassic alteration (common in porphyry copper systems), are variables that can 

significantly increase or decrease a K-Ar age. While K-Ar dating has proven to be 

effective for constraining magmatic events to a particular period or epoch, U-Pb in zircon 

is capable of constraining events to a particular age, especially in districts where 

hydrothermal activity has been long-lived and, in some cases, multiple episodes of both 
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Laramide and Cenozoic events have occurred. 

Considerations and suggestions for future work 

This investigation presents a comprehensive understanding of geologic events at 

Cerro Colorado through mapping, petrography, and new U-Pb in zircon geochronology. 

Previous researchers (Davis, 1955 and Jones, 1957, and Sheikh, 1966) proposed 

Cenozoic age assignments, with no geochemical constraints, for units of this 

investigation shown to be Jurassic and Cretaceous in age, emphasizing the importance of 

U-Pb in zircon dating for rocks in districts where little or no previous data exists.  

Three new U-Pb ages on key igneous units at Oro Blanco contribute to a greater 

understanding of the geologic history of the area, but raise questions regarding the nature 

of some events. Little work has been done recently at Oro Blanco to comprehensively 

address the abundant igneous and sedimentary units, and the timing of qz-py-Au and Ag-

base metal mineralization in the district. A few ages reported by Drewes (1998) present 

limited data for the district, and precise ages of Jurassic rhyolite flows and numerous 

dikes of varying compositions at Oro Blanco remain unknown.  

A comprehensive investigation of the Oro Blanco district including mapping, 

petrography, and geochronology will contribute to a better understanding of the geologic 

history and mineralization in the district, and provide greater regional context. Applying 

this approach to districts in the region where events are poorly constrained or 

mineralization is not well understood will improve the geologic context and may also 

influence and advance mineral exploration in those areas.  

The understanding of metallogenesis in southwest North America during Laramide 

time is continually evolving, and the application of various models of porphyry copper 
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systems has greatly enhanced exploration potential for these resources operationally and 

in the field. Developing a more succinct understanding of the geochronology of a district, 

and of the distal distributions of metals (Ag, Pb, Zn, and Mn) and elements (As, Sb, Te, 

and Bi) commonly associated with copper mineralization are key to enhancing silver and, 

consequently, copper exploration techniques in southern Arizona and the region.  

CONCLUSIONS 

Volcanic and associated intrusive rocks in the Cerro Colorado and Oro Blanco 

districts of southern Arizona are Middle Jurassic (~170±5 Ma) and Late Cretaceous (75-

80 Ma) in age, and both sets of rocks host mineralization. Quartz-pyrite veins with 

accessory Au and W represent mineralization associated with Jurassic magmatism in the 

area. Much later, carbonate-quartz Ag-base metal veins at Cerro Colorado and Oro 

Blanco formed between about 78 and 75 Ma. This Ag-base metal mineralization is older 

than most porphyry copper districts in this part of southwestern North America. Drawing 

a parallel with distal silver-base metal mineralization and porphyry coppers systems hints 

at the possibility of porphyry-type mineralization at Cerro Colorado. A distinct type of 

native copper mineralization in the district is hosted in propylitically altered Laramide 

andesite, and may be akin to andesite-hosted copper manto deposits known in other parts 

of the world. 

Future researchers and explorationists should consider the complete geographic 

distribution of Laramide andesite when exploring for porphyry centers, and bear in mind 

that there may be areas where these lava flows host porphyry copper systems not exposed 

by tilting and dismemberment.  
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FIGURES AND TABLES 

FIGURE CAPTIONS: 

Figure 1: Location of the Cerro Colorado district.  
Figure 2: Geographic locations of the Cerro Colorado, Las Guijas, and Oro Blanco 

districts and some notable mines in the region. 
Figure 3: Regional setting of southwestern North America showing significant porphyry 

copper districts and location of research area. 
Figure 4: Jones (UA M.S. 1957) at ruins of the mining camp at the Heintzelman Mine, 

1956. 
Figure 5: Distribution of KT (Laramide) volcanic rocks in southwestern North America. 
Figure 6: QAP plot of Cerro Colorado samples in Tables 3 and 4. 
Figure 7: TAS plot of Cerro Colorado samples from Tables 3 and 4. 
Figure 8: Stratigraphic column of the Cerro Colorado district. 
Figure 9: Durazno granite (Jgd) from northeastern flanks of the Las Guijas Mountains. A 

= fresh biotite-granite, B = muscovite-altered granite, and C = ‘alaskite’ facies. 
Figure 10: Cradle granite (Jgc) commonly contains mafic xenoliths. 
Figure 11: Jurassic rhyolite at Cerro Colorado: A = Jva, B = Jvℓ, C = Jv1, D = Jv2, E = 

Jv3, F = Jv4. 
Figure 12: Jv3 lower flow breccia, east slope of Cerro Colorado Hill. 
Figure 13: Bedded Jv3 at the top of Cerro Colorado Hill. 
Figure 14: CCD14-205 (Jv4) – note oxidized sulfide veining on surface (left) and f.g. 

textures and oxidization on right. 
Figure 15: Jurassic sandstone lens (bottom left), rhyolite Jv4 (bottom right), and 

‘sandstone’ unit from Sierrita open pit mine (top). 
Figure 16: Jurassic trachy-dacite (CCD15-18 and CCD15-40) north of Cyanide prospects 

– top image displays plagioclase-hornblende facies with minor flow banding 
present, lower image is weathered surface of same rock with foliation and 
directional fiamme. 

Figure 17: Jurassic granite plug (Jg2) south of Cradle Tank. 
Figure 18: Glance Conglomerate at Cerro Colorado – top images display rounded 

quartzite clasts, lower images display sub-rounded to angular clasts of quartzite 
and distal Jurassic andesite. Close comparisons of clasts with Las Guijas andesite 
show clasts in the conglomerate to contain minor sub-mm quartz phenocrysts, 
inconsistent with the Las Guijas andesite. 

Figure 19: Intensely altered Glance Conglomerate northwest of Rancho Seco. 
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Figure 20: Bisbee Group shale beds south of Montaño Ranch. Hammer for scale. 
Figure 21: Bedding cleavage in beds of Bisbee Group shale. Pencil for scale. 
Figure 22: Limestone beds near Black Princess Mine with large clasts of ‘quartzite’ 

altered Jurassic rhyolite in bedding. 
Figure 23: Early Laramide conglomerate (Kc) striking S60°E, dipping 20°. 
Figure 24: Shallowly dipping beds of conglomerate (Kc) composed exclusively of Las 

Guijas andesite interfingering with Black Princess Limestone. 
Figure 25: Strike and dip attitudes on conglomerate unit (Kc), gently dipping and 

generally radiating away from the central New Colorado Hills. 
Figure 26: Flow-banded andesite breccia above limestone near Black Princess Hill. 
Figure 27: Las Guijas andesite (Kal) – Representative samples of the variation in andesite 

flows in the Cerro Colorado district; A = flow breccia with epidote alteration, B = 
flow breccia with moderate clay/hematite alteration, C = flow breccia with 
moderate alteration of feldspars to clay/sericite, D = plagioclase-biotite-
hornblende facies, E = plagioclase-biotite-hornblende facies, F = pyroxene-
hornblende-plagioclase facies. 

Figure 28: Las Guijas andesite (Kal) – apparent bedding in flows south of Main Clark 
workings. 

Figure 29: Schematic representation of depositional and intrusive relationships between 
older Las Guijas andesite (Kal), younger, undifferentiated andesite (Kau), and 
hornblende-granodiorite dikes in the north and western portions of the district. 

Figure 30: Fine-grained biotite granodiorite (75.5 Ma) northwest of Rancho Seco (Kgd), 
K-Ca stained slabs on the right. A and B show disseminated, fine-grained 
secondary biotite (yellow). C and D display Ca-alteration (red) with epidote 
veinlets with Na fsp envelopes. E and F display K-alteration and 1 cm granite 
veins intruding from Liberty granite. 

Figure 31: New Colorado quartz diorite, New Colorado Hills (Knc), east of Mary G 
Mine. Top image sample CCD17-07, submitted for U-Pb dating: Bottom image is 
typical quartz diorite found on top of New Colorado Hills. 

Figure 32: Comparing New Colorado quartz diorite (Knc) (CCD17-07) (top), Ruby 
diorite (middle), and diorite taken at the Warsaw Mine (bottom) of the Oro 
Blanco district. 

Figure 33: Liberty granite (Kgl) (top) and granite veins intruding andesite (Kai) (bottom). 
Figure 34: Hornblende quartz monzonite (Kqm): various facies northwest of Rancho 

Seco. Xenoliths in E are dark, hornblende-plagioclase andesite. 
Figure 35: Rhyolite dikes (Kr) found in the northern portions of the Cerro Colorado 

district. B contains oxidized pyrite cubes up to 1 cm in places, D and E display 
strong flow-banding, typical of the dikes in outcrop. 
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Figure 36: Varieties of hornblende- and biotite- granodiorite dikes (Kmd) found across 
Cerro Colorado (C = 74.4 Ma). B represents megacrystic biotite-orthoclase dikes. 

Figure 37: Hornblende-granodiorite dikes and plugs (Kgd2) southwest of Montaño 
Ranch. 

Figure 38: Megacrystic hornblende (Kh) andesite plugs and dikes at Cerro Colorado. 
Figure 39: Warsaw quartz monzonite of Knight (1970), closely resembles Durazno 

granite and Cradle granite in the Cerro Colorado district. 
Figure 40: Blue Ribbon andesite southeast of the town of Ruby. U-Pb in apatite age: 84.9 

± 8.6 Ma. 
Figure 41: Various facies of Sidewinder quartz monzonite in the Oro Blanco district: A = 

OBD16-01 (U-Pb age: 76.9 Ma), B and C are from the Tres Amigos Mine in 
Warsaw Canyon. D, E, and F are from the Hilltop Mine. E is younger granodiorite 
(U-Pb age: 28.5 Ma). 

Figure 42: Granodiorite in the Oro Blanco district: OBD16-12 (28.5 Ma) taken at the Oro 
Blanco Mine and RBY16-04 taken in the town of Ruby near the Montana Mine. 

Figure 43: Bedded lithic tuff (Tertiary) at base of Cerro Colorado Mountains. Rock 
hammer for scale. 

Figure 44: Small-volume basaltic intrusions at Cerro Colorado. 
Figure 45: Simplified geologic map of the Cerro Colorado district. Pre-Laramide faults 

(dashed) repeating sections of Jurassic volcanic and sedimentary rocks. 
Figure 46: Jurassic faulting in the Cerro Colorado district. A: Jurassic intrusive and 

volcanic rocks, cut by 1st gen. normal faults. B: rotation of late Jurassic 1st gen. 
faults. C: pre-Cretaceous 2nd gen. normal faults. D: rotation and extreme 
extension in eastern portions of the district, moderate extension in the west: early 
Cretaceous erosional surface. E: additional extension, eastern portions of the 
district, additional erosion, deposition of Bisbee Group sediments. F: Laramide 
intrusions and lava. G: Tertiary volcanism, modern surface. 

Figure 47: Alteration map of the Cerro Colorado district. Cht = chlorite, Ep = epidote, 
Hem = hematite (typically after oxidized sulfides). 

Figure 48: Typical epidotized andesite, breccia facies, with native copper mineralization. 
Scale of white board is 15 cm. 

Figure 49: Hand samples of Epidotized andesite. A displays zoning of intense propylitic 
alteration on a small scale. B and C are quartz veins and silica replacement zones, 
D displays strong silicification and relict flow breccia textures. 

Figure 50: Typical qz-cal-tetrahedrite (Ag) veins in the Cerro Colorado district. 
Figure 51: Samples of native and oxide copper in epidote, Las Guijas andesite, eastern 

Fernstrom Hills. 
Figure 52: Varieties of Ag-base metal vein outcrops in the Cerro Colorado district. 
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Hammer for scale, white board is 15 cm.  
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FIGURES: 

 

Figure 1: Location of the Cerro Colorado district. 
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Figure 2: Geographic locations of the Cerro Colorado, Las Guijas, and Oro Blanco 

districts and some notable mines in the region.  
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Figure 3: Regional setting of southwestern North America showing significant porphyry 
copper districts and location of research area.
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Figure 4: Jones (UA M.S. 1957) at ruins of the mining camp at the Heintzelman Mine, 

1956. 
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Figure 5: Distribution of KT (Laramide) volcanic rocks in southwestern North America.  
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Figure 6: QAP plot of Cerro Colorado samples in Tables 3 and 4.  
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Figure 7: TAS plot of Cerro Colorado samples from Tables 3 and 4. 
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Figure 8: Stratigraphic column of the Cerro Colorado district. 
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Figure 9: Durazno granite (Jgd) from northeastern flanks of the Las Guijas Mountains. A 
= fresh biotite-granite, B = muscovite-altered granite, and C = ‘alaskite’ facies. 



286 

  

 

 

Figure 10: Cradle granite (Jgc) commonly contains mafic xenoliths. 
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Figure 11: Jurassic rhyolite at Cerro Colorado: A = Jva, B = Jvℓ, C = Jv1, D = Jv2, E = 
Jv3, F = Jv4. 
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Figure 12: Jv3 lower flow breccia, east slope of Cerro Colorado Hill. 
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Figure 13: Bedded Jv3 at the top of Cerro Colorado Hill.  
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Figure 14: CCD14-205 (Jv4) – note oxidized sulfide veining on surface (left) and f.g. 
textures and oxidization on right.  
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Figure 15: Jurassic sandstone lens (bottom left), rhyolite Jv4 (bottom right), and 
‘sandstone’ unit from Sierrita open pit mine (top). 
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Figure 16: Jurassic trachy-dacite (CCD15-18 and CCD15-40) north of Cyanide prospects 
– top image displays plagioclase-hornblende facies with minor flow banding present, 
lower image is weathered surface of same rock with foliation and directional fiamme.  
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Figure 17: Jurassic granite plug (Jg2) south of Cradle Tank. 

1 
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Figure 18: Glance Conglomerate at Cerro Colorado – top images display rounded 
quartzite clasts, lower images display sub-rounded to angular clasts of quartzite and distal 
Jurassic andesite. Close comparisons of clasts with Las Guijas andesite show clasts in the 

conglomerate to contain minor sub-mm quartz phenocrysts, inconsistent with the Las 
Guijas andesite. 
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Figure 19: Intensely altered Glance Conglomerate northwest of Rancho Seco.  
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Figure 20: Bisbee Group shale beds south of Montaño Ranch. Hammer for scale.  
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Figure 21: Bedding cleavage in beds of Bisbee Group shale. Pencil for scale.  
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Figure 22: Limestone beds near Black Princess Mine with large clasts of ‘quartzite’ 
altered Jurassic rhyolite in bedding.  
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Figure 23: Early Laramide conglomerate (Kc) striking S60°E, dipping 20°. 
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Figure 24: Shallowly dipping beds of conglomerate (Kc) composed exclusively of Las 
Guijas andesite interfingering with Black Princess Limestone. 
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Figure 25: Strike and dip attitudes on conglomerate unit (Kc), gently dipping and 
generally radiating away from the central New Colorado Hills. 
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Figure 26: Flow-banded andesite breccia above limestone near Black Princess Hill. 
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Figure 27: Las Guijas andesite (Kal) – Representative samples of the variation in andesite 
flows in the Cerro Colorado district; A = flow breccia with epidote alteration, B = flow 

breccia with moderate clay/hematite alteration, C = flow breccia with moderate alteration 
of feldspars to clay/sericite, D = plagioclase-biotite-hornblende facies, E = plagioclase-

biotite-hornblende facies, F = pyroxene-hornblende-plagioclase facies.  
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Figure 28: Las Guijas andesite (Kal) – apparent bedding in flows south of Main Clark 
workings.  
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Figure 29: Schematic representation of depositional and intrusive relationships between 
older Las Guijas andesite (Kal), younger, undifferentiated andesite (Kau), and 
hornblende-granodiorite dikes in the north and western portions of the district. 
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Figure 30: Fine-grained biotite granodiorite (75.5 Ma) northwest of Rancho Seco (Kgd), 
K-Ca stained slabs on the right. A and B show disseminated, fine-grained secondary 

biotite (yellow). C and D display Ca-alteration (red) with epidote veinlets with Na fsp 
envelopes. E and F display K-alteration and 1 cm granite veins intruding from Liberty 

granite. 
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Figure 31: New Colorado quartz diorite, New Colorado Hills (Knc), east of Mary G 
Mine. Top image sample CCD17-07, submitted for U-Pb dating: Bottom image is typical 

quartz diorite found on top of New Colorado Hills. 
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Figure 32: Comparing New Colorado quartz diorite (Knc) (CCD17-07) (top), Ruby 
diorite (middle), and diorite taken at the Warsaw Mine (bottom) of the Oro Blanco 

district. 
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Figure 33: Liberty granite (Kgl) (top) and granite veins intruding andesite (Kai) (bottom). 
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Figure 34: Hornblende quartz monzonite (Kqm): various facies northwest of Rancho 
Seco. Xenoliths in E are dark, hornblende-plagioclase andesite. 
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Figure 35: Rhyolite dikes (Kr) found in the northern portions of the Cerro Colorado 
district. B contains oxidized pyrite cubes up to 1 cm in places, D and E display strong 

flow-banding, typical of the dikes in outcrop. 
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Figure 36: Varieties of hornblende- and biotite- granodiorite dikes (Kmd) found across 
Cerro Colorado (C = 74.4 Ma). B represents megacrystic biotite-orthoclase dikes. 
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Figure 37: Hornblende-granodiorite dikes and plugs (Kgd2) southwest of Montaño 
Ranch. 
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Figure 38: Megacrystic hornblende (Kh) andesite plugs and dikes at Cerro Colorado. 
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Figure 39: Warsaw quartz monzonite of Knight (1970), closely resembles Durazno 
granite and Cradle granite in the Cerro Colorado district.  
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Figure 40: Blue Ribbon andesite southeast of the town of Ruby. U-Pb in apatite age: 84.9 
± 8.6 Ma. 
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Figure 41: Various facies of Sidewinder quartz monzonite in the Oro Blanco district: A = 
OBD16-01 (U-Pb age: 76.9 Ma), B and C are from the Tres Amigos Mine in Warsaw 
Canyon. D, E, and F are from the Hilltop Mine. E is younger granodiorite (U-Pb age: 

28.5 Ma). 
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Figure 42: Granodiorite in the Oro Blanco district: OBD16-12 (28.5 Ma) taken at the Oro 
Blanco Mine and RBY16-04 taken in the town of Ruby near the Montana Mine. 
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Figure 43: Bedded lithic tuff (Tertiary) at base of Cerro Colorado Mountains. Rock 
hammer for scale.  
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Figure 44: Small-volume basaltic intrusions at Cerro Colorado.  
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Figure 45: Simplified geologic map of the Cerro Colorado district. Pre-Laramide faults 
(dashed) repeating sections of Jurassic volcanic and sedimentary rocks. 
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Figure 46: Jurassic faulting in the Cerro Colorado district. A: Jurassic intrusive and 
volcanic rocks, cut by 1st gen. normal faults. B: rotation of late Jurassic 1st gen. faults. C: 

pre-Cretaceous 2nd gen. normal faults. D: rotation and extreme extension in eastern 
portions of the district, moderate extension in the west: early Cretaceous erosional 
surface. E: additional extension, eastern portions of the district, additional erosion, 
deposition of Bisbee Group sediments. F: Laramide intrusions and lava. G: Tertiary 

volcanism, modern surface. 
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Figure 47: Alteration map of the Cerro Colorado district. Cht = chlorite, Ep = epidote, Hem = hematite (typically after oxidized 
sulfides). 
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Figure 48: Typical epidotized andesite, breccia facies, with native copper mineralization. 
Scale of white board is 15 cm.  
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Figure 49: Hand samples of Epidotized andesite. A displays zoning of intense propylitic 
alteration on a small scale. B and C are quartz veins and silica replacement zones, D 

displays strong silicification and relict flow breccia textures.  
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Figure 50: Typical qz-cal-tetrahedrite (Ag) veins in the Cerro Colorado district.  
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Figure 51: Samples of native and oxide copper in epidote, Las Guijas andesite, eastern 
Fernstrom Hills.   
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Figure 52: Varieties of Ag-base metal vein outcrops in the Cerro Colorado district. 
Hammer for scale, white board is 15 cm.  
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Table 1: U-Pb ages and rock classifications by whole rock analyses for key samples in the Cerro Colorado district 
   UTM NAD83 12S         IUGS   

 Sample Easting Northing 
Age Error 

Inheritance Description Rock type TAS/QAP 
(Ma) m.y. 

Ju
ra

ss
ic

 

CCD16-04 475514 3506118 176 2.6   Jg: Cradle Hills granite: c.g. granite w/ Bt to Cht, much iron staining, 
taken along road north of Cradle Tank granodiorite QAP 

CCD16-03 475285 3503774 173 2.1   Jv1 east side of Cerro Colorado Hill, lowest Jurassic rhyolite flows rhyolite TAS 

CCD14-205 470379 3504813 171 2.7   Jv4 (upper J rhyolite) taken stratigraphically below upper Jc unit, 
northeast of Mary G     

CCD16-21 475199 3505084 170 2.5   Jg2 late equigranular granite in Cradle Hills,  taken sw of Cradle Tank granite QAP 

C
er

ro
 C

ol
or

ad
o 

di
st

ric
t 

CCD15-67 473044 3501681 78.7 0.5 176 Ma Las Guijas Andesite, same as CCD14-197 U-Pb sample trachy-andesite TAS 

CCD15-40 471868 3503838       Jv taken 500m NW of water tank north of Cyanide prospects trachyte TAS 

CCD14-94 471222 3506159 75.6 0.5   fine-grained biotite-granodiorite, NW of Rancho Seco quartz diorite / 
granodiorite QAP 

CCD15-50 470644 3504679 75.5 0.7   U-Pb sample of biotite granodiorite north of Mary G quartz 
diorite/granodiorite QAP 

CCD17-07 470694 3503775 75.3 1.1 1450 Ma New Colorado diorite from Waterman mine area, representative of N.C. 
Hills qz-diorite     

CCD15-16 468439 3503360       granodiorite dikes SE of Fernstrom Hills granodiorite QAP 

CCD14-204 471351 3506072 74.8 0.4   biotite-orthoclase dike northwest of Rancho Seco, large Ksp and bleached 
biotite     

CCD14-158 470423 3506583       rhyolite dike with Py cubes rhyolite TAS 

CCD15-54 470184 3505825       rhyolite dike rhyolite TAS 

CCD-TANK 468910 3504298       dikes near mock tanks granodiorite QAP 

CCD17-03 464194 3503113 74.4 1 1400 Ma granodiorite plug southwest of Montaño Ranch, similar to granodiorite 
dikes in the district     

CCD15-69 466000 3504694       basaltic andesite dike atop Fernstrom Hills, likely correlative to Cenozoic 
basalt of Cerro Colorado Mountains (~26 Ma) trachy-basalt TAS 

O
ro

 B
la

nc
o RBY16-01 477866 3480020 84.9 8.6   Blue Ribbon andesite, taken SE of Ruby town site, NO zircons, U-Pb in 

apatite trachyte TAS 

OBD16-01 474472 3481452 76.9 1.1   Sidewinder dike near Austerlitz Mine quartz monzodiorite QAP 

RBY16-03 477264 3480487       Ruby diorite, taken at Ruby town site, west of Montaño Mine glory hole granodiorite QAP 

OBD16-02 476639 3476311 28.5 0.9   Granodiorite at Oro Blanco Mine granodiorite QAP 
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    Table 2: Oxide weight percent and trace elements for whole rock analyses on select samples in the Cerro Colorado and Oro 
Blanco districts 

              
  CCD14

-94 
CCD15-

16 
CCD16-

04 
CCD16-

21 
OBD16-

01 
RBY16-

03 
CCD-
TANK 

OBD16-
02 

RBY16-
01 

CCD14-
158 

Jv1-lower 
rhyolite 

CCD15-
50 

SiO2 % 58.1 64 68 79 61.6 59.9 62.7 65.8 61 81.8 76.5 59.4 

Al2O3 % 17.45 16.15 15.15 11.95 16.4 16.15 17.5 14.45 18.25 11.7 13.3 17.6 

Fe2O3 % 7.73 4.14 3.98 1.39 5.37 4.97 4.9 2.92 4.12 1.87 4.31 5.59 

CaO % 4.85 2.63 1.76 0.09 4.8 3.58 4.19 2.66 3.24 0.19 0.1 4.75 

MgO % 2.81 0.94 1.04 0.06 2.86 2.37 1.68 1.23 0.81 0.19 0.43 1.7 

Na2O % 3.75 3.88 4.37 2.59 4.54 4.63 4.54 3.88 3.9 0.2 0.19 4.51 

K2O % 2.64 3.72 4.25 5.31 2.62 3.22 3.1 3.73 3.43 3.43 4.33 2.8 

Cr2O3 % <0.01 <0.01 <0.01 <0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

TiO2 % 0.69 0.59 0.48 0.15 0.8 0.77 0.59 0.42 0.54 0.08 0.19 0.76 

MnO % 0.18 0.06 0.11 0.02 0.08 0.11 0.09 0.07 0.06 0.14 0.03 0.09 

P2O5 % 0.22 0.21 0.18 0.02 0.3 0.29 0.29 0.13 0.29 0.02 0.03 0.28 

SrO % 0.06 0.09 0.02 <0.01 0.15 0.08 0.12 0.05 0.07 0.01 <0.01 0.11 

BaO % 0.11 0.18 0.15 0.03 0.22 0.16 0.17 0.08 0.18 0.08 0.02 0.2 

LOI % 2.04 1.96 1.14 0.77 1.86 4.19 1.54 3.99 5.08 2.01 2 3.74 

Total % 100.63 98.55 100.63 101.38 101.61 100.43 101.41 99.41 100.97 101.72 101.43 101.53 

C % 0.08 0.11 0.02 0.03 0.11 0.58 0.07 0.51 0.62 0.04 0.01 0.42 

S % <0.01 0.01 <0.01 <0.01 0.02 0.04 <0.01 <0.01 0.01 <0.01 <0.01 0.01 

Ba ppm 929 1695 1290 278 1945 1385 1445 699 1555 659 193.5 1815 

Ce ppm 48.8 49.6 78.1 112.5 59.5 56.7 56.8 38.9 66.5 35.1 76.3 54.3 

Cr ppm 20 30 10 10 70 50 20 30 10 20 20 30 

Cs ppm 5.5 3.26 3.36 4.49 1.32 2.23 1.11 4.65 7.97 3.13 5.38 19.25 

Dy ppm 3.22 1.59 4.75 5.98 1.94 2.05 2.14 1.9 2.02 0.89 5 2.01 
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Er ppm 1.89 0.7 3.03 4.16 1.03 1.01 1.16 1.04 1 0.51 3.22 1.06 

Eu ppm 1.17 1.03 1.18 0.29 1.23 1.12 1.33 0.74 1.27 0.3 0.59 1.17 

Ga ppm 19.4 21.2 16.7 14.2 21.7 19.5 20.8 16.6 21.5 15.2 14.2 22.5 

Gd ppm 3.8 2.76 5.06 5.71 3.23 3.03 3.36 2.35 2.96 1.58 5.24 3.12 

Ge ppm <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 

Hf ppm 4.7 4.6 5.9 5.6 4.5 4.3 5.7 4.5 5 2.9 6 4.4 

Ho ppm 0.67 0.26 1 1.3 0.39 0.32 0.46 0.34 0.38 0.2 1.08 0.38 

La ppm 24.5 26.3 40.3 52.5 29.4 27.9 29.5 22.9 34.4 16.7 58.2 27.4 

Lu ppm 0.29 0.04 0.44 0.81 0.12 0.12 0.15 0.12 0.15 0.13 0.52 0.13 

Nb ppm 7.6 6.8 10.8 16.7 7.9 8.3 8.3 7.2 7.5 12.7 18.7 7.2 

Nd ppm 21.9 21.7 31.1 38.1 27.7 27.3 26 16.4 29 13.9 43 24.4 

Pr ppm 5.67 5.94 8.89 11.65 7.28 6.73 6.68 4.33 7.59 3.8 12.5 6.52 

Rb ppm 81.1 105 156.5 280 48.5 108 69.8 160 107.5 192 322 58.3 

Sm ppm 4.11 3.56 5.8 6.95 4.55 4.46 4.52 2.56 4.15 2.08 6.7 4.21 

Sn ppm 1 1 2 2 1 1 1 1 1 1 3 1 

Sr ppm 522 712 206 39.2 1225 714 984 386 557 54.9 14.7 915 

Ta ppm 0.6 0.5 0.8 2 0.5 0.4 0.5 0.6 0.4 1.5 1.5 0.4 

Tb ppm 0.53 0.3 0.8 0.96 0.4 0.39 0.47 0.36 0.42 0.19 0.85 0.41 

Th ppm 7.84 3.92 16.55 43.6 3.44 3.41 3.73 9 3.1 11.4 33.3 2.42 

Tm ppm 0.26 0.06 0.47 0.73 0.12 0.13 0.14 0.15 0.19 0.09 0.47 0.15 

U ppm 2.29 1.37 3.36 4.15 1.16 1.77 1.11 3.19 1.16 3.83 7.01 0.68 

V ppm 138 81 60 7 132 116 79 49 74 9 13 130 

W ppm 2 1 1 2 1 2 < 1 6 1 8 6 1 

Y ppm 19.5 7.8 29.7 40.8 11.2 9.5 11.4 10.1 10.5 5.5 25.9 11.6 

Yb ppm 1.9 0.53 3.12 5.15 0.98 0.92 1.22 0.97 0.96 0.72 3.16 1.14 

Zr ppm 175 177 223 141 170 151 213 167 199 59 164 172 

As ppm 4.7 3.1 5.6 5.1 1.4 1.3 1.5 0.5 1.2 1 0.7 1.4 



333 

  

 

Bi ppm 0.26 0.03 0.04 0.11 0.01 0.02 0.01 0.05 0.02 0.55 0.14 0.02 

Hg ppm 0.022 0.054 0.013 0.01 0.012 0.005 0.006 0.006 <0.005 0.064 <0.005 0.011 

In ppm 0.022 0.019 0.017 0.007 0.014 0.022 0.018 0.019 0.014 0.088 0.028 0.03 

Re ppm <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Sb ppm 0.43 1.87 0.34 0.81 0.21 1.47 0.14 0.42 0.35 1.14 0.4 1.69 

Se ppm 0.2 <0.2 0.2 <0.2 <0.2 <0.2 <0.2 <0.2 0.3 <0.2 <0.2 <0.2 

Te ppm 0.04 <0.01 <0.01 0.13 <0.01 <0.01 <0.01 0.01 <0.01 0.28 0.01 <0.01 

Tl ppm 0.05 0.05 0.04 0.11 <0.02 0.06 0.02 0.27 0.08 0.29 0.14 0.08 

Ag ppm <0.5 <0.5 <0.5 1 <0.5 0.8 <0.5 12.6 <0.5 1.4 <0.5 <0.5 

Cd ppm 0.5 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.5 1.1 <0.5 <0.5 <0.5 

Co ppm 20 7 6 2 14 16 10 7 7 6 2 9 

Cu ppm 58 30 6 48 43 59 26 30 5 6 13 16 

Li ppm 40 20 30 10 10 20 10 40 10 <10 20 10 

Mo ppm <1 2 2 <1 1 1 1 1 1 7 2 1 

Ni ppm 8 11 1 <1 40 38 5 19 4 1 2 12 

Pb ppm 51 65 44 13 12 25 19 37 34 96 11 15 

Sc ppm 10 5 8 4 8 8 5 4 2 2 4 8 

Zn ppm 179 289 98 46 73 114 98 124 168 57 27 84 
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Table 3: Oxide weight percent from select Cerro Colorado samples 
 

               
  SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Cr2O3 TiO2 MnO P2O5 SrO BaO LOI Total 

SAMPLE % % % % % % % % % % % % % % % 

CCD14-94 58.1 17.45 7.73 4.85 2.81 3.75 2.64 <0.01 0.69 0.18 0.22 0.06 0.11 2.04 100.63 

CCD14-158 81.8 11.7 1.87 0.19 0.19 0.2 3.43 <0.01 0.08 0.14 0.02 0.01 0.08 2.01 101.72 

CCD15-16 64 16.15 4.14 2.63 0.94 3.88 3.72 <0.01 0.59 0.06 0.21 0.09 0.18 1.96 98.55 

CCD15-40 67.7 15.45 3.37 0.74 0.57 4.38 4.83 <0.01 0.4 0.08 0.12 0.03 0.24 1.59 99.5 

CCD15-50 59.4 17.6 5.59 4.75 1.7 4.51 2.8 <0.01 0.76 0.09 0.28 0.11 0.2 3.74 101.53 

CCD15-54 72.2 14.8 1.76 1.75 0.44 3.4 3.62 <0.01 0.21 0.07 0.07 0.03 0.15 3.09 99.9 

CCD15-67 58 17.25 5.75 3.01 1.57 7.34 1.85 <0.01 0.73 0.09 0.3 0.1 0.12 3.79 99.9 

CCD15-69 50.4 15.2 6.8 11.05 2.58 3.32 2.24 0.03 1.15 0.1 0.44 0.09 0.1 6.35 99.85 

CCD16-03 76.6 13.55 1.92 0.06 0.06 0.1 5.73 <0.01 0.24 0.01 0.06 0.01 0.08 2.76 99.9 

CCD16-04 68 15.15 3.98 1.76 1.04 4.37 4.25 <0.01 0.48 0.11 0.18 0.02 0.15 1.14 100.63 

CCD16-21 79 11.95 1.39 0.09 0.06 2.59 5.31 <0.01 0.15 0.02 0.02 <0.01 0.03 0.77 101.38 

CCD-TANK 62.7 17.5 4.9 4.19 1.68 4.54 3.1 <0.01 0.59 0.09 0.29 0.12 0.17 1.54 101.41 

OBD16-01 61.6 16.4 5.37 4.8 2.86 4.54 2.62 0.01 0.8 0.08 0.3 0.15 0.22 1.86 101.61 

OBD16-02 65.8 14.45 2.92 2.66 1.23 3.88 3.73 <0.01 0.42 0.07 0.13 0.05 0.08 3.99 99.41 

RBY16-01 61 18.25 4.12 3.24 0.81 3.9 3.43 <0.01 0.54 0.06 0.29 0.07 0.18 5.08 100.97 

RBY16-03 59.9 16.15 4.97 3.58 2.37 4.63 3.22 0.01 0.77 0.11 0.29 0.08 0.16 4.19 100.43 
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Table 4: Alteration of select samples collected in the study area 
        

    UTM NAD83 12S         

  Sample Easting Northing Description Alteration Alteration 
type Rock Type 

Ju
ra

ss
ic

 

CCD16-04 475514 3506118 

Jg: Cradle Hills granite: c.g. granite 
w/ Bt to Cht, much iron staining, 
taken along road north of Cradle 

Tank 

felty masses of biotite replacing primary biotite and hornblende up 
to 4 mm in size. Chlorite alteration pervasive in places 

potassic  
chloritic granodiorite 

CCD16-03 475285 3503774 Jv1 east side of Cerro Colorado Hill, 
lowest Jurassic rhyolite flows 

clay alteration of some feldspars, vuggy sites common, up to 25% 
Hbd altered to clay, hematite staining common hydrolitic rhyolite 

CCD14-205 470379 3504813 
Jv4 (upper J rhyolite) taken 

stratigraphically below upper Jc unit, 
northeast of Mary G 

clay alteration of feldspar. Quartz-sericite-pyrite alteration 
common NW of Rancho Seco, hmt staining in veins and fracture 

surfaces (oxidized pyrite?) 

quartz-
sericite-pyrite   

CCD16-21 475199 3505084 
Jg2 late equigranular granite in 

Cradle Hills,  taken sw of Cradle 
Tank 

none visible   granite 

C
er

ro
 C

ol
or

ad
o 

di
st

ric
t 

CCD15-67 473044 3501681 Las Guijas Andesite, same as 
CCD14-197 U-Pb sample 

chloritization pervasive in places, near South Clark biotite appears 
to replace primary biotite and hornblende. Epidote south of North 
Clark common. In places pervasive propylitic alteration and native 

copper mineralization common in the southern Fernstrom Hills 

potassic  
chloritic trachy-andesite 

CCD15-40 471868 3503838 Jv taken 500m NW of water tank 
north of Cyanide prospects abundant potassium content (alteration?) potassic? trachyte 

CCD14-94 471222 3506159 fine-grained biotite-granodiorite, NW 
of Rancho Seco 

secondary (shreddy) biotite common replacing primary biotite, 
Ksp veins w/Na envelopes and epidote veins with Na envelopes 

common in stained slabs 

potassic - 
sodic (± 
calcic) 

quartz diorite / 
granodiorite 

CCD15-50 470644 3504679 U-Pb sample of biotite granodiorite 
north of Mary G 

Less alteration than northern mass of this rock. Less biotite 
alteration and veining present weak potassic quartz 

diorite/granodiorite 

CCD17-07 470694 3503775 
New Colorado diorite from 

Waterman mine area, representative 
of N.C. Hills qz-diorite 

Epidote alteration of feldspars common, especially near the 
summit. Hbd altered to chlorite. Fine-grained facies to the east 

intensely chloritized in places 
calcic   

CCD15-16 468439 3503360 granodiorite dikes SE of Fernstrom 
Hills weak chlorite replacing hornblende common chlorite granodiorite 

CCD14-204 471351 3506072 
biotite-orthoclase dike northwest of 

Rancho Seco, large Ksp and bleached 
biotite 

biotite 'bleached', much hematite staining     

CCD14-158 470423 3506583 rhyolite dike with Py cubes pyrite cubes common   rhyolite 
CCD15-54 470184 3505825 rhyolite dike     rhyolite 

CCD-TANK 468910 3504298 dikes near mock tanks weak chlorite replacing hornblende, minor epidote alteration of 
feldspars further to the southwest hydrolitic granodiorite 
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CCD17-03 464194 3503113 
granodiorite plug southwest of 

Montaño Ranch, similar to 
granodiorite dikes in the district 

possible secondary biotite replacing primary, sub-mm biotite, 
weak chlorite alteration 

potassic  
chloritic   

CCD15-69 466000 3504694 

basaltic andesite dike atop Fernstrom 
Hills, likely correlative to Cenozoic 
basalt of Cerro Colorado Mountains 

(~26 Ma) 

    trachy-basalt 

O
ro

 B
la

nc
o 

RBY16-01 477866 3480020 
Blue Ribbon andesite, taken SE of 

Ruby town site, NO zircons, U-Pb in 
apatite 

    trachyte 

OBD16-01 474472 3481452 Sidewinder dike near Austerlitz Mine chlorite alteration of hornblende common, minor epidote in 
feldspars 

calcic  
chlorite quartz monzodiorite 

RBY16-03 477264 3480487 Ruby diorite, taken at Ruby town site, 
west of Montana Mine glory hole 

weak epidote alteration of feldspars, chlorite replacing hornblende 
common 

calcic  
chlorite granodiorite 

OBD16-02 476639 3476311 Granodiorite at Oro Blanco Mine weak clay alteration in feldspar sites noted at some localities hydrolitic granodiorite 
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ABSTRACT 

Data for tetrahedrite-bearing ore deposits in Arizona are scarce, though these 

deposits have long been proposed to be associated with porphyry copper mineralization 

situated along the Laramide Arc in western North America. This paper presents new 

geochemical data obtained from an investigation into the Cerro Colorado tetrahedrite-Ag-

bearing vein system of Laramide age in Arizona. This historic mining district hosts 

numerous prospects and mines located on quartz-calcite veins containing moderate 

amounts of Ag in tetrahedrite. Mineralization takes the form of steeply dipping quartz-

calcite veins occupying faults and fractures in Jurassic volcanic and sedimentary, Bisbee 

Group sedimentary, and early Laramide volcanic and intrusive rocks, and is temporally 

associated with 75 Ma granodiorite dikes.  

Tetrahedrite is the primary sulfide mineral in the veins, with varying amounts of Ag, 

Cu, Zn, Hg, As, and Sb geographically in the district. At Silver Hill in the north Ag, As, 

and Zn values are elevated in tetrahedrite and sphalerite and galena after tetrahedrite are 

found subordinate in veins and small-volume stockwork quartz-breccia systems. Ag 

content of tetrahedrite at Cerro Colorado can be as high as 6 wt. %, with 1.6 wt. % being 

common and Ag consistently displays an inverse relationship with As values. In the 

southern vein systems tetrahedrite contains abundant Hg, up to 20 wt. % and increased 

Sb, with slightly depressed Ag values, galena is subordinate to tetrahedrite, and sphalerite 

and cinnabar are rare. Galena is not abundant in the district and does not contain 

detectable Ag and Bi is not present in the district. Supergene products of tetrahedrite 

include acanthite, covellite, balkanite, and imiterite. This new report of the occurrences of 

balkanite and imiterite are rare, presenting only the second locality for each in North 
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America and are entirely new for Arizona. Nominally stoichiometric S+Se values for 

sulfide minerals in veins suggest the potential for additional new or undiscovered 

minerals in the district, likely the oxidized products of tetrahedrite. 

Locally, host rocks adjacent to veins display only weak hydrolytic alteration and 

minor silicification with hematite staining. Chlorite is common nearly everywhere in the 

mafic components of rocks in the district and propylitic and intense epidote alteration are 

abundant in other areas but are not associated with vein emplacement and are more 

intense in areas where vein abundance is very low, sometimes nonexistent. Low 

temperature, low total sulfur, and moderate pH conditions are consistent with the degree 

of weak hydrolytic alteration of host rocks adjacent to veins. 

Veins at Cerro Colorado display age relationships, depth of emplacement, alteration, 

and metal zoning patterns consistent with those classified as Cordilleran Vein Type. 

Tetrahedrite As:Sb:Ag ratios at Silver Hill resemble zoning patterns in other 

hydrothermal systems in that As is elevated near the center and zones outward and is 

overprinted by elevated Sb:Ag in tetrahedrite. These patterns and Cu:Zn:Fe in tetrahedrite 

may reveal zoning associated with porphyry copper style hydrothermal alteration in the 

district. Although tetrahedrite commonly occurs with other sulfides associated with 

porphyry systems, the Ag-bearing tetrahedrite-dominated vein systems at Cerro Colorado 

differ from the typical Ag-rich and galena-sphalerite-rich vein/lode and 

skarn/replacement deposits that occur elsewhere.  
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INTRODUCTION 

Silver mineralization in the historic Cerro Colorado district of southern Arizona has 

been reported to occur in primary tetrahedrite containing notable amounts of Ag, Zn, and 

Hg with oxidation products of tetrahedrite including acanthite, stromeyerite, and 

covellite, with native silver historically being common. The Cerro Colorado and adjacent 

Las Guijas districts (CCD and LGD) (Figure 1, location map) have produced an 

estimated 313,000 ounces of silver, 100 ounces of gold, 27,000 pounds of copper, 38,000 

pounds of lead, and 1,238 short tons of tungsten (Dale et al., 1960 and Keith et al., 1983), 

but have been the subject of only limited study in the late 20th century. The CCD is most 

notable for its abundant silver-bearing, oxidized, quartz-calcite veins which are a close 

resemblance to Ag-bearing veins at Las Guijas and the Oro Blanco district 20 kilometers 

to the south (Figure 2, three districts map and simplified geology). The area around the 

town of Arivaca has been mined for silver and gold for centuries; first by local natives, 

then by the earliest Spanish explorers in the late 16th century (Officer, 1991). Pioneers of 

mining in the early days of the Arizona Territory relocated these deposits and quickly 

established the significance of precious metals in the area, motivating Arizona toward 

statehood. Mining continued intermittently into the 20th Century where among others, 

the famed explorationist Dave Lowell grew up hand sorting ore in his father's operation 

at Silver Hill (Lowell, 2014). 

This report presents new data on tetrahedrite in a historic Ag district and discusses 

some of the implications for tetrahedrite in porphyry copper exploration in districts 

elsewhere in the Laramide province of SW North America. This study was conducted in 

conjunction with a larger investigation into the geology, mineralization, and alteration in 
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the district through detailed mapping, petrography, geochronology, and synthesis of 

structural events published with the Arizona Geological Survey (Mizer, in prep.). 

Regionally, Ag-Pb-Zn (Ag-base metal) mineralization has played a key role in mining 

activity in several historically important districts (Figure 1, Pb-Zn localities) and has 

consistently been interpreted as distal expressions of porphyry copper systems, typically in the 

form of economically significant manto-chimney/carbonate replacement deposits (CRD) 

(Titley, 1993; and Megaw et al., 1988) and Cordilleran vein type Ag-Pb-Zn vein/lode systems 

(CVT) Guilbert and Park, 1986; and Kissin and Mango, 2014). Many Ag-Pb-Zn occurrences 

in northwestern Mexico also display characteristics of being associated with intrusion-

related deposits (Staude and Barton, 2001), though many are likely post-Laramide in age.  

The mechanisms of the source of many CVT deposits in the southwest are poorly 

documented or understood and, given the proximity of these deposits to the well-known 

and expansively mineralized Laramide arc, these systems should be more closely 

examined from the perspective of the exploration geologist with regards to porphyry 

copper mineralization. This study presents mineral distribution, paragenesis, and 

geochemical data from Ag-bearing tetrahedrite veins in the Cerro Colorado district in 

southern Arizona shown to be Laramide in age, and uses this data to examine patterns 

(e.g., association with porphyry copper mineralization) of Ag-Hg-As-Sb occurrences.  

We present data for Ag-Zn-Hg-bearing tetrahedrite and other vein minerals (galena 

and sphalerite) in the Cerro Colorado district, including data for newly identified 

occurrences of balkanite and imiterite in North America. A discussion regarding district-

scale metal zoning as displayed by data from geographic locations in the district is also 

presented. Brief comparisons to other global tetrahedrite-bearing systems are made with a 
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summary of regional occurrences of tetrahedrite presented for context. Understanding the 

relationship of regional Ag, Pb, and Zn mineralization to widespread Cu mineralization 

through a greater understanding of the evolution of fluids involved is key to enhancing 

silver and copper exploration techniques and improving the accuracy of the economic 

valuation of vein-hosted Ag (± Pb, Zn, Cu) occurrences in the region. 

LOCATION, GEOLOGICAL SETTING, AND PREVIOUS WORK 

The Cerro Colorado district is located in Pima County, Arizona approximately 75 

kilometers southwest of Tucson. Several researchers presented early reconnaissance 

geologic maps for portions of the district including Davis, 1955; Jones, 1957; Chaffee, 

1964; Keith and Theodore, 1975; Hirt, 1978; Horstman, 1996; and Drewes, 1997. The 

first detailed, comprehensive geologic investigation of Cerro Colorado, including rock 

types, alteration, Ag-base metal vein mineralization, and the sequence of events through 

detailed mapping and U-Pb geochronology is provided by Mizer (in prep.). The early 

Laramide geology of the district has also been correlated and compared to districts 

sharing similar geologic characteristics (i.e. early Laramide volcanic rocks with 

subsequent mineralizing intrusions) (Mizer and Barton, in prep.).  

The Cerro Colorado district and adjacent areas contain Jurassic intrusive and 

volcanic rocks between 175-170 Ma in age and overlying sedimentary rocks that have 

been faulted and rotated as much as 90º to the west-southwest through a series of NW-

striking faults. Tilting associated with post Jurassic faulting occurs continuously 

southward into Mexico, a distance exceeding 100 km. Early Cretaceous Bisbee Group 

sediments (shales, mudstones, and conglomerates) were folded during early Laramide 

time (Mizer and Barton, in prep.).  
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Early Laramide magmatism in the district has been constrained between 79 to 74 Ma 

(Mizer, in prep.). Monotonous flows of andesite of the Las Guijas and Fernstrom 

volcanic units are found continuously across much of the district and were deposited 

closely in time from at least three, and possibly more, eruptive centers or fissure vents. 

These early volcanic rocks are locally interbedded with sediments that correlate 

regionally to Late Cretaceous and early Laramide time (80 - ~72 Ma) (Hayes, 1970; and 

Mizer and Barton, in prep.) and are intruded by early Laramide dikes, plugs, and stocks, 

all of which host quartz-calcite-barite veins.  

Mizer (in prep.) showed that the Ag-bearing veins at Cerro Colorado are closely 

associated with 74-75 Ma hornblende-granodiorite dikes, similar to 76 Ma Ag-bearing 

tetrahedrite veins observed 20 km to the south in the Oro Blanco district. Chaffee (1964) 

conducted the only study in the district that placed emphasis on the mineralization 

characteristics of the Ag veins with a focus on Hg as an exploration vector for porphyry 

copper. Chaffee’s findings indicated that Cu and Zn values in veins may be a more useful 

tool for porphyry copper exploration in the district, limited by detection and analytical 

techniques of the time.  

METHODS 

This study presents data and observations collected during a broader geologic 

investigation of Cerro Colorado and adjacent Las Guijas and Oro Blanco districts. 

Polished thin sections were made from selected hand specimens on mine dumps and in 

unexploited veins. At some locations multiple small, hand samples representative of 

dump material were collected, cut into small pieces, combined into one larger epoxy 

mount, and then made into polished thin sections. This approach minimized sampling 
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bias in the field and ensured a good representation of all vein minerals to be present in the 

final thin section. 

Petrographic observations were supplemented with a JEOL6070LA SEM to 

determine mineral relationships and areas of interest for further analyses on a Cameca 

SX-100 electron-microprobe at the University of Arizona. Analytical parameters, 

including elements sought, beam conditions, standards used, and detection limits are 

given in Table 1 (analytical routine). Detailed mineral compositions of sulfide minerals 

were obtained from 28 thin sections on a Cameca SX-100 electron-microprobe and are 

reported in Tables 2-4. All normalizations were done relative to nominally stoichiometric 

S+Se values for the sulfide minerals. Oxide minerals were identified using Raman 

spectroscopy at the University of Arizona using the RRUFF library and standard methods 

(Lafuente et al., 2015). 

RESULTS 

Ag-bearing tetrahedrite veins in the Cerro Colorado district 

At Cerro Colorado Paleozoic rocks are absent, with mineralization hosted in Jurassic 

volcanic and sedimentary units, Late Cretaceous (Bisbee Group) sediments, and early 

Laramide volcanic and intrusive units (Mizer, in prep.); no mineralization was observed 

in Tertiary rocks in the study area. Regionally, rocks that are middle Tertiary in age (28-

22 Ma), typically volcanic units, sometimes occur in the vicinity of Ag-base metal vein 

systems, but rarely host Ag mineralization. The distance of Tertiary volcanic rocks from 

nearby mineralization can exceed 3 kilometers and in some cases be as great as 8 

kilometers. It is unlikely in these instances that Ag-base metal mineralization is 

associated with nearby middle Tertiary or younger magmatism. Ag-base metal 
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mineralization in districts where middle Tertiary rocks are common may be associated 

with Laramide intrusive rocks at depth or with no exposures at the surface. 

No preferential host rock has been identified at Cerro Colorado, though vein 

abundance does increase in several areas, particularly at Silver Hill in the north and Mina 

Del Tajo in the south. Prospects are numerous, over 500 total in the district, displaying 

the prominence of the veins district wide. Hirt (1978) conducted a study on native copper 

mineralization and extensive propylitic alteration restricted to the Las Guijas area of the 

district contained in flows of andesite. His findings and findings by the authors in 

concurrent investigations in the district show this propylitic alteration to be unrelated to 

the Ag-base metal veins. 

Vein types:   

Veins of quartz-calcite(±barite) are typically only a few centimeters wide and 

generally strike east-west. Most veins pinch and swell, widths may change from less than 

one centimeter to one meter or more within a few tens of meters (Figure 3, vein 

appearances at surface). A second, later set of poorly mineralized ferroan calcite (± 

quartz) veins that strike southwest-northeast is prominent in several areas. These vein 

orientations are similar to regional Laramide fracture orientations and stress fields 

(Rehrig and Heidrick, 1976; Heidrick and Titley, 1982). 

Most veins occur as near-vertical fracture, fault, or breccia features filled with 

quartz, calcite, and sometimes barite. Slickenlines and movement along faulted quartz 

veins is commonly observed in underground workings and along larger quartz veins in 

faults at the surface. These fracture-filling veins commonly contain brecciated clasts of 

host rock and represent the majority of Ag mineralization in the district (Figure 4, vein 
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billets).  

Another vein style is that of small-volume quartz blow-outs (randomly oriented, 

vertical, closely-spaced quartz veins and breccias) that occur across the district.  Most 

quartz blow-outs are unmineralized with a notable exception at the Trench prospects 

south of Silver Hill. Two outcrops of approximately 500 m2 each contain abundant 

tetrahedrite and associated copper oxide mineralization. The timing of one type of veins 

in the district with respect to the other types is not clear in the district. Veins typically do 

not display timing relationships with other veins, except for isolated occurrences of cross-

cutting or later mineralization in thin section. 

Bladed calcite textures are rare with only two observations made in the district. 

Some larger veins, up to one meter in width, typically strike northeast and are commonly 

brown calcite with little or no quartz or sulfide mineralization. Brown (ferroan) calcite 

commonly accompanies quartz in veins and barite is common in small amounts district 

wide, but is more prevalent in the central and southern parts of the district, particularly at 

the Clark workings and south of the Cyanide prospects. A preliminary investigation of 

fluid inclusions (liquid + vapor) in quartz from qz-cal-bar veins was conducted early in 

this study. Fluid inclusions display homogenization temperatures of formation of quartz 

between 200 and 250° C. 

Generally speaking, vein abundance and mineralization is most prominent at Silver 

Hill in the north. At Silver Hill veins occur both as steeply dipping quartz-sulfide 

(tetrahedrite-sphalerite-galena), fracture-filling veins and as shallowly dipping quartz 

lenses containing tetrahedrite-sphalerite-galena.  

Other localities in the district with notable mineralization include (in descending 
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order of abundance of mineralization at the surface): Mina Del Tajo/South Clark vein 

system, Trench prospects, New Colorado, Liberty, North Clark, Mary G, Waterman, and 

Cyanide. Evidence for more weakly mineralized occurrences were noted at numerous 

prospects scattered across the district: Brouse, Black Princess, Rancho Seco hills, Lilly, 

5-hole, Esperanza, and 8-cylinder (Mizer in prep.). The vein system at Mina Del Tajo 

strikes east-west and continues from the workings of the mine to the west, outcropping 

again at the South Clark workings, a distance of nearly 1.5 km. Clay alteration at Mina 

Del Tajo is prevalent, the result of abundant veins in the area. 

No mineralization was observed in the immediate vicinity of the historic 

Heintzelman/Cerro Colorado Mine; this mine has been reclaimed and dumps contain 

abundant material (pyrite, chalcopyrite) from the surrounding area, discarded during 

times when the mill at Cerro Colorado serviced numerous mines in the area. One sample 

known to have come from the Cerro Colorado Mine (SQ-1) obtained from historic 

collections was analyzed in the course of this study and contained mineralization 

consistent with samples collected at the locations mentioned above, with notably higher 

Ag content in tetrahedrite. 

Ag-base metal mineralization in the Oro Blanco district to the south is similar to that 

at Cerro Colorado: steeply dipping quartz-sulfide veins, shallowly dipping quartz lenses, 

and high angle breccia veins (Weiskopf 1994). The geology and mineralization in the Oro 

Blanco district closely resembles that at Cerro Colorado as summarized by Mizer (in 

prep.). Reconnaissance mapping in the Las Guijas district and south of the town of 

Arivaca reveals similar sulfide-poor tetrahedrite-carbonate-quartz-barite mineralization 

similar to that at Cerro Colorado and Oro Blanco. 
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Alteration: 

Locally, host rocks adjacent to veins display weak hydrolytic alteration (feldspar 

replaced by sericite or white clays and clay or chlorite replacement of mafic minerals) 

with hematite staining and minor silicification (Figure 5: underground vein). Chlorite, 

epidote, and propylitic alteration are common in the district and are more intense in areas 

where veins are scare or absent. Propylitic alteration (epidote replacing feldspars, in 

veins, and on joints and fractures, calcite present in minor quantities, with significant 

addition of quartz, accompanied by chloritization of mafic phenocrysts) is pervasive in 

most of the Laramide volcanic and intrusive rocks in the district (Mizer, in prep.). 

Widespread, native copper mineralization, chloritization, and epidotization are not 

associated with Ag-base metal veins; in areas where this alteration is prominent, no veins 

occur and in areas where veins are abundant, this alteration does not exist, though 

chloritization is common. This apparent lack of association between native copper 

mineralization and Ag veins suggests that a different mechanism is responsible for copper 

mineralization and intense propylitic alteration in the district (Mizer, in prep.).  

Ag-base metal vein mineralogy and paragenesis:  

Hypogene vein minerals include tetrahedrite, galena, and sphalerite. Tetrahedrite is 

the main metal-bearing mineral at most localities. Sphalerite is rarely identifiable in hand 

specimen, and occurs more commonly with galena at Silver Hill. Galena is present with 

restricted occurrences at the Cyanide prospects, Mina Del Tajo, and Silver Hill and is 

found with sphalerite and as small inclusions in tetrahedrite (Figure 6a, picture of 

CCD13-16c). One thin section contained late galena in sub-mm veinlets cutting 

tetrahedrite (Figure 6b).  
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Supergene minerals commonly include acanthite, covellite, and cinnabar, with 

oxides of copper, lead, and zinc (descloizite, mimetite, and endlichite = As-vanadinite) 

(Figure 6c and 6d, zoning of oxidized tet BSE image). Silver-chlorides and -iodides were 

not observed in hand sample, though one small (< 2 mm) crystal of AgCl was identified 

in one sample through energy dispersive spectroscopy (EDS) analysis on the microprobe 

(Figure 6e). Acanthite and covellite typically occur in subequal amounts in veins, 

oxidization products of tetrahedrite and are present at all locations in the district, but are 

more abundant in the workings around the Clark and Mina Del Tajo locations where 

more intense oxidation has occurred (Figure 6f). Copper oxides are common everywhere 

in veins, particularly in dump material of old prospects.   

Vein compositions, chemistry, and mineral associations 

The following structural formula will be used: [(M1a)4(M1b)2](M2)6X4Y13, modified 

from Johnson et al. (1988) and refined by Foit and Hughes (2004). The distinction of 

M1a and M1b sites accommodates excess Ag (>6 apfu) from the M2 (+1) site into the 

M1a (+1) site, allowing for substitution of remaining metals into the M1b (+2) site. The 

tetrahedrite formula accommodating elements analyzed on a Cameca SX-100 electron-

microprobe in this study is presented as: 

[(Cu,Ag)4(Cu,Zn,Fe,Hg,Mn,Co,Ni,Cd,Sn,Ga,In,Pb)2](Cu,Ag)6(Sb,As,Bi,Te)4(S,Se)13. 

Data for new discoveries of balkanite and imiterite are also presented. A discussion on 

the relationships of the elemental components of tetrahedrite at Cerro Colorado is 

consistent with previous findings by Johnson et al. (1986 and 1988) and Foit and Hughes 

(2004). 

Polymetallic vein mineralization includes moderate amounts of Ag, Pb, Zn, and Cu 
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as well as Hg and Sb; Hypogene (primary) minerals in qz-cal-bar veins in the district 

include tetrahedrite, galena, and sphalerite. The results of this investigation present two 

minerals previously unidentified in the district and the region: balkanite (Cu9Ag5HgS8) 

and imiterite (Ag2HgS2). Balkanite has only been identified in North America as 

occurring in two localities; the Manhattan district of Nevada and in one location in 

northern Sonora, Mexico. Imiterite has only been identified at two localities in North 

America as well; the Jamestown district in California and the Cone Butte sub-district in 

Montana.  

Analyses and normalizations  

Electron-microprobe data was normalized to S+Se values correlative to those S-

bearing (sulfide) minerals known and proposed to occur in the district. Acanthite and 

covellite presented challenges during normalization of data due to their intergrown 

nature. Analyses of each mineral suggests some simple substitution of Ag and Cu 

between the two. Several analyses of Cu, Ag, and S minerals present ratios of Cu and Ag 

nearly consistent with those of stromeyerite, but normalization of data was unsuccessful 

in obtaining satisfactory mineral compositions. This is likely the result of overlapping 

analyses made of Cu-Ag bearing sulfide minerals intergrown to within several tens of 

microns of each other. Additionally, several analyses produced Cu-S ratios consistent 

with the chalcocite-digenite group, including roxbyite, yarrowite, geerite, digenite, 

chalcocite, and anilite. Ag in this group can be as high as 2.0 wt. %, with 0.2-0.4 wt. % 

being common and as much as 0.1 wt. % Hg with 0.02-0.05 wt. % common. These 

minerals are likely the products of oxidized tetrahedrite. Other common elements 

expected to be present from the oxidation of tetrahedrite (Fe, Zn, Sb) were below 
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detection limits in these Cu-S minerals, with the exception of As, commonly between 

0.02-0.03 wt. %.  

Johnson et al. (1988) present detailed crystal structure analyses for Ag-bearing 

tetrahedrite and concluded that Ag prefers substitution into the M2 site, with excess Ag 

residing in the M1 site (M1a of this study). Johnson et al. (1988) also discuss the 

possibility, but lack of data in support of, Fe and Zn substituting into the M2 site. 

Tetrahedrite 

Plots of data for elemental relationships in tetrahedrite are found in Figures 7a-7s 

(plots of data). Samples represented by triangles in plots represent samples taken from the 

northern portion of the district, Silver Hill, while circles represent samples from the 

southern portion of the district, namely South Clark and Mina Del Tajo, and red squares 

represent one sample from the historic Heintzelman Mine. Some plots display 

correlations of M1b:M1b substitutions, but plots regarding M2:M1b, M2:X, and M1b:X 

also display important elemental relationships in tetrahedrite samples (Figures 7a-7g). Te 

and Se were sought, but were commonly below detectable limits, as well as Bi.  

Arsenic in tetrahedrite is generally low, but present in all samples analyzed, 

comprising up to 20% of the Sb-As (X)4 site, indicating that tetrahedrite in the district is 

on the tetrahedrite-tennantite series and does not represent the Sb end member 

exclusively. Arsenic content is greater in samples taken at Silver Hill (Figure 7h), 

displaying an inverse relationship to Hg (Figure 7i), which is notably greater at prospects 

in the south than at Silver Hill. Ag is present in the district almost exclusively in 

tetrahedrite, balkanite, imiterite, and to a lesser degree the chalcocite-digenite group as 

well as acanthite, an oxide product of tetrahedrite. Generally speaking, Ag-As share an 
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inverse relationship, as do Sb-As (Figure 7j, Ag-As plot and Figure 7h, Sb-As plot). Zn is 

abundant (up to 8%) and presents with an inverse relationship to Hg, as expected, in the 

M1b site, and Fe is present, but rare. Higher Ag content is closely associated with greater 

Sb, and inversely associated with Hg. Elevated Zn in the M1b site occurs when Ag 

content is elevated. Zn is abundant in tetrahedrite, up to 8 wt. % in some analyses, with 7 

% being common. In analyses where Hg was the abundant M1b metal (up to 20 wt. %), 

Zn was typically low, less than 3 wt. % (Figure 7s).  

Sample SQ-1 is notably higher in Ag, Sb, and Fe than all other samples. Cd is higher 

at samples in the south as indicated by Figure 7r (Cd:Ga plot) and Fe:Ga values are lower 

in the southern prospects (Figure 7p). Ag is greater at Silver Hill and prospects in the 

north (up to 7% in some samples, with 2 wt. % being common), while Hg is elevated at 

Mina Del Tajo, the Clark workings, and other prospects in the south, up to 20 wt. %, with 

12 wt. % being common. Pb is not present in tetrahedrite.  

Prospects at Mina Del Tajo and the South Clark working (along strike of the same 

vein structure) consistently produced analyses with elevated levels of Hg. Typically Hg 

was present at 12 wt. % in tetrahedrite, with one analysis containing 20 wt. % (Table 2, 

tetrahedrite data). These values are consistent with the mineral hakite (mercurian 

tetrahedrite / schwazite) as reported by Fleischer (1972) and investigated by Arlt and 

Diamond (1998) and Foit and Hughes (2004).  

Ag is present in all tetrahedrite analyzed, with values between 0.1-2.1 wt. % with an 

average of 1.6 wt. % being common. Ag values display an inverse relationship with Hg in 

tetrahedrite where Hg was more abundant (Fig. 7j, plot of Ag vs. Hg). Ag also displays an 

inverse relationship with As, as displayed in Figure 7i (plot of As-Ag), with most As 
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present in tetrahedrite containing less than 0.25 wt. % Ag.  

Ag-Cu-S minerals (acanthite and covellite) are manifested across the district where 

tetrahedrite has undergone intense oxidation (Figures 6f, oxidized tet). Principally this 

takes the form of intergrowths of acanthite and covellite (Figure 6d). Acanthite and 

covellite are present at all prospects where tetrahedrite occurs, with notable amounts at 

Silver Hill. The North Clark workings also contain abundant covellite after tetrahedrite 

with lesser amounts of acanthite. 

Sphalerite 

Sphalerite is common in samples from Silver Hill where it is subordinate to 

tetrahedrite. Several thin sections show sphalerite overgrowing tetrahedrite. Sphalerite 

was not observed at Mina Del Tajo, but is present in hand sample at the Liberty 

workings. Cd is present in sphalerite, up to 1 wt. % and Fe and Hg are also present, 

averaging 0.08 wt. % and 0.36 wt. %, respectively. 

Galena 

Galena is widespread but less abundant than tetrahedrite and sphalerite at most 

prospects in the district, although it does present as the dominant sulfide mineral at the 

Cyanide prospects and two prospects on the north side of Silver Hill, with notable, but 

minor, occurrences at Mina Del Tajo, North Clark workings, Lilly, and Liberty. Thirty 

six analyses of galena occurrences show no Ag. Bi and Cu are undetectable in galena, 

indicating only PbS present as the end member of the galena-matildite series and no 

substitution of Ag or Cu for Pb in the crystal structure. Pb is confined to galena and oxide 

minerals, namely mimetite, descloizite, and endlichite. Oxidation of galena is prevalent at 

the Liberty group of prospects, where endlichite and descloizite are common. One 
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prospect north of Cerro Colorado Tank contained small crystals of wulfenite and 

vanadinite, with no galena visible in hand sample. 

Pyrite and Chalcopyrite 

Several veins northwest of Rancho Seco have the only occurrences of pyrite and 

chalcopyrite in the district. These veins are small, typically less than two centimeters in 

width, and contain less than 1 vol. % pyrite and chalcopyrite. These sulfides are found as 

disseminated occurrences nearby in fine-grained biotite-granodiorite, hornblende-quartz 

monzonite dikes, and the Liberty granite, but do not occur regularly in veins, except for a 

few isolated prospects in the area northwest of Rancho Seco. 

Balkanite and imiterite (Cu9Ag5HgS8 and Ag2HgS2) 

Prospects along the Mina Del Tajo vein, including the workings at the South Clark 

mine consistently produced analyses with abundant Hg. Cinnabar was identified in two 

analyses as well as hakite (mercurian tetrahedrite). Additionally, balkanite was identified 

in four separate samples and imiterite from one sample along the Mina Del Tajo vein 

(Tables 3 and 4). These are the first known occurrences of these minerals in Arizona, and 

only the third occurrence of each reported in North America (Ferguson, 1924, Bindi et 

al., 2006, and Castor and Ferdock, 2004). Balkanite and imiterite are common in Hg-

bearing systems and balkanite has been shown to be common in sulfosalt occurrences 

associated with deposits of Cu and Ag while imiterite commonly occurs with antimonides 

and base metal (Cu) sulfides. Historically Hg has posed some environmental concerns in 

southern Arizona. These concerns arose over the practice of Hg-Au amalgamation 

process to remove Au from ore in small mines in southern Arizona. The abundance of 

Hg-bearing minerals such as tetrahedrite, balkanite, and imiterite in the study area and 
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further south along the U.S.-Mexico border suggest natural occurrences of these minerals 

to be the more likely culprit of reported Hg in groundwater samples. 

DISCUSSION 

Comparisons with other tetrahedrite districts and different deposit types 

Simmons et al. (2005) note that the epithermal deposits of the Great Basin (i.e., 

Comstock, Tonopah, Goldfield, et al.) differ from the Ag-base metal vein systems in the 

southwest because the Arizona systems are generally smaller, located within proximity to 

Laramide intrusive bodies, and are controlled by Laramide structures. Laramide and 

Tertiary mineralization in the southwest is the product of magmatism related to prolonged 

plate convergence (Staude and Barton, 2001). Within this framework Ag-rich districts 

can be divided into Pb-Zn-Ag and Ag-dominated, both of which are represented by vein-

lode and replacement deposits (Keith et al., 1983). Other authors have noted, in extensive 

publications, the characteristics of Zn-Pb-Ag zoning associated with porphyry copper 

deposits (e.g., Guilbert and Park, 1986; Hemley and Hunt, 1992). 

Megaw et al. (1988) present models for high temperature carbonate-hosted Ag-Pb-

Zn (Cu) deposits common in northern Mexico; irregular ore lenses that commonly reveal 

strong structural controls and are stratigraphically discordant. Ore bodies include mantos, 

chimneys, and pods containing sulfide and/or calc-silicate skarn minerals and the 

associated intrusions are not widely mineralized. Low temperature of formation, 

relatively low sulfur content, and alteration consistent with modest pH values are 

inconsistent with those parameters described by Megaw et al. (1988) for high temperature 

vein systems. Veins at Cerro Colorado should not be included in the Megaw et al. (1988) 

models for high temperature Ag-Pb-Zn deposits of northern Mexico. 
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Kissin and Mango (2014) present descriptive models for several types of Ag vein 

and mineralization systems. In Laramide porphyry copper districts, such as the Chloride 

district (Lang and Eastoe, 1988), Ag vein systems are distal expressions of, and lie in 

close proximity to, porphyry copper deposits. Ores occur in near vertical veins and fault-

controlled zones, are generally arsenic-poor and possess relatively low total sulfur, the 

bulk of the sulfide minerals being modest amounts of galena, sphalerite, minor 

pyrite/chalcopyrite, and rarely covellite and/or acanthite. CVT deposits generally contain 

pyrite, chalcopyrite, sphalerite, galena, and tetrahedrite-tennantite series minerals. Silver 

occurs as the silver-rich member of the tetrahedrite-tennantite series, freibergite, and 

some other sulfosalts. The deposits are notably copper-rich but produce significant 

coproduct silver (Kissin and Mango, 2014).  

Ag-base metal lode relationships to porphyry copper in the region have long been 

acknowledged, but the association of tetrahedrite with these systems remains enigmatic. 

While tetrahedrite occurs closely associated with some porphyry systems (i.e. Butte), Ag-

bearing tetrahedrite-dominated vein systems have yet to be systematically shown to be 

associated with hydrothermal systems of porphyry copper intrusions. Catchpole et al. 

(2012) report base metal zoning associated with tennantite-tetrahedrite veins at 

Morococha in Peru, presenting data in support of elevated Zn and Ag values replacing Fe 

and Cu in tetrahedrite distal to porphyry copper centers, the Fe and Cu being taken up in 

sulfides proximal to the center of the system. At Cerro Colorado  

Comparison of paragenesis and zoning 

Zoning of metals contained in polymetallic veins at Cerro Colorado indicates 

elevated levels of Pb, Zn, Ag, and Hg in some areas. Cerro Colorado tetrahedrite 
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compositions are compared to Ag-Zn-Hg tetrahedrites globally (Table 5 and Figure 8a, 

Ag vs. Hg global). Gemmel et al., (1989) present data for Ag-bearing tetrahedrite at 

Zacatecas, MX: Ag-rich tetrahedrite with modest Zn and As components, and also note 

the lack of distinct zoning patterns of tetrahedrite compositions with respect to 

hydrothermal centers at Zacatecas, citing zoning patterns presented by Wu and Peterson 

(1977) at Casapalca, Peru. Elevated As values at Silver Hill represent only modest levels 

of total contained As, as compared to tetrahedrite at other global localities (Figure 8b, 

plot of Ag vs. As global). The inverse relationship of Ag:As shown by (Johnson and 

Burnham (1985) is not consistent with elevated Ag values at Silver Hill, where As values 

are slightly elevated, but still modest compared to Sb (Figure 7h, CCD As vs. Sb). 

Globally, elevated As values in tetrahedrite have notable impacts on total contained Ag 

(Johnson and Burnham, 1985 and Hernandez and Akaska, 2010). 

Examination of Ag:Zn and Ag:Fe at Cerro Colorado indicate that elevated Ag values 

follow no distinct pattern of contained Fe and Zn (Figs. 7g and 7m, Fe:Ag and Ag:Zn 

plots). Samples containing elevated Hg at Mina Del Tajo display an inverse relationship 

with Fe. As shown in Figure 7e (ternary of Fe:Hg:Ag), Fe is elevated in samples at Silver 

Hill while Hg is more abundant at Mina Del Tajo. Ag more closely follows an inverse 

relationship with Cu (Figure 7n, Ag:Cu plot CCD), resembling the model presented by 

Catchpole et al. (2012), whereby Cu and Fe are preferentially taken up in sulfide minerals 

of deeply seated mineralizing (porphyry copper) systems. 

Cloke (1963) provides evidence of the solubility of Ag and Cu in acanthite and 

covellite at temperatures and low total sulfur conditions similar to those observed at 

Cerro Colorado. Low total sulfur and moderate pH conditions are consistent with the 
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degree of weak hydrolytic alteration of host rocks adjacent to veins. At Bisbee Te appears 

to be restricted to higher sulfidation states and Te-tennantite is closely associated with 

bornite + pyrite assemblages while tennantite is associated with enargite (Schumer, 

2017). Calcite veins have been shown to be late at some locations across the district, 

consistent with characteristics of such veins as presented by Kissin and Mango, 2014.  

Wu and Peterson (1977) and Gemmel et al. (1989) concluded that district scale 

zoning patterns of hydrothermal mineral genesis cannot be easily attributed to elemental 

components of tetrahedrite alone, pointing out that the consistency of such zoning 

patterns can be highly variable and may only represent the contents of the hydrothermal 

fluids from which tetrahedrite is precipitated.  

CONCLUSIONS 

At Cerro Colorado prospects near Silver Hill contain elevated levels of Ag, Zn, and 

As with lower Hg, while the converse holds true for prospects along the Mina Del Tajo 

vein system in the south. Zn/Fe ratios, combined with considerations for As in 

tetrahedrite from across the district may present a more detailed pattern for zoning 

associated with hydrothermal systems in the district. Fe and Cu are less abundant in more 

Ag-rich tetrahedrite, particularly at Silver Hill. Tetrahedrite veins at Cerro Colorado 

display characteristics consistent with other global occurrences, but are still unique in 

several aspects, as is common among Ag-tetrahedrite vein systems.  

Tetrahedrite vein systems have been referred to by previous researchers as 

epithermal and/or mesothermal in nature. CVT and replacement veins in the region where 

Ag is found primarily in galena more commonly display the typical high-temperature 

characteristics (calc-silicate/skarn alteration, notable clay alteration along vein margins 
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and in host rocks, and occurrences of adjacent metamorphosed carbonate rocks) of Ag-

base metal vein systems. Veins at Cerro Colorado display age relationships, depth of 

emplacement, alteration, and metal zoning patterns consistent with those best classified 

as Cordilleran Vein Type. Zoning patterns are consistent with models presented by other 

researchers that suggest elevated As values, combined with depressed Fe and Cu are 

indicative of patterns consistent with those associated with porphyry copper systems. It is 

likely, given the distal characteristics of these veins, and their age, that they may be 

manifestations of deeply seated porphyry copper systems, perhaps as deep as 6-8 km. 

Normalizations of data obtained in this study were done relative to nominally 

stoichiometric S+Se values for the sulfide minerals. The results of some data 

normalizations were inconsistent with common M:(S+Se) minerals (i.e. 1:1, 1:2, 1:3, etc., 

such as galena (PbS), sphalerite (ZnS), chalcocite (Cu2S), bornite (Cu5FeS4), tetrahedrite 

(Cu12Sb4S13), etc.). These data may represent new minerals, likely the oxidized products 

of tetrahedrite, similar to the new occurrences of balkanite and imiterite identified in the 

district. 

Data obtained in this study for Ag-bearing tetrahedrite establishes a new data set for 

these mineral relationships in southern Arizona. Subtle metal zoning patterns associated 

with deep-seated, unexposed porphyry copper systems may be discerned in districts 

where widely dispersed, weakly to moderately mineralized tetrahedrite-bearing quartz-

calcite veins occur.  
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FIGURE CAPTIONS 

Figure 1: Regional location and setting of the Cerro Colorado District with notable 
porphyry copper deposits along the Laramide Arc (inset) and notable Pb-Zn-Ag 
districts in southwestern North America. 

Figure 2: Cerro Colorado, Las Guijas, and Oro Blanco Mining districts with major mines 
noted. Simplified geologic map of the Cerro Colorado district, sharing similar 
geology with nearby districts. Locations of notable Ag mineral localities noted, 
size of star indicates relative production and mineralization based on observed 
workings and historical accounts and records. 

Figure 3: Field presentations of veins at Cerro Colorado. A = 30 cm vein in open 
workings at Mina Del Tajo, B = 25 cm quartz vein in andesite breccia/fault, near 
Cyanide workings, C = typical qz-cal-bar veins in andesite, D = veins on surface, 
South Clark area. 

Figure 4: Samples of veins from the Cerro Colorado district. A = CCD13-01b (south 
Clark workings, tetrahedrite and barite), B = CCD13-06b (west of main Clark 
workings, tetrahedrite in brown calcite with sub-mm barite), C = CCD13-16a 
(Silver Hill, north side, along road), D = CCD13-16c (Silver Hill, north side, 
along road), E = CCD13-19a1 (Silver Hill west end, dumps up high on hill, 
andesite breccia), F = CCD14-07 (north of main Nuevo Colorado group), G = 
CCD14-26c (east side of Fernstrom Hills, bladed barite textures, minor 
tetrahedrite), H = CCD14-62a (east of south Clark workings, andesite host rock), I 
= CCD14-81i (Trench prospects, intensely oxidized tetrahedrite), J = CCD14-86d 
(Trench prospects, abundant tetrahedrite), K = CCD14-196d (northwest of 
Rancho Seco, terminated quartz with late brown calcite, minor tetrahedrite), L = 
CCD14-202 (Silver Hill, north side, galena in tetrahedrite), M = MDT14-03b 
(Mine Del Tajo, epoxy mount, zoning in oxidized tetrahedrite; covellite and 
acanthite abundant), N = CCD14-201 (Silver Hill north side, galena and sphalerite 
in tetrahedrite), O = MDT14-01a (Mina Del Tajo, epoxy mount, oxidized 
tetrahedrite; covellite and acanthite abundant). 

Figure 5: Alteration associated with veins, underground workings, Colorado Clark Mine. 
Vein mineralogy typically tetrahedrite-barite with notable supergene acanthite and 
covellite. 

Figure 6: Relationships of tetrahedrite-sphalerite-galena in veins: A = typical galena 
inclusions in tetrahedrite with minor sphalerite (Silver Hill), B = galena veinlet 
overprinting calcite (Silver Hill), C = analyses points on tetrahedrite in supergene 
acanthite and covellite (South Clark), D = analyses points with tetrahedrite and 
intergrown acanthite and covellite (Mina Del Tajo), E = isolated occurrence of 
AgCl in thin section, F = intensely oxidized tetrahedrite with zones of supergene 
covellite and acanthite. 

Figure 7a: Sb-As-Ag relationships in tetrahedrite. Triangles represent samples from 
Silver Hill, circles represent samples from Mina Del Tajo. 
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Figure 7b: Sb-As-Fe relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7c: Sb-As-Zn relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7d: Fe-Zn-Ag relationships in tetrahedrite. Triangles represent samples from 
Silver Hill, circles represent samples from Mina Del Tajo. 

Figure 7e: Fe-Hg-Ag in tetrahedrite. Triangles represent samples from Silver Hill, circles 
represent samples from Mina Del Tajo. 

Figure 7f: Fe-Zn-Hg relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7g: Fe-Ag relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7h: As-Sb relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7i: Hg-Ag relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7j: As-Ag relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7k: Sb-Ag relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7l: As-Fe relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7m: Zn-Ag relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7n: Cu-Ag relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7o: Zn-Ga relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7p: Fe-Ga relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7q: Ag-Ga relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7r: Cd-Ga relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 7s: Zn-Hg relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo. 

Figure 8a: Ag:Hg in tetrahedrite from other global localities, summarized in Table 5. 
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Figure 8b: Ag:As relationships in tetrahedrites from global analyses, summarized in 
Table 5. 

Figure 8c: Ag:Zn in tetrahedrite from global samples. 
Figure 8d: Ag:Fe in tetrahedrite from global locations 
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FIGURES AND TABLES 

 

Figure 1: Regional location and setting of the Cerro Colorado District with notable 
porphyry copper deposits along the Laramide Arc (inset) and notable Pb-Zn-Ag districts 

in southwestern North America. 
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Figure 2: Cerro Colorado, Las Guijas, and Oro Blanco Mining districts with major mines 
noted. Simplified geologic map of the Cerro Colorado district, sharing similar geology 

with nearby districts. Locations of notable Ag mineral localities noted, size of star 
indicates relative production and mineralization based on observed workings and 

historical accounts and records. 
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Figure 3: Field presentations of veins at Cerro Colorado. A = 30 cm vein in open 
workings at Mina Del Tajo, B = 25 cm quartz vein in andesite breccia/fault, near Cyanide 

workings, C = typical qz-cal-bar veins in andesite, D = veins on surface, South Clark 
area. 
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Figure 4: Samples of veins from the Cerro Colorado district. A = CCD13-01b (south 
Clark workings, tetrahedrite and barite), B = CCD13-06b (west of main Clark workings, 

tetrahedrite in brown calcite with sub-mm barite), C = CCD13-16a (Silver Hill, north 
side, along road), D = CCD13-16c (Silver Hill, north side, along road), E = CCD13-19a1 
(Silver Hill west end, dumps up high on hill, andesite breccia), F = CCD14-07 (north of 

main Nuevo Colorado group), G = CCD14-26c (east side of Fernstrom Hills, bladed 
barite textures, minor tetrahedrite), H = CCD14-62a (east of south Clark workings, 

andesite host rock), I = CCD14-81i (Trench prospects, intensely oxidized tetrahedrite), J 
= CCD14-86d (Trench prospects, abundant tetrahedrite), K = CCD14-196d (northwest of 
Rancho Seco, terminated quartz with late brown calcite, minor tetrahedrite), L = CCD14-

202 (Silver Hill, north side, galena in tetrahedrite), M = MDT14-03b (Mine Del Tajo, 
epoxy mount, zoning in oxidized tetrahedrite; covellite and acanthite abundant), N = 

CCD14-201 (Silver Hill north side, galena and sphalerite in tetrahedrite), O = MDT14-
01a (Mina Del Tajo, epoxy mount, oxidized tetrahedrite; covellite and acanthite 

abundant). 
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Figure 5: Alteration associated with veins, underground workings, Colorado Clark Mine. 
Vein mineralogy typically tetrahedrite-barite with notable supergene acanthite and 

covellite.  
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Figure 6: Relationships of tetrahedrite-sphalerite-galena in veins: A = typical galena 
inclusions in tetrahedrite with minor sphalerite (Silver Hill), B = galena veinlet 

overprinting calcite (Silver Hill), C = analyses points on tetrahedrite in supergene 
acanthite and covellite (South Clark), D = analyses points with tetrahedrite and 

intergrown acanthite and covellite (Mina Del Tajo), E = isolated occurrence of AgCl in 
thin section, F = intensely oxidized tetrahedrite with zones of supergene covellite and 

acanthite.  
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Figure 7a: Sb-As-Ag relationships in tetrahedrite. Triangles represent samples from 
Silver Hill, circles represent samples from Mina Del Tajo.  

Tetrahedrite
As-Sb-Ag

CCD13-16C

CCD13-19a1

CCD15-65

CCD15-59 SH3

CCD15-60

CCD15-57 SH1

CCD14-86c

SQ-1

CCD14-67

XRF-156

MDT14-01a

MDT14-03a and 03b

CCD13-01a South
Clark

Sb

As Ag



377 

  

 

 

Figure 7b: Sb-As-Fe relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  
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Figure 7c: Sb-As-Zn relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  

Tetrahedrite
Sb-As-Zn

CCD13-16C

CCD13-19a1

CCD15-65

CCD15-59 SH3

CCD15-60

CCD15-57 SH1

CCD14-86c

SQ-1

CCD14-67

XRF-156

MDT14-01a

MDT14-03a and
03b
CCD13-01a South
Clark

Sb

As Zn



379 

  

 

 

Figure 7d: Fe-Zn-Ag relationships in tetrahedrite. Triangles represent samples from 
Silver Hill, circles represent samples from Mina Del Tajo.  
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Figure 7e: Fe-Hg-Ag in tetrahedrite. Triangles represent samples from Silver Hill, circles 
represent samples from Mina Del Tajo.  
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Figure 7f: Fe-Zn-Hg relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  
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Figure 7g: Fe-Ag relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  
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Figure 7h: As-Sb relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  
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Figure 7i: Hg-Ag relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.   
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Figure 7j: As-Ag relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  
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Figure 7k: Sb-Ag relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  
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Figure 7l: As-Fe relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

A
s

Fe

CCD13-16c

CCD13-19a1

CCD15-65

CCD15-59 SH3

CCD15-60

CCD15-57 SH1

CCD14-86c

SQ-1

CCD14-67

XRF-156

MDT14-01a

MDT14-03a and
03b
CCD13-01a
South Clark



388 

  

 

 

Figure 7m: Zn-Ag relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  
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Figure 7n: Cu-Ag relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  

8.25

8.75

9.25

9.75

10.25

10.75

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

C
u

Ag

CCD13-16c

CCD13-19a1

CCD15-65

CCD15-59 SH3

CCD15-60

CCD15-57 SH1

CCD14-86c

SQ-1

CCD14-67

XRF-156

MDT14-01a

MDT14-03a and
03b
CCD13-01a
South Clark



390 

  

 

 

Figure 7o: Zn-Ga relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  
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Figure 7p: Fe-Ga relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  
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Figure 7q: Ag-Ga relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  
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Figure 7r: Cd-Ga relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  
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Figure 7s: Zn-Hg relationships in tetrahedrite. Triangles represent samples from Silver 
Hill, circles represent samples from Mina Del Tajo.  
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Figure 8a: Ag:Hg in tetrahedrite from other global localities, summarized in Table 5.  
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Figure 8b: Ag:As relationships in tetrahedrites from global analyses, summarized in 
Table 5 (references table). 
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Figure 8c: Ag:Zn in tetrahedrite from global samples.  
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Figure 8d: Ag:Fe in tetrahedrite from global locations.  
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TABLES: 

Table captions: 
Table 1.  Electron microprobe analyses conditions*: Analytical routine for sulfide 

minerals on Cameca SX100 microprobe. 
Table 2: Representative analyses of tetrahedrite. 
Table 3: Analyses of balkanite. 
Table 4: Analyses of imiterite. 
Table 5: References for global investigations into tetrahedrite compositions for 

comparison. 
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TABLE 1.  ELECTRON MICROPROBE ANALYSES CONDITIONS*: ANALYTICAL ROUTINE FOR 
SULFIDE MINERALS ON CAMECA SX100 MICROPROBE. 

element & 
line standard crystal count time 

(s) 
background positions 
(105sinθ from peak) 

approx. 3σ 
detection limit (ppm) 

measurement conditions 
Zn Lα ZnS TAP 20 -725    500 338 

Ga Lα GaAs TAP 20 -1250   570 248 

Ge Lα Ge metal TAP 30 -1000   600 210 

As Lα NiAs TAP 20 -1150   780 226 

Se Lα ZnSe TAP 30 -500     675 183 

Ag Lα matildite LPET 40 -750     850 161 

In Lα InP LPET 20 -1200   850 115 

Te Lα ZnTe LPET 40 -970     800 101 

Bi Mα matildite LPET 40 -300    555 279 

Hg Mα cinnabar LPET 40 -600   1100 275 

Fe Kα troilite LIF 20 -1100   850 322 

Cu Kα enargite LIF 20 -700    500 524 

Co Kα Co metal LIF 30 -400    1000 170 

Ni Kα NiAs LIF 30 -650   750 180 

S Kα troilite LPET 20 -500   1550 114 

Pb Mα galena LPET 10 -1300   500 632 

Sb Lα stibnite LPET 30 -450   550 165 
*All analyses were done at 20 KeV and the beam current varied between 10 nA and 40 nA, depending on 
session.  
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TABLE 2: REPRESENTATIVE ANALYSES OF TETRAHEDRITE 

Sample 
CCD13-

01a 
CCD13-

01a 
CCD13-

16c 
CCD13-

16c 
CCD13-

16c 
CCD13-

19a1 
CCD14-

67 
CCD14-

67  
tet tet tet tet tet tet tet tet  
24 21 35 67 44 48 1 5 

S (wt%) 24.97 24.84 24.81 24.98 24.87 24.83 25.27 25.43 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.27 0.29 0.29 0.34 0.36 0.16 0.14 0.15 
Co 0.08 0.02 0.04 0.01 0.02 0.02 0.00 0.02 
Ni 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Cu 38.12 38.18 36.02 36.03 35.50 36.90 38.17 39.31 
Zn 6.74 6.76 6.88 6.84 6.76 7.09 7.37 7.17 
Ga 

     
0.03 0.01 0.01 

Ge 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00 
As 3.86 4.07 1.95 2.60 2.39 3.14 3.36 4.39 
Se 0.01 0.01 0.00 0.02 0.03 0.00 0.04 0.03 
Ag 0.35 0.33 1.84 1.54 0.79 1.15 0.53 0.11 
Cd 0.61 0.51 0.22 0.18 0.21 0.28 0.24 0.25 
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sn 0.02 0.04 0.02 0.02 0.00 0.03 0.04 0.01 
Sb 23.68 23.31 26.65 25.57 25.73 24.78 24.36 23.03 
Te 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
I 

  
0.02 0.01 0.02 

   

Hg 0.53 0.58 0.54 0.59 0.52 0.26 0.26 0.36 
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bi 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

Total 99.26 98.95 99.29 98.75 97.20 98.68 99.81 100.27          

apfu 
        

Cu(M1a) 4.00 4.00 3.81 3.70 3.48 3.93 3.98 4.00 
Ag(M1a) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
vac.(M1a) 0.00 0.00 0.19 0.30 0.52 0.07 0.02 0.00 
Σ (M1a) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00          

Cu(M1b) 0.07 0.13 0.00 0.00 0.00 0.00 0.00 0.15 
Zn(M1b) 1.72 1.73 1.77 1.75 1.73 1.82 1.86 1.80 
Fe(M1b) 0.23 0.26 0.25 0.30 0.31 0.14 0.12 0.13 
Hg(M1b) 0.04 0.05 0.05 0.05 0.04 0.02 0.02 0.03 
Mn(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Co(M1b) 0.02 0.00 0.01 0.00 0.01 0.01 0.00 0.00 
Ni(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cd(M1b) 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 
Sn(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ga(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
In(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pb(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Σ (M1b) 2.10 2.18 2.08 2.11 2.10 2.00 2.01 2.12          
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Cu (M2) 5.95 5.95 5.71 5.76 5.88 5.82 5.92 5.98 
Ag (M2) 0.05 0.05 0.29 0.24 0.12 0.18 0.08 0.02 
Σ (M2) 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00          

As(X) 0.86 0.91 0.44 0.58 0.53 0.70 0.74 0.96 
Sb(X) 3.25 3.21 3.68 3.50 3.54 3.42 3.30 3.10 
Te(X) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bi(X) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ge(X) 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Σ (X) 4.11 4.13 4.11 4.08 4.08 4.12 4.04 4.06          

S(Y) 13.00 13.00 13.00 13.00 12.99 13.00 12.99 12.99 
Se(Y) 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 

Σ(Y+Z)% 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 
 

* all Fe calculated as Fe2+ 

# Bi and Te were sought, Bi not detected, Te present in trace amounts 
% Tetrahedrite normalized to 13 apfu S + Se  
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TABLE 2 (CONTINUED): REPRESENTATIVE ANALYSES OF TETRAHEDRITE 

Sample 
CCD14-

86c 
CCD15-

57 
CCD15-

57 
CCD15-

57 
CCD15-

59 
CCD15-

59 
CCD15-

59 
CCD15-

60  
tet tet tet tet tet tet tet tet  
50 3 5 11 27 28 32 9 

S (wt%) 25.02 25.25 25.09 25.09 25.28 25.05 25.25 24.80 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.25 0.31 0.23 0.26 0.22 0.26 0.31 0.20 
Co 0.00 0.01 0.04 0.04 0.00 0.06 0.03 0.00 
Ni 0.00 0.00 0.00 0.02 0.01 0.01 0.00 0.00 
Cu 38.46 38.07 37.69 37.81 38.00 36.92 37.24 37.22 
Zn 7.00 6.90 7.08 6.87 7.02 7.01 6.90 6.75 
Ga 0.04 0.00 0.03 0.03 0.03 0.00 0.01 0.04 
Ge 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 
As 2.73 3.42 3.05 2.99 3.16 3.81 2.96 1.71 
Se 0.02 0.00 0.00 0.00 0.02 0.02 0.00 0.00 
Ag 0.06 0.46 0.85 0.41 0.75 1.30 1.31 0.93 
Cd 0.10 0.20 0.23 0.22 0.23 0.23 0.25 0.31 
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sn 0.03 0.04 0.03 0.02 0.03 0.02 0.05 0.02 
Sb 25.66 24.43 24.93 24.67 24.70 23.61 24.81 26.72 
Te 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
I 

        

Hg 0.35 0.74 0.41 0.63 0.70 0.32 0.67 0.96 
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 99.72 99.85 99.66 99.07 100.14 98.62 99.77 99.69          

apfu 
        

Cu(M1a) 4.00 3.96 3.98 3.95 3.97 3.86 3.88 3.99 
Ag(M1a) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
vac.(M1a) 0.00 0.04 0.02 0.05 0.03 0.14 0.12 0.01 
Σ (M1a) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00          

Cu(M1b) 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Zn(M1b) 1.78 1.74 1.80 1.74 1.77 1.78 1.74 1.74 
Fe(M1b) 0.22 0.27 0.20 0.23 0.19 0.23 0.27 0.18 
Hg(M1b) 0.03 0.06 0.03 0.05 0.06 0.03 0.05 0.08 
Mn(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Co(M1b) 0.00 0.00 0.01 0.01 0.00 0.02 0.01 0.00 
Ni(M1b) 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Cd(M1b) 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 
Sn(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ga(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
In(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pb(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Σ (M1b) 2.13 2.08 2.05 2.05 2.03 2.06 2.08 2.00          



404 

  

 

Cu (M2) 5.99 5.93 5.87 5.94 5.89 5.80 5.80 5.86 
Ag (M2) 0.01 0.07 0.13 0.06 0.11 0.20 0.20 0.14 
Σ (M2) 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00          

As(X) 0.61 0.75 0.68 0.66 0.69 0.85 0.65 0.38 
Sb(X) 3.51 3.31 3.40 3.37 3.34 3.23 3.36 3.69 
Te(X) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bi(X) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ge(X) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Σ (X) 4.12 4.07 4.08 4.03 4.04 4.07 4.02 4.08          

S(Y) 12.99 13.00 13.00 13.00 13.00 13.00 13.00 13.00 
Se(Y) 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Σ(Y+Z)% 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 
 

* all Fe calculated as Fe2+ 

# Bi and Te were sought, Bi not detected, Te present in trace amounts 
% Tetrahedrite normalized to 13 apfu S + Se  
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TABLE 2 (CONTINUED): REPRESENTATIVE ANALYSES OF TETRAHEDRITE 

Sample 
CCD15-

60 
CCD15-

60 
CCD15-

65 
CCD15-

65 
CCD15-

65 
MDT14-

01a 
MDT14-

01a 
MDT14-

01a  
tet tet tet tet tet tet tet tet  
20 14 28 42 63 8 12 27 

S (wt%) 24.93 25.27 25.10 25.13 25.03 24.67 21.51 22.79 
Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.21 0.19 0.24 0.24 0.22 0.04 0.01 0.07 
Co 0.02 0.02 0.00 0.02 0.01 0.00 0.00 0.04 
Ni 0.02 0.04 0.01 0.00 0.03 0.00 0.00 0.00 
Cu 36.94 37.39 37.15 37.45 37.40 37.41 31.52 34.64 
Zn 6.82 7.17 6.94 7.22 7.05 7.04 0.05 2.44 
Ga 0.00 0.02 0.03 0.03 0.01 0.02 0.81 0.48 
Ge 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
As 3.36 3.33 2.79 2.66 2.92 1.84 1.86 1.72 
Se 0.00 0.01 0.03 0.07 0.01 0.02 0.00 0.01 
Ag 0.40 1.14 1.15 1.12 1.16 0.35 1.15 0.53 
Cd 0.22 0.25 0.21 0.21 0.24 0.40 0.00 1.10 
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sn 0.03 0.04 0.03 0.03 0.05 0.04 0.02 0.01 
Sb 24.56 24.17 25.31 25.55 25.03 26.43 22.52 24.37 
Te 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
I 

        

Hg 0.24 0.42 0.25 0.29 0.29 1.25 20.42 12.31 
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 97.76 99.48 99.23 100.01 99.46 99.49 99.89 100.52          

apfu 
        

Cu(M1a) 3.78 3.88 3.88 3.94 3.98 4.00 3.82 4.00 
Ag(M1a) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
vac.(M1a) 0.22 0.12 0.12 0.06 0.02 0.00 0.18 0.00 
Σ (M1a) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00          

Cu(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 
Zn(M1b) 1.74 1.81 1.76 1.83 1.80 1.82 0.02 0.68 
Fe(M1b) 0.19 0.17 0.21 0.21 0.19 0.03 0.01 0.07 
Hg(M1b) 0.02 0.03 0.02 0.02 0.02 0.10 1.97 1.12 
Mn(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Co(M1b) 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Ni(M1b) 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 
Cd(M1b) 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 
Sn(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ga(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
In(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pb(M1b) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Σ (M1b) 1.97 2.04 2.01 2.07 2.03 1.96 2.01 1.95          
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Cu (M2) 5.94 5.83 5.82 5.83 5.82 5.95 5.79 5.91 
Ag (M2) 0.06 0.17 0.18 0.17 0.18 0.05 0.21 0.09 
Σ (M2) 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00          

As(X) 0.75 0.73 0.62 0.59 0.65 0.41 0.48 0.42 
Sb(X) 3.37 3.27 3.45 3.48 3.42 3.67 3.58 3.66 
Te(X) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bi(X) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ge(X) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Σ (X) 4.12 4.01 4.07 4.07 4.07 4.08 4.07 4.08          

S(Y) 13.00 13.00 12.99 12.99 13.00 13.00 13.00 13.00 
Se(Y) 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 

Σ(Y+Z)% 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 
 

* all Fe calculated as Fe2+ 

# Bi and Te were sought, Bi not detected, Te present in trace amounts 
% Tetrahedrite normalized to 13 apfu S + Se
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Table 2 (continued): Representative analyses of tetrahedrite 
 

Sample 
MDT14-

01a 
MDT14-

03b 
MDT14-

03b 
XRF-
156 

XRF-
156  

tet tet tet tet tet  
29 56 91 65 64 

S (wt%) 22.63 24.40 23.85 24.65 24.44 
Mn 0.00 0.00 0.00 0.00 0.00 
Fe 0.09 0.70 0.00 0.04 0.00 
Co 0.00 0.00 0.01 0.00 0.01 
Ni 0.00 0.00 0.01 0.00 0.01 
Cu 34.49 37.21 35.70 37.82 37.45 
Zn 2.39 4.69 6.25 6.54 6.52 
Ga 0.52 0.09 0.11 0.13 0.15 
Ge 0.00 0.00 0.02 0.00 0.01 
As 1.37 1.57 0.78 2.00 2.26 
Se 0.00 0.00 0.00 0.00 0.02 
Ag 0.66 0.88 2.10 0.27 0.25 
Cd 1.04 2.32 1.54 0.08 0.13 
In 0.00 0.00 0.00 0.00 0.00 
Sn 0.02 0.04 0.01 0.03 0.04 
Sb 24.87 26.82 27.21 26.19 25.45 
Te 0.00 0.00 0.00 0.00 0.00 
I 

     

Hg 12.35 0.99 1.32 2.56 2.37 
Pb 0.00 0.00 0.93 0.00 0.00 
Bi 0.00 0.00 0.00 0.00 0.00 

Total 100.44 99.70 99.85 100.32 99.10       

apfu 
     

Cu(M1a) 4.00 4.00 4.00 4.00 4.00 
Ag(M1a) 0.00 0.00 0.00 0.00 0.00 
vac.(M1a) 0.00 0.00 0.00 0.00 0.00 
Σ (M1a) 4.00 4.00 4.00 4.00 4.00       

Cu(M1b) 0.11 0.14 0.16 0.11 0.09 
Zn(M1b) 0.67 1.22 1.67 1.69 1.70 
Fe(M1b) 0.08 0.63 0.00 0.03 0.00 
Hg(M1b) 1.13 0.08 0.12 0.22 0.20 
Mn(M1b) 0.00 0.00 0.00 0.00 0.00 
Co(M1b) 0.00 0.00 0.00 0.00 0.00 
Ni(M1b) 0.00 0.00 0.00 0.00 0.00 
Cd(M1b) 0.00 0.01 0.00 0.00 0.01 
Sn(M1b) 0.00 0.00 0.00 0.00 0.00 
Ga(M1b) 0.00 0.01 0.01 0.00 0.01 
In(M1b) 0.00 0.00 0.00 0.00 0.00 
Pb(M1b) 0.00 0.00 0.08 0.00 0.00 
Σ (M1b) 2.01 2.09 2.05 2.05 2.01       
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Cu (M2) 5.89 5.86 5.66 5.96 5.96 
Ag (M2) 0.11 0.14 0.34 0.04 0.04 
Σ (M2) 6.00 6.00 6.00 6.00 6.00       

As(X) 0.34 0.36 0.18 0.45 0.51 
Sb(X) 3.76 3.76 3.91 3.64 3.56 
Te(X) 0.00 0.00 0.00 0.00 0.00 
Bi(X) 0.00 0.00 0.00 0.00 0.00 
Ge(X) 0.00 0.00 0.01 0.00 0.00 
Σ (X) 4.10 4.12 4.09 4.09 4.08       

S(Y) 13.00 13.00 13.00 13.00 12.99 
Se(Y) 0.00 0.00 0.00 0.00 0.01 

Σ(Y+Z)% 13.00 13.00 13.00 13.00 13.00 
 

* all Fe calculated as Fe2+ 

# Bi and Te were sought, Bi not detected, Te present in trace amounts 
% Tetrahedrite normalized to 13 apfu S + Se  
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TABLE 3: ANALYSES OF BALKANITE 

Sample CCD13-
01a 

CCD13-
01a 

CCD13-
01a 

CCD13-
01a 

CCD13-
01a 

CCD13-
01a 

CCD13-
01a 

CCD13-
01a 

 balkanite balkanite balkanite balkanite balkanite balkanite balkanite balkanite 
 19 14 27 1 11 12 13 14 

S(wt%) 16.22 16.11 16.23 16.36 16.04 16.30 16.04 16.05 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Fe* 0.00 0.01 0.00 0.00 0.04 0.00 0.00 0.01 
Co 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 
Ni 0.02 0.01 0.03 0.00 0.01 0.00 0.02 0.00 
Cu 36.87 36.45 38.07 38.08 37.70 38.92 36.54 37.58 
Zn 0.00 0.00 0.02 0.00 0.00 0.02 0.00 0.10 
Ga         

Ge 0.03 0.00 0.00 0.01 0.00 0.01 0.04 0.05 
As 0.00 0.02 0.01 0.00 0.01 0.00 0.01 0.00 
Se 0.02 0.00 0.00 0.00 0.00 0.02 0.04 0.01 
Ag 34.42 34.26 34.00 31.48 33.74 33.30 34.05 33.56 
Cd 0.12 0.16 0.18 0.13 0.14 0.14 0.16 0.20 
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Te# 0.06 0.04 0.06 0.06 0.01 0.06 0.06 0.04 

I    0.01 0.07 0.05 0.02 0.00 
Hg 12.17 12.14 12.01 12.57 12.08 12.05 11.90 11.93 
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bi# 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 99.92 99.20 100.60 98.72 99.85 100.88 98.88 99.53 
         

apfu         

S% 8.00 8.00 8.00 8.00 8.00 8.00 7.99 8.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.00 0.01 0.00 0.00 0.04 0.00 0.00 0.01 
Co 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Ni 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 
Cu 9.17 9.14 9.47 9.40 9.49 9.64 9.19 9.45 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 
Ga 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ge 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 
As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Se% 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Ag 5.04 5.06 4.98 4.58 5.00 4.86 5.04 4.97 
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Cd 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Te 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 
I 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 

Hg 0.96 0.96 0.95 0.98 0.96 0.95 0.95 0.95 
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 

* all Fe calculated as Fe2+ 

# Bi and Te were sought, Bi not detected, Te present in trace amounts 
% Tetrahedrite normalized to 8 apfu S + Se  
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TABLE 3 (CONTINUED): ANALYSES OF BALKANITE 

Sample CCD13-
01a 

MDT14-
01a 

MDT14-
01a 

MDT14-
01a 

MDT14-
01a 

MDT14-
03a(2) 

MDT14-
03b 

MDT14-
03b 

 balkanite balkanite balkanite balkanite balkanite balkanite balkanite balkanite 
 4 17 13 37 26 144 73 53 

S(wt%) 15.52 17.20 17.37 16.44 16.05 17.71 16.78 17.09 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Fe* 0.05 0.01 0.04 0.01 0.00 0.49 0.05 0.00 
Co 0.00 0.00 0.01 0.02 0.00 0.01 0.00 0.01 
Ni 0.01 0.04 0.02 0.03 0.00 0.00 0.00 0.00 
Cu 34.51 43.44 44.69 36.79 34.97 43.64 38.59 37.39 
Zn 0.09 0.00 0.03 0.00 0.02 0.00 0.00 0.07 
Ga  0.37 0.46 0.56 0.47 0.41 0.45 0.25 
Ge 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 
As 0.08 0.00 0.00 0.00 0.02 0.00 0.02 0.05 
Se 0.02 0.01 0.02 0.00 0.00 0.01 0.05 0.00 
Ag 31.11 29.48 29.25 33.90 34.37 30.07 35.84 39.03 
Cd 0.17 0.17 0.14 0.13 0.15 0.08 0.13 0.16 
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sb 0.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Te# 0.00 0.06 0.03 0.04 0.05 0.02 0.04 0.06 

I 0.02        

Hg 15.36 10.17 8.63 13.91 13.26 5.34 7.49 6.02 
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bi# 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 

Total 97.34 101.01 100.69 101.85 99.35 97.83 99.44 100.12 
         

apfu         

S% 8.00 8.00 8.00 8.00 8.00 8.00 7.99 8.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.04 0.01 0.03 0.01 0.00 0.38 0.04 0.00 
Co 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Ni 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 
Cu 8.97 10.19 10.38 9.04 8.79 9.94 9.27 8.83 
Zn 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.02 
Ga 0.00 0.00 0.03 0.01 0.00 0.04 0.04 0.00 
Ge 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
As 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

Se% 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Ag 4.76 4.07 4.00 4.91 5.09 4.04 5.07 5.43 
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Cd 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sb 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Te 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01 
I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Hg 1.26 0.76 0.63 1.08 1.06 0.39 0.57 0.45 
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 

* all Fe calculated as Fe2+ 

# Bi and Te were sought, Bi not detected, Te present in trace amounts 
% Tetrahedrite normalized to 8 apfu S + Se  
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TABLE 4: ANALYSES OF IMITERITE 

Sample CCD13-01a CCD13-01a 

 imiterite imiterite 

 17 8 
S(wt%) 12.96 13.40 

Mn 0.00 0.00 
Fe* 0.06 0.00 
Co 0.08 0.03 
Ni 0.01 0.00 
Cu 0.31 0.39 
Zn 0.00 0.03 
Ga  2.12 
Ge 0.01 0.06 
As 0.00 0.00 
Se 0.00 0.00 
Ag 45.13 44.87 
Cd 0.22 0.19 
In 0.00 0.00 
Sn 0.00 0.00 
Sb 0.00 0.00 
Te 0.05 0.09 
I   

Hg 38.65 39.35 
Pb 0.00 0.00 
Bi# 0.00 0.00 

Total 97.48 100.53 
apfu   
S% 2.00 2.00 
Mn 0.00 0.00 
Fe 0.02 0.00 
Co 0.01 0.00 
Ni 0.00 0.00 
Cu 0.02 0.03 
Zn 0.00 0.00 
Ga 0.00 0.04 
Ge 0.00 0.00 
As 0.00 0.00 

Se% 0.00 0.00 
Ag 2.07 1.99 
Cd 0.01 0.01 
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In 0.00 0.00 
Sn 0.00 0.00 
Sb 0.00 0.00 
Te 0.00 0.00 
I 0.00 0.00 

Hg 0.95 0.94 
Pb 0.00 0.00 
Bi 0.00 0.00 

 

* all Fe calculated as Fe2+ 

# Bi and Te were sought, Bi not detected, Te present in trace amounts 
% Tetrahedrite normalized to 2 apfu S + Se 
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TABLE 5: REFERENCES FOR GLOBAL INVESTIGATIONS INTO TETRAHEDRITE COMPOSITIONS 
FOR COMPARISON. 

Casapalca, Peru Wu and Peterson, 1977 
global localities George et al., 2017 

El Zancudo, Columbia Hernandez and Akasaka, 2010 
Mt. Isa Riley, 1974 

Schwaz, Austria Arlt and Diamond, 1998 
Keno Hill, Yukon Lynch, 1989 

Schwarzwald, Germany Staude et al., 2010 
Morococha, Peru Catchpole et al., 2012 
Colquijirca, Peru Bendezu and Fontbote, 2009 

Zacatecas, Mexico Gemmel et al., 1989 
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APPENDIX E: DESCRIPTIONS OF THE GEOLOGIC SETTING, PREVIOUS 

INVESTIGATIONS, AND GEOCHRONOLOGY CONTEXT FOR LOCATIONS 

INVESTIGATED IN APPENDIX A (DISTRIBUTION AND SIGNIFICANCE OF 

EARLY LARAMIDE PRE- AND SYN-MINERAL VOLCANIC ROCKS, SOUTHERN 

ARIZONA)  
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LOCATIONS STUDIED 

Many workers have investigated relationships between Late Cretaceous/early 

Laramide sedimentary rocks and early Laramide volcanic and intrusive rocks. A 

summary of these works is presented herein and compiled in Table 1. 

San Manuel Mining District and American Flag Formation, Pima County  

The San Manuel deposit, located on the west side of the San Pedro River valley 65 

km northeast of Tucson, consists of a tilted porphyry copper system that has been 

dismembered and tilted by multiple normal faults (Fajardo, 2015). The 68 Ma San 

Manuel porphyry is the mineralizing intrusive unit and is hosted in 1.4 Ga Oracle granite 

(Unruh, 1997).  

Exposures of pre-mineral sedimentary and volcaniclastic units reported as the 

American Flag Formation (Spencer et al., 2009) occur near the mine and on the northern 

slopes of the Santa Catalina Mountains at Campo Bonito and American Flag Basin 

(Force, 1997) (Figure1). Field relationships at the San Manuel Mine show porphyry dikes 

from the B intra-mineralizer stock intruding the American Flag Formation south of the pit 

(Figure 2). At this location the conglomerate is dominantly composed of massive pebble-

to cobble- beds striking N30°W and dipping 35° to the northeast interbedded with 

andesite. Clasts include cobbles of maroon biotite-plagioclase andesite with rare pebble-

size clasts of older quartzite, limestone, and granite. This upper member is overlain by 

the andesite of interest described above.  

This volcanic unit is herein referred to as the San Manuel andesite, with underlying 

conglomerate included with, but distinct from, the American Flag Formation described 

below. Older volcanic rocks were reported in the area by Schwartz in 1949, but no other 
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Laramide volcanic rocks are present near the San Manuel stock. The interfingering nature 

of the andesite with underlying conglomerate suggests an early Laramide age for the 

volcanics. The andesite was included in this investigation and sampled near the mine for 

U-Pb dating to constrain the upper age of the American Flag Formation as a whole and to 

evaluate its potential association with the mineralizing stock at ~68 Ma. 

American Flag Formation and Rice Peak porphyry 

Additional outcrops of American Flag Formation are found in the Catalina 

Mountains (Figures 3 and 4). The American Flag consists almost entirely of sedimentary 

rocks with interbedded volcaniclastic rocks in the upper units. The depositional and 

tectonic setting for the American Flag as a whole is complex, Force (1997) divides the 

American Flag Formation into three sub-units, each having responded to rapidly evolving 

structural and intrusive settings.  

The lowest unit consists of fine-grained sediments and is overlain by limestone-

cobble conglomerate. These beds are commonly steeply dipping, responding to early 

Laramide thrusting and/or upheaval. The middle member contains large clasts (up to 1 m) 

of Precambrian Ruin/Oracle granite and a layer of vitric tuff. Force reports small 

porphyry bodies intruding into the middle member, including several varieties of Rice 

Peak porphyry common in the area. The upper member of the American Flag Formation 

near Nugget Canyon is a conglomerate composed of clasts of Apache Group sandstone 

and volcanic rocks. 

Observations of the contact between the lowest unit of the American Flag Formation 

and the underlying Paleozoic rocks in Nugget Canyon reveal a clear disconformity with 

the underlying Escabrosa limestone (Figure 5). Detailed observations of this contact are 
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consistent with descriptions provided by Force (1997); the lowest unit was deposited on a 

paleokarst setting of Paleozoic carbonate rocks. At this location the lowest unit is a pale 

green, lithic-free siltstone with common sub-millimeter clasts of biotite and quartz. The 

general overall appearance of this rock, with the biotite content resembling that of the 

adjacent Rice Peak porphyry, and its stratigraphic position in the American Flag 

Formation, prompted investigation into the age of this unit.  

The timing of deposition of this lowest unit represents the onset of deposition for the 

earliest sedimentary units of the American Flag Formation and Unruh states this unit is 

important as it likely contributed significant volumes of sedimentary components in the 

sedimentary American Flag Formation. One sample of the lowest unit was collected from 

the road cut just above the underlying carbonate rocks (AMF16-08). It was proposed that 

if this lowest unit contained zircons, some of those zircons were likely produced from 

nearby volcanic or intrusive rocks, particularly the adjacent biotite-rich Rice Peak 

porphyry, one kilometer to the southeast, and would represent a maximum age of 

deposition for the American Flag Formation.  

Unruh (1997) reports a U-Pb age on the Rice Peak porphyry of 71 ± 8 Ma and 

additional U-Pb data reported by Fornash et al (2013) show the Rice Peak porphyry at 

other locations to be 73.0 ± 1.5 Ma. For comparison, one sample of adjacent porphyry 

stock (AMF16-07) was collected for dating using U-Pb in zircon methods.  

Copper Creek deposit, Bunker Hill district, Pinal and Graham Counties 

The Bunker Hill district has produced base and precious metals from mineralized 

breccia pipes and associated small-volume Ag-base metal veins. Production values 

between 1905 and 1975 include 27,300,000 pounds of copper, 5,770,000 pounds of lead, 
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and 4,150,000 pounds of molybdenum, 1,000 ounces gold, and 190,000 ounces silver 

(Keith et al., 1983).  Recent exploration efforts in the district have increased the number 

of drill holes to 480, totaling over 200,000 meters drilled, with a measured and indicated 

resource of 36.954 million tons of copper ore with an average grade of 0.5%, 41.394 

million pounds molybdenum, and 7.725 million ounces of silver (Redhawk Resources, 

NI-43101, 2008 and technical reports, 2012). 

Early observations of cretaceous sediments interbedded with volcanic rocks were 

reported by Kuhn (1941). In the southern portion of the district, east of Copper Creek 

proper, Simons (1964) mapped Pinkard sedimentary rocks in depositional contact with 

Escabrosa Limestone (Figure 6). These rocks correlative to Cretaceous rocks (Kss) 

mapped by Willden (1964) on the fifteen-minute Christmas area quad map. The Pinkard 

Formation is mentioned by Koski and Cook (1982) as being approximately twelve meters 

thick in the vicinity of the Christmas mine, and lying in disconformable contact with 

underlying Naco (Permian) limestone.  

Mesozoic (Late Cretaceous) sedimentary rocks lie disconformably on upper 

Escabrosa Limestone in the area of Dry Camp in the northern portions of the Copper 

Creek district. Observations of these units have corroborated their similarity and 

distribution at several locations in the region and Hayes (1986) reports similarities in the 

fossil assemblages at these locations. Immediately overlying the Pinkard Formation are 

lower flows of the Glory Hole volcanics. The basal unit of the Glory Hole volcanics lies 

conformably on Mesozoic sedimentary rocks and shale beds with mollusk fossils (Mzs) 

reported by Krieger (1968) (Figure 7).  

The Glory Hole volcanics are a widespread series of early andesite flows and 
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agglomerates with later dacite and lithic pyroclastic flows. Northern exposures of the 

Glory Hole volcanics contain units similar to those in the south; dark purple, hornblende-

pyroxene andesite near the base topped with a chaotic mix of dacite flows, breccias, 

agglomerates and possibly flow domes, alternating thin beds (between one and ten meters 

thick) of dacite flows, breccias interbedded with rhyolite/rhyodacite lithic pyroclastic 

flows. Theses rocks can be differentiated into at least five distinct cohesive flow facies 

with interbedded pyroclastic flows and collapse (dome) blocks. In more than one location 

the Glory Hole volcanics occur as a diatreme, and one unit is a lithic-rich pyroclastic flow 

with lithic fragments altered nearly entirely to epidote.  

Copper Creek geologists have built on the works of previous researchers to 

subdivide the Glory Hole volcanics into at least five distinct units (Table 2). These 

divisions do not correlate with those provided by Simons (1964) for a sequence of Glory 

Hole volcanics north of Copper Creek proper; the exact location of Simons’ descriptions 

are unknown, but Simons does point out that similar lavas in the Tombstone area, as 

described by Gilluly (1956), are likely not correlatable to the Glory Hole Volcanics. 

Similar lavas examined by Cooper and Silver (1964) south of Willcox in Walnut Gap in 

the Dragoon quadrangle were proposed to be overlain by Bisbee Group sedimentary 

rocks and are likely Triassic or Jurassic in age. Based on this correlation, Simons 

proposed a similar age for the Glory Hole volcanics at Copper Creek.  

Observations of these units in Walnut Gap by Cooper and Silver (1964) suggest a 

buttress unconformity and/or fault contact with underlying Glance Conglomerate; these 

rocks are likely early Laramide in age, similar to those dated in the Winchester and Dos 

Cabezas Mountains as described below. These relationships, and the close proximity to 
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the mineralized porphyry copper system at Copper Creek warranted inclusion of the 

Glory Hole volcanics in this investigation. 

Mineralizing porphyries at Copper Creek are quartz monzonitic to granodioritic and 

are fine-grained equigranular to medium-grained porphyritic in texture (Kuhn, 1941). The 

granodiorite was thought by early researchers to be related to porphyry dikes that range 

from 65 to 51 Ma and are granodioritic to quartz monzonitic in composition 

(McCandless, 1994; Shafiqullah et al., 1980). Early K-Ar ages on the Copper Creek 

granodiorite range from 65-58 Ma (McCandless, 1994; Shafiqullah et al., 1980; Guthrie 

and Moore, 1978; Creasey and Kistler, 1962), Ar-Ar on sericite 61.0 ± 0.5 Ma (Anderson 

et al., 2009), and Ar-Ar on biotite in the Copper Creek granodiorite of 61.5 ± 0.7 Ma 

(Anderson et al., 2009).  

Recent work by Redhawk Copper geologists have advanced the understanding of the 

magmatic systems at Copper Creek; crosscutting relationships document three cycles of 

mineralization/alteration, with a cycle following emplacement of each granodiorite 

porphyry phase.  The major introduction of Cu followed granodiorite porphyry 2, in a 

cycle involving early A-type and intense early halo veining, followed by development of 

most magmatic-hydrothermal breccias in the district, D veining and sericitic alteration. 

Cycles following granodiorite porphyries 1 and 3 are less completely developed and 

introduced less Cu. Recent 40Ar-39Ar and Re-Os determinations of host rocks, sericite 

and molybdenite cluster in the 61.8-59.7 Ma range. 

Samples of the lowest andesite flows of Glory Hole volcanics were collected for U-

Pb dating in this investigation. One sample was taken from southern exposures of 

andesite along Copper Creek Road and another sample taken to the north in Dry Camp 
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Canyon. Samples of dacite flows interpreted to be near the middle of the Glory Hole 

volcanic sequence were also collected. 

Copper Creek: Early Cenozoic breccia pipes and mineralization 

Copper Creek is best known for its abundant breccia pipes hosted in the local 

formation of Laramide Glory Hole volcanic rocks. Many of these mineralized breccia 

pipes have been mined for copper since the early twentieth century, and Gilmour (1977) 

presents evidence for regional correlations of porphyry copper mineralization to such 

breccia pipes. The Childs-Aldwinkle mine consisted of two pipes aligned at N10°W, and 

are roughly vertical in orientation. Alteration around the pipes is localized in small zones 

with chlorite-sericite-quartz-feldspar-tourmaline (Kuhn, 1941). The Laramide pluton 

intruded into Precambrian sedimentary units (Dripping Spring quartzite and Mescal 

limestone) and the Laramide Glory Hole volcanics. It has been estimated that the current 

exposures formed at a minimum of 2 km paleodepth (Anderson et al., 2009). 

Samples taken from the Childs-Aldwinkle deposit (breccia pipe) were processed by 

Tim Marsh in the early 2000’s and provided hydrothermal monazite and cerite which was 

subsequently dated in this study at the Arizona LaserChron Center. U-Pb ages of 

monazite and cerite in this study are provided in Appendix A, Table 1. 

Copper Creek: Structure 

New mapping and structural analyses by Favorito (in prep.) demonstrate within the 

northern portions of the district, a west-dipping moderate-angle Laramide reverse fault 

places Precambrian Barnes Conglomerate, Dripping Spring Quartzite, Troy Quartzite, 

and Pinal Schist over rocks as young as Escabrosa Limestone. This reverse fault trends 

northwestward from the Dry Camp area for about 8 km along strike until it appears to die 
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out. Evidence for the continuation of this structure 10 km to the southeast can be seen in 

steeply dipping and overturned Dripping Springs Quartzite in the northeast corner of the 

Clark Ranch Quadrangle (Gootee et al., 2009).   

In the Dry Camp area, the Glory Hole Volcanics mantle this reverse fault. One 

sample of Glory Hole volcanics was collected from this locality for U-Pb (CCP-GC-025). 

Krieger (1968) and recent project geologists have mapped Mesozoic sedimentary rocks 

(Mzs) disconformably above and in depositional contact (lapping onto) with Escabrosa 

Limestone (Me) (UTM: 545845mE, 3629950mN). At this location, the Glory Hole 

Volcanics lie conformably on the Mesozoic sedimentary rocks and disconformably 

(buttress) against Escabrosa Limestone. Minor E-W normal faults place Glory Hole 

Volcanics on Escabrosa Limestone.  

The mineralizing system appears structurally intact and nearly upright.  Attitudes of 

breccia pipes, steep EDH (early dark halo) veins, and mid-Cenozoic volcanic rocks 

suggest ~10 degrees of post-mineral tilting to the NNE or NE.  

Banner Mining District (Christmas and Chilito Mines), Gila County 

Banner Mining District: General Geology and Previous Work 

The Banner mining district in Gila County contains porphyry copper, skarn, 

replacement, and vein/lode deposits that have been mined for base and precious metals 

since the late 19th century. Metal production in the district includes 10,673,000 pounds 

Cu, 35,731,000 pounds Pb, 3,204,000 pounds Zn, 10,600 ounces Au, and 612,000 ounces 

Ag (Keith et al., 1983). Early, detailed overviews of the geology and mining history of 

the Banner district have been provided by Willden (1964), Banks and Krieger (1977), and 

Koski and Cook (1982).  
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The oldest rocks in the district are Proterozoic Pinal Schist, Madera diorite, and Ruin 

granite. Proterozoic sedimentary Apache Group and intrusive diabase are present, hosting 

much of the mineralization. Additional host rocks include Paleozoic carbonate and early 

Laramide sedimentary and volcanic units. Laramide dikes and stocks are the sources of 

mineralization in the district at the Christmas and Chilito open pit mines, and numerous 

underground Ag-base metal deposits hosted in carbonate rocks are located distally from 

the locus of porphyry copper mineralization in the district.  

Banner District: Laramide Sedimentary and Volcanic Rocks 

Willden (1964) mapped Cretaceous sedimentary rocks (Kss) below andesitic 

volcanic rocks, known locally as the Pinkard Formation. Pinkard sedimentary rocks were 

also mapped by Simons (1964), who provides a detailed summary for an age of early 

Late Cretaceous on fauna fossils collected by several previous researchers, and Hayes 

(1970) corroborates fossils in these sedimentary rocks which place it in the Late 

Cretaceous period.  The Pinkard Formation sits in disconformable contact with 

underlying Naco (Permian) limestone, Simons goes on to correlate sedimentary rocks as 

far east as Morenci with the Pinkard Formation. 

Overlying the Pinkard Formation is a monotonous group of andesite flows and flow 

breccias locally known as the Williamson Canyon volcanics. Willden (1964) did not 

assign these volcanic rocks a name at the time, simply referring to them as unnamed 

volcanic and sedimentary rocks, composed mostly of andesite, basalt, and interbedded 

tuffaceous, sedimentary, and conglomerate units. Simons (1964) mapped andesitic 

volcanic rocks of similar composition in upper Williamson Canyon on the Klondyke 

fifteen-minute quad, approximately fifteen kilometers to the southeast, this is likely 
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where the name originated.  

Simons points out that the Glory Hole volcanics at Copper Creek are lithologically 

similar to the Williamson Canyon volcanics, but the bulk of the formation does not 

resemble the Williamson Canyon and, therefore, there is not compelling evidence for 

correlation of the two formations based on lithology. Observations of both units at these 

localities by the author corroborates variations in composition, only the lowest most 

andesitic flows of Glory Hole volcanics resemble the Williamson Canyon.  

Map patterns and lithologic similarities in the distribution of the Williamson Canyon 

volcanics, as described by Simons (1964) and Willden (1964), indicate the units are 

likely the same volcanic and volcaniclastic rocks, reaching from upper Williamson 

Canyon in the Klondyke quad northwest to near the Christmas Mine. 

In the Banner district the Williamson Canyon volcanics are gently titled and folded, 

thin to the west (Koski and Cook, 1982), and appear to occupy a shallow syncline in the 

Naco limestone, the Deer Creek syncline (Willden, 1964) (Figure 8). Map patterns and 

the magnitude of dip on older sedimentary rocks and Williamson Canyon volcanics 

suggest deposition of the volcanics contemporaneously with compressional deformation. 

Additional evidence of folding and faulting accompanying or preceding the eruption of 

the Williamson Canyon volcanics is provided by Banks and Krieger (1977). The timing 

of deposition of the Williamson Canyon volcanics, as presented in this investigation, 

constrains the timing of local compressional deformation. 

The sources of many exposures of andesitic lava in the region are still unknown. 

Granodiorite rocks (microdiorite) reported by Willden (1964) cut the Williamson Canyon 

volcanics and manifest as large plugs and dikes. Based on the mafic nature and 
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relationships of andesitic rocks to penecontemporaneous dioritic intrusions, such as in the 

Cerro Colorado district (Mizer, in prep.), it has been proposed that these mafic rocks 

could be the source of the Williamson Canyon volcanics. Detailed field observations and 

reconnaissance mapping have shown the micro diorite dikes and plugs that cut the 

Williamson canyon volcanics are too young and too felsic in composition to be the source 

of the volcanics. The microdiorite of Willden (1964) has been described by Banks and 

Krieger (1977) as a hornblende andesite series of intrusive dikes that postdate the 

Williamson Canyon volcanics (Figure 9). 

Koski and Cook (1982) present several K-Ar ages (after Koski, 1978) for the Banner 

district ranging from 69.8 to 81.7 Ma on hornblende obtained from volcanic units in the 

district and this age has stood to represent the onset of magmatism in the region for the 

early Laramide. For comparison, one sample of andesitic Williamson Canyon volcanics 

was collected for U-Pb dating in this investigation. 

Christmas Mine: General Geology and Previous Work 

The Christmas deposit in the Dripping Spring Mountains consists of a granodioritic 

plutonic complex that intrudes Precambrian and Paleozoic sedimentary rocks and 

Cretaceous volcanic rocks (Koski and Cook, 1982). The Christmas complex, dated to 

63.5 Ma, contains an early quartz diorite, biotite granodiorite porphyry and granodiorite, 

and a later granodiorite porphyry and dacite porphyry (Leveille and Stegen, 2012). Much 

of the mineralization is hosted in mineralized skarn deposits in the Martin, Escabrosa, 

and Naco Formations, but Cretaceous volcanic rocks are also important ore hosts in the 

district, one of the most important host rocks at Christmas is the Williamson Canyon 

volcanics.  
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Chilito Mine: General Geology and Previous Work 

Four kilometers west of the Christmas deposit lies the Chilito porphyry Cu-Mo 

deposit. The Chilito deposit consists of quartz diorite dikes and stocks hosted in 

Proterozoic granite, Apache Group sedimentary, diabase, and Paleozoic sedimentary 

rocks. Mineralization is also found in skarn, replacement, and vein/lode Pb-Zn-Ag-Cu-

Mo (±Au) deposits (Banks and Krieger, 1977; Koski and Cook, 1982). U-Pb data on four 

samples from the Chilito deposit provided by ASARCO as part of a recent drilling and 

exploration program (Appendix A, Table 1) are consistent with ages reported at 

Christmas by Leveille and Stegen (2012). 

Tombstone Mining District, Cochise County 

The Tombstone district in Cochise County is well known for its abundant silver 

production, particularly in the late 19th century. In addition, the district produced notable 

copper, lead, and zinc; Devere (1978) provides a summary of geologic and mining events 

in the district and Keith et al. (1983) report production values between 1879 and 1981 as 

follows: 7,765,000 pounds Cu, 48,122,000 pounds Pb, 652,000 pounds Zn, 131,600 

ounces Au, and 32,083,000 ounces Ag. Silver was mined primarily from oxidized 

manganese-lead-zinc pipes in carbonate replacement and fissure vein deposits hosted in 

Paleozoic units.  

The district contains Proterozoic Pinal Schist, Paleozoic carbonate formations, three 

of which have their type sections in the district (the Pennsylvanian Earp, and Permian 

Concha and Epitaph Formations), and Bisbee Group sedimentary rocks. These older 

rocks were overlain and intruded by early Laramide andesitic and felsic volcanic and 

intermediate granitic rocks. Early comprehensive investigations in the Tombstone district 



429 

  

 

were made by researchers including Ransome (1920), Butler et al. (1938), and Gilluly 

(1945). Additional mapping by Moore (1993), Ferguson et al. (2009a), and Pearthree et 

al. (2009) built off of previous observations and advanced the understanding of geologic 

events in the district to provide a more recent interpretation of geology. The nature and 

timing of magmatic events at Tombstone have only been loosely constrained by cross-

cutting relationships as can be observed in the field. This investigation employs new U-

Pb in zircon ages to better constrain this timing and provide regional correlation to 

similar events during the Laramide. 

Tombstone: Laramide sedimentary and volcanic rocks 

The following geochronology is based on previous investigations and U-Pb results of 

this study. Laramide rocks in the Tombstone district include early flows of andesite and 

dacite, Uncle Sam porphyry [tuff], Fairbank porphyry, Brunckow Hill [quartz monzonite] 

porphyry, rhyolite lava, tuff of Charleston, later dikes including andesite, basalt, and 

others, and emplacement of the Schieffelin [granodiorite] (Figure 10).  

The oldest Laramide rocks in the district are those of the Bronco volcanics (Ka) 

south of Charleston, which lie unconformably on folded Bisbee Group sedimentary rocks 

(Moore, 1993) south of the Lindsey Ranch. The Bronco volcanics include the lowest 

most dacite porphyry, which interfingers with overlying flows of andesite and andesite 

flow breccias (Gilluly, 1945). The andesite lies in intrusive contact with the younger 

Brunckow Hill [quartz monzonite] porphyry (Pearthree et al., 2009) along the railroad 

bed south of Charleston. Locations of samples collected in this investigation for U-Pb in 

zircon dating are shown in Figures 10 and 11. 

The Brunckow Hill quartz monzonite porphyry was reported to be a manifestation of 
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the Schieffelin [granodiorite] by Gilluly (1945) and Moore (1993). Field observations 

revealed at least two distinct facies of the porphyry, one being more dioritic than the 

other. Epidote replacing feldspars and in veinlets and actinolite are present in both facies. 

Runyon (2017) presents a more detailed investigation into the presence of possible 

porphyry style Na-Ca alteration associated with this stock and reports a U-Pb age of 76.2 

Ma on the more mafic facies of the stock. 

Attempts to constrain the timing of emplacement of the Schieffelin granodiorite and 

the Uncle Sam quartz latite tuff have been undertaken by previous researchers. Gilluly 

(1945) conducted a detailed investigation into the emplacement of the Uncle Sam 

porphyry in the district and reported the unit as being emplaced as a vertical stock with 

abundant, sill-like intrusions throughout the district. Ferguson et al. (2009a) describe the 

Uncle Sam tuff as a phenocryst-rich, ash-flow tuff containing 25-40% phenocrysts of 

plagioclase, sanidine, quartz, and biotite with rounded, fine-grained dioritic inclusions.  

The tuff clearly displays characteristics of a volcanic rock in places, with pumice 

lapilli and a vitric matrix. Ferguson describes the unit as appearing to have both intrusive 

and extrusive facies and in places possesses characteristics of an ignimbrite. Field 

observations of various facies of the Uncle Sam during this investigation, focusing on 

degree of alteration, lithologic composition, and structure revealed portions of the Uncle 

Sam that are hematitically altered, contain numerous east-west striking quartz (± oxidized 

sulfide) veins, and variations in biotite size and abundance. The Uncle Sam (Ku of 

Ferguson et al, 2009a) is similar in composition to the Fairbank porphyry (Krd). The 

Uncle Sam quartz latite tuff has been dated by K-Ar methods to be 71.9 ± 2.4 Ma 

(Newell, 1975) and 73.5 Ma (Marvin et al., 1973) in age. 
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The Schieffelin granodiorite intrudes into Pinal schist, a thick pile of Paleozoic 

sedimentary rocks, early Cretaceous Bisbee Group sedimentary rocks, Bronco volcanics, 

and the Uncle Sam tuff (Newell, 1975). The Schieffelin granodiorite was observed in the 

course of this investigation at several locations in the district. The following descriptions 

pertain to sample TBS16-04 collected near the Schieffelin monument, the locality for the 

U-Pb sample analyzed for geochronology in this investigation.  

The Schieffelin is a fine-grained hypidiomorphic granular unit composed of 

plagioclase, orthoclase, quartz, hornblende, biotite, and minor augite with accessory 

zircon, titanite, and apatite. The Schieffelin has been dated by K-Ar methods at 72 Ma 

and 76 ± 3 Ma by Creasey and Kistler (1962) and Marvin et al. (1973), respectively. 

Though it was long hypothesized that the Schieffelin granodiorite was related to the 

Uncle Sam Tuff, alteration and crosscutting relationships have established that the 

Schieffelin postdates the deposition of the Uncle Sam (Gilluly, 1945). 

Volcanic units in the district are highly variable, ranging from hornblende-

plagioclase andesite to quartz-plagioclase dacite with minor biotite. Based on the 

contemporaneous nature of the andesite with underlying dacite, samples of dacite and 

andesite were collected for U-Pb dating. One sample of andesite obtained from the 

railroad bed south of Charleston produced the U-Pb age for this investigation. Dacite 

porphyry south of the Lindsey Ranch lies unconformably on folded Bisbee Group rocks 

(Ferguson et al., 2009) and was considered to be the earliest outflow of volcanic rocks in 

the north by Moore (1993). For this reason, the dacite was chosen to represent the earliest 

volcanic activity in the Tombstone area and one sample (TBS16-08) was processed for 

zircons.  
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Structural geology of the Tombstone district 

Based primarily on internal structures and contacts with host units, the fine-grained 

ground mass component of the rock, and the wide distribution of clasts and xenoliths in 

the porphyry, Gilluly concluded that the Uncle Sam was emplaced as a laccolith along a 

preexisting thrust fault. U-Pb dating on the Uncle Sam in this study would place the 

timing of such a thrust (reverse) fault as occurring during early Laramide time, consistent 

with findings reported at Romero Wash near Hayden by Favorito and Seedorff (2017), 

Copper Creek (this study and Favorito, in prep.), and Walnut Canyon (Favorito, in prep.). 

This regional reverse faulting occurred sometime between 73.9 Ma and 65.9 Ma, as 

shown by the U-Pb age on the Williamson Canyon volcanics in the Banner district and 

the U-Pb age on a Laramide dike which cuts the reverse Romero fault, as reported by 

Favorito and Seedorff (2017). At Silver Bell early Laramide compressional forces folded 

rocks older than the dacite porphyry at 74.9 Ma (Mizer and Barton, in prep.). A series of 

three broad anticlines and synclines occur in the Tombstone district, indicating early 

folding, and the Schieffelin granodiorite truncates this folding (Newell, 1975), 

reinforcing early observations of district wide compressional forces pre-dating magmatic 

activity at Tombstone. 

Helvetia-Rosemont district and Santa Rita Mountains, Pima County 

Helvetia-Rosemont District: General geology and previous work 

The Helvetia-Rosemont mining district lies in the Santa Rita Mountains south of 

Tucson and contains a series of Laramide-age porphyry copper systems historically 

mined in vein/lode, carbonate replacement, and other small-volume copper oxide 

deposits. Geographically, the district can be split into two separate sub-districts, with the 
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bulk of base metal production from the Helvetia portion on the west. The district as a 

whole has produced significant values of base and precious metals between 1877 and 

1969; 37,371,000 pounds copper, 378,000 pounds lead, 1,146,000 pounds zinc, 26,000 

pounds molybdenum, 1,300 ounces gold, and 369,000 ounces silver (Keith et al., 1983).  

Early mapping by Drewes (1971) presented numerous large- and small-volume 

intrusive stocks, plugs, and dikes in the district. Recent exploration efforts in conjunction 

with detailed mapping of the district and adjacent quadrangles by the Arizona Geological 

Survey (Ferguson et al., 2001; Johnson and Ferguson, 2007; Ferguson et al., 2009b; 

Ferguson, 2009; and Johnson et al., 2016) provide greater geologic understanding of the 

district (Figure 12). The Rosemont district contains Precambrian, Paleozoic, and Bisbee 

Group sedimentary rocks, and early Laramide sedimentary and volcanic rocks which host 

younger Laramide porphyry copper intrusions and the district is subsequently cut by later 

unmineralized intrusions (Drewes, 1971; Johnson and Ferguson, 2007).  

Late Cretaceous sedimentary and volcanic rocks in the Santa Rita Mountains 

Late Cretaceous sedimentary rocks occur in the district and lie unconformably on 

folded Bisbee Group rocks. This package of Cretaceous sedimentary rocks has been 

termed the Fort Crittenden Formation, the type locality being in Adobe Canyon on the 

south end of the Santa Rita Mountains near the historic site of old Fort Crittenden. Hayes 

(1970) correlated similar sedimentary rocks in the Huachuca Mountains to the Fort 

Crittenden Formation, where the formation is in unconformable contact with underlying 

Bisbee Group rocks.  

In the Huachuca Mountains the Fort Crittenden Formation has been described as up 

to 2000 feet of dominantly conglomerates and graywackes in the lower unit, and 
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mudstones and graywackes in the upper unit (Hayes, 1970). In Adobe Canyon Drewes 

(1972) mapped tightly folded clastic conglomerate rocks of the Ft. Crittenden Formation, 

providing a sense of timing for local deformation. Hayes (1986) observed interbedded 

volcanic rocks in the Fort Crittenden may signal the earliest Laramide volcanism in the 

district, these volcanic rocks are the focus of a portion of this investigation. 

Widespread flows of andesite are prevalent on the north end of the district and 

comprise most of the tall ridge of Mt. Fagan. These flows are overlain by rhyolite and 

rhyolite megabreccia (Ferguson et al., 2001) dated to be 72.3 Ma in age (Spencer et al. 

(2015). One sample of Fagan andesite (JUL16-02) was collected near the summit of the 

tall peak 3.4 km south of Mt. Fagan above the location provided by Spencer et al. (2015) 

for the sample of Fagan rhyolite megabreccia. At this location the andesite is proposed by 

Ferguson to be less altered than the subaqueous andesite deposits of Mt. Fagan proper. 

Much of the low mountain sampled is composed of andesite flow breccia and 

agglomerates, containing abundant fresh, acicular hornblende with minor plagioclase in a 

dark matrix. No zircons could be obtained from ~60 kg of this sample for U-Pb dating 

and given the difficulty of the terrain and the expected volume of sample required to 

obtain usable zircons, no further efforts were made to collect additional samples.  

Much epidote alteration is present in the andesite on the low hill where the sample 

was collected, dominantly in clasts of flow breccia. This alteration style closely 

resembles that observed by the authors in flow breccia facies of andesite at Las Guijas in 

the Cerro Colorado district, the Williamson Canyon volcanics in the Banner district, and 

some portions of the Bronco volcanics at Tombstone. Mizer (in prep.) reports intense 

calcic (epidote) alteration of breccia clasts at Cerro Colorado closely associated with 
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native copper; no native copper or copper oxides were observed in multiple breccia clasts 

near Mt. Fagan. 

Late Cretaceous intrusive rocks in the Helvetia-Rosemont area 

U-Pb ages on two facies, felsic and more mafic, of a stock located in Sycamore 

Canyon on the northwest end of the Santa Rita Mountains show the stock to be 74.3 Ma  

in age, ~12 km depth of emplacement and Na-Ca alteration with greisen and minor 

chalcopyrite mineralization (Runyon, 2017). These relationships suggest significant 

extension in the northern portions of the Santa Rita Mountains, similar to those reported 

by Stavast et al. (2008) in the nearby Sierrita district, with deeper parts of the systems on 

the north and more shallow parts to the south.  

For comparison, one sample of the mineralizing stock located in the proposed open 

pit mine model of the Rosemont deposit (Rosemont NI 43-101, 2006) collected in 2010 

(RMT10-01), was submitted and processed for U-Pb in zircon as part of this study. This 

sample displays local quartz-sericite alteration and in places contains coarse-grained 

muscovite-quartz veins. Copper oxides are prevalent on the outcrop where the sample 

was collected and mineralization is represented as oxidized pyrite and chalcopyrite. 

To the north of the Rosemont stock is another altered porphyritic stock referred to as 

Broad Top Butte. This intrusion is proposed to be the mineralizing source for the Broad 

Top deposit in the district (Rosemont NI 43-101, 2006). One sample (BTB10-01) 

collected from Broad Top Butte near Gunsight Pass in 2010 was submitted for U-Pb 

dating for comparison to rocks in this investigation. This outcrop displays silicification 

and intense quartz-sericite-pyrite alteration with most veins striking east-west along the 

top of the ridge where the sample was collected. Copper oxides are hosted in the 
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porphyry intrusion and adjacent carbonate and sedimentary rocks. Garnet-skarn alteration 

in adjacent Paleozoic carbonate and Bisbee Group sedimentary rocks is also present. The 

U-Pb in zircon age reported in Table 1 attests to the robust nature of zircons and their 

reliability regardless of the degree of alteration they may be subjected to. 

Glove Mine, Tyndall mining district, Santa Cruz County 

South of the Helvetia district lies the Tyndall Pb-Zn mining district which has 

historically produced low volume, high grade deposits of Ag, Pb, and Zn, with minor Cu 

and Au. The district contains numerous carbonate replacement (CRD) deposits hosted in 

Paleozoic carbonate rocks in Montosa, Cottonwood, and Josephine Canyons. Deposits of 

galena and sphalerite are common, the primary ores of the district being oxidized upper 

portions of these deposits, with notable occurrences of supergene wulfenite and 

vanadinite. Keith et al. (1983) report production values for the Tyndall district between 

1908 and 1976: 161,000 pounds Cu, 14,754,000 pounds Pb, 6,805,000 pounds Zn, 200 

ounces Au, and 238,000 ounces Ag. The Glove Mine is a historic Pb-Zn-Ag (Ag-base 

metal) deposit located on the southwest flank of the Santa Rita Mountains along 

Cottonwood Canyon.  

Andesite and dacite flows and flow breccias of the Salero Formation occur above 

Late Cretaceous and Paleozoic sedimentary units near the mine and are intruded by east-

west striking granodiorite dikes. Drewes (1968 and 1972) reported K-Ar ages on the 

nearby Salero Formation; one at 72 Ma and another age on biotite of 75 Ma. Inman 

(1982) reports K-Ar ages on volcanic rocks in the Salero Formation overlying the Fort 

Crittenden Formation at 74 Ma and Hayes (1981 and 1986) reports age constraints on the 

Fort Crittenden Formation between ~85 Ma to ~75 Ma.  
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On the west side of the Santa Rita Mountains near Montosa Canyon Drewes (1972, 

map 2) reports a rhyolite tuff unit in the Fort Crittenden Formation, overlain by a red 

clastic conglomerate, thin beds of siltstone and sandstone, and a dacite porphyry 

correlated to a portion of the Salero Formation by Inman, 1982 (Figure 13). The dacite 

flow demarks the end of Fort Crittenden sedimentation, unless the dacite is overlain or 

interfingered with other Fort Crittenden sedimentary rocks, which was not observed in 

the field. One sample of the dacite lava flow and one sample of rhyolite tuff interbedded 

with upper Fort Crittenden sedimentary rocks were obtained for U-Pb dating in this 

investigation.  

Near the Glove Mine dikes (sills) were emplaced sub-parallel to steeply dipping beds 

of Paleozoic carbonate rocks. Underground workings at the Glove Mine are restricted to 

host rocks in the footwall of the sill and the sill appears to predate mineralization. Lack of 

exposed intrusive units nearby indicate mineralization may have been associated with 

fluids from younger distal Laramide intrusions moving along the Glove Fault. Drewes 

(1971b) reports small exposures of 67 Ma K-Ar Josephine Canyon diorite within 1-2 km 

of the Glove Mine and Montosa Canyon. 

Other K-Ar ages reported by Drewes in the vicinity of Montosa Canyon include the 

Squaw Gulch granite (145 and 161 Ma), Elephant Head quartz monzonite (68.7 Ma), and 

Cenozoic quartz latite porphyry dikes and sills (67 Ma). For comparison, U-Pb ages on 

samples of Continental granite, Squaw Gulch granite and one quartz latite porphyry sill 

from the Glove Mine were obtained for this study. These new ages greatly supplement 

the lack of U-Pb ages for the Santa Rita Mountains. Propylitic alteration is prevalent in 

the andesite flows east of the Glove Mine and occurrences of Ag-base metal 
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mineralization are common in the area. 

Granite Peak, Whetstone Mining district, Whetstone Mountains, Cochise and Pima 

Counties 

Whetstone Mountains: General Geology and Previous Work 

Much work has been conducted presenting detailed stratigraphic descriptions and 

measured sections of sedimentary rocks in the Whetstone Mountains; the range contains 

one of the most complete sections of Paleozoic rocks overlying Precambrian granite and 

schist in the southwest (Creasey, 1967; Schreiber et al., 1990). The Paleozoic section is 

tilted moderately to steeply to the west-southwest and overlain by angular unconformity 

by Bisbee Group sedimentary rocks on the west flanks. Near the southern end and along 

the southwest flanks of the range early Laramide rocks intruded upper Paleozoic and 

lower Bisbee Group formations. Small-volume copper mineralization appears to be 

associated with the middle sequence of quartz monzonite porphyry, quartz latite, and 

granite dikes. No production values are available for the area. 

Tyrell (1957) was among the early researchers to present granodiorite stocks south of 

Granite Peak, Creasy (1967) mapped the range at a scale of 1:48,000, and DeRuyter 

(1979) presents the first detailed account of intrusive units and drill hole data for the 

Granite Peak area. Reconnaissance mapping corroborates geology reported by Creasy 

(1967) and DeRuyter (1979); early rhyodacite and granodiorite porphyry intrusions are 

intruded by a large granodiorite plug and subsequent quartz monzonite and granite 

porphyry dikes (Figure 14). The main mass of the early Granite Peak stock is an east-

west elongate body approximately 3 km x 1.5 km in size. Structurally, Bisbee Group 

rocks are tilted 30° to the southwest and DeRuyter interpreted the same degree of tilting 
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for the main mass of the stock. Exposures of the older rhyodacite intrusions were not 

accessible during reconnaissance mapping of this investigation. 

Mineralization adjacent to the intrusive units includes minor base metal sulfides 

(pyrite, chalcopyrite, bornite, tetrahedrite, sphalerite, and galena) and garnet-skarn 

alteration in carbonate rocks, with hornfels textures in the Bisbee Group. Creasey reports 

a K-Ar age for biotite and hornblende on the main granodiorite mass of 74 Ma and 

DeRuyter notes that the Whetstone Mountains appear favorably situated for porphyry 

copper mineralization with respect to the large-scale structural features believed 

important to localization of such deposits in the area, particularly with regard to vast 

exposures of carbonate rocks commonly associated with such deposits. For comparison, 

one sample of granodiorite was collected from the east lobe of the stock (GPK16-01) to 

represent the earliest, most unaltered phase of the granodiorite portion. Zircon separates 

for U-Pb dating, whole rock analyses, and QAP classification (Appendix E: Tables 1 and 

2 and Figure 1, QAP diagram) were conducted on this sample. 

Southern Winchester Mountains, Cochise County 

Southern Winchester Mountains: General Geology and Previous Work 

Cooper and Silver (1964) reported outcrops of Precambrian granite in thrust contact 

with and overlain by Paleozoic limestone occurring in the southern Winchester 

Mountains, in the northeastern-most area of the Dragoon quadrangle map. Sedimentary 

rocks of Bisbee Group and/or Fort Crittenden age overlie Paleozoic rocks and dip steeply 

to the southwest. Andesite lava at the top of the sedimentary section also dips to the 

southwest, though not as steeply. Locally, Cenozoic volcanic rocks dip to the northeast 

The Texas Canyon pluton has been shown to be the source of porphyry copper and 
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skarn mineralization at Johnson Camp and west of the Gunnison Hills (Excelsior Mining 

Corp. NI 43-101, 2017). Aplite dikes in the Texas Canyon stock have been dated to 57 

Ma in age (Hardin, 2016). The Texas Canyon stock, as presented by Runyon, 2017 and 

Cooper and Silver, 1964, is tilted steeply to the northeast and is hosted in steeply dipping 

Apache Group and Paleozoic units.  

The Bisbee Group/Fort Crittenden-type sedimentary rocks and overlying andesite 15 

km to the north are tilted steeply to the southwest (Figure 15). This relationship dictates 

that prior to Cenozoic extension the volcanic rocks at the southern end of the Winchester 

Mountains location would have been more proximal to top portions of the pluton, perhaps 

as close as 6-8 km, providing a reasonable analog pair of pre-mineral volcanic and 

mineralizing intrusive rocks. This relationship, combined with the occurrence of these 

andesitic lavas overlying rocks of Bisbee Group age warrant inclusion in this 

investigation and aid in constraining deformation and the timing of emplacement of 

Laramide units. 

The sedimentary rocks below the lavas dip steeply to moderately to the southwest 

and are composed of an upper conglomerate-dominated unit and a lower unit of 

sandstone interbedded with shale. Clasts in the upper conglomerate are primarily 

quartzite and lesser limestone of the underlying Paleozoic carbonate and quartzite units. 

These descriptions closely match those of similar units in the Cerro Colorado district, the 

Oro Blanco district, Dos Cabezas Mountains, and the American Flag Formation in 

Nugget Canyon, providing regional correlation to early Laramide sedimentary and 

volcanic accumulations. The andesite is purple-grey in outcrop and contains variable 

amounts of hornblende, biotite, and lath-shaped feldspar, typical of andesite at other 
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locations in this study.  

No thrust faults were observed during reconnaissance mapping, and the thickness of 

the Paleozoic section appears to be greatly diminished, supporting the theory of 

considerable extension accommodated by normal faults or reverse faulting (basement-

cored uplift) from the east. Cooper and Silver (1964) report a Precambrian granite and 

rhyolite unit underlying the Paleozoic Naco Formation at this location. Observations of 

this megacrystic granite show it to be similar in composition to that of the Texas Canyon 

intrusion to the west, and it has been proposed that the intense hydrothermal alteration 

(silicification of limestone and widespread sericitization in the granite) and quartz veins 

in the adjacent limestone, but not in the adjacent Cretaceous sedimentary rocks are 

indicative of post-deposition alteration or a Jurassic or Laramide age for the granite, 

rather than Precambrian. One sample of purple andesite at the top of the Cretaceous 

section (WCH16-01) and one sample of coarse-grained granite (WCH16-03) were 

collected for U-Pb dating. Propylitic (calcic-epidote) alteration was not observed in the 

andesite at this location. 

Dos Cabezas Mountains, Dos Cabezas and Teviston mining districts, Cochise 

County 

Dos Cabezas: General geology and previous work 

The Dos Cabezas Mountains are composed of large exposures of Precambrian 

granite, Pinal Schist and Paleozoic rocks overlain by tilted and folded Bisbee Group 

sedimentary rocks. These early rocks are overlain and intruded by early Laramide 

volcanic and intrusive rocks. Dacite porphyry volcanic rocks comprise the summit of the 

range and the characteristic volcanic domes known as the Dos Cabezas (Drewes, 1985).  



442 

  

 

Outcrops of Cretaceous lava overlying folded Bisbee Group sedimentary rocks were 

reported on the west side of the Dos Cabezas Mountains by Cooper (1960) (Figure 16). 

Five kilometers southeast of these rocks are exposures of a granitic body with peripheral 

Pb-Zn-Ag mineralization in Silver Camp Canyon. Production values reported by Keith et 

al. (1983) for the Teviston district include 1,000 pounds of copper, 4,500 pounds of lead, 

200 ounces of gold, and 800 ounces of silver. The combination of the geologic 

relationship of the andesite to the underlying Bisbee Group sedimentary rocks, and the 

presence of nearby Ag-base metal occurrences prompted investigation into the age of 

these early Laramide volcanic rocks and their spatially associated felsic intrusions. 

Dos Cabezas: Bisbee Group sedimentary and Laramide volcanic rocks 

Southeast of Willcox on the west side of the Dos Cabezas Mountains, a greyish-

purple lava lies in apparent buttress unconformity on tilted Bisbee Group sedimentary 

rocks. At this location Bisbee Group sedimentary rocks dip steeply to the west-southwest, 

while crude bedding in the lava sampled indicates a near horizontal orientation. This 

relationship is similar to that observed elsewhere in the region. 

Access to the dacite porphyry comprising the summit of the mountains and 

associated, younger dikes and plugs of granite and granodiorite, presumably associated 

with Ag-base metal mineralization, is highly restricted and several attempts to collect 

samples were unsuccessful. One sample of andesite flows (DCB16-01) was collected for 

U-Pb dating from the location discussed immediately above tilted Bisbee Group 

sedimentary rocks. At this location the flow is part of an agglomerate of outflow 

hornblende-plagioclase andesite. Propylitic (calcic-epidote) alteration was not observed 

in the andesite at this location. 
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Ajo mining district, Pima County 

Magmatic events in the Ajo mining district occurred in a sequence of volcanic rocks, 

namely the Concentrator volcanics, including andesite and subsequent lithic rhyolite 

tuffs, which were intruded by the New Cornelia mineralizing stock at 69.3 ± 1.2 Ma 

(Runyon, 2017), creating minor small-scale folding at some intrusive contacts. The 

Concentrator volcanics are estimated to be up to 3,000 feet thick (Gilluly, 1946). The 

tuffs in the Concentrator volcanics were dated by Wilkinson (1998) to be 71.6 ± 0.6 Ma. 

Additional ages were obtained by the author for Freeport McMoRan in 2014: core 

samples from several facies of the early volcanic sequences, a lithic rhyolite tuff and an 

andesite, yielded a range of U-Pb ages. 

In the Growler Mountains ~ 20 km southwest of Ajo, Gray et al. (1985) describe a 

volcanic section nearly 75 m thick consisting of meta-rhyolite and meta-andesite flows 

and tuffs. This unit is in fault contact with a local younger basalt unit and is intruded by 

the granite of Bandeja Wells (Gray et al., 1985), the age of which is 67.9 ± 0.7 Ma 

(Runyon, 2017).  

The volcanic units at Bandeja Wells are correlated to the Concentrator volcanics at 

Ajo by Gray et al. (1985) and are interpreted to overlie a Cretaceous conglomerate and 

breccia. This conglomerate has been described as "poorly bedded to massive 

conglomerate with sparse interbeds of conglomeratic sandstone.... clasts are granite, calc-

silicate granofels, marble, and quartzite.... intruded by thick rhyolitic dikes and thin 

granitic dikes" (Gray et al., 1985).  

These descriptions match closely with those of similar units in this investigation: 

Fort Crittenden (Drewes, 1972), lower American Flag Formation (Force, 1997), 



444 

  

 

Winchester Mountains (Cooper and Silver, 1964), and West Silver Bell Mountains 

(Sawyer, 1996). No underlying sedimentary rocks of volcaniclastic nature can be found 

or has been located at Ajo (Stegen, pers. comm., 2016). It is possible that if an early 

sequence of sedimentary units were present at Ajo that it has been destroyed at the 

intrusive contact with the New Cornelia stock, or potentially faulted to depth during 

extension. U-Pb ages reported in this study (Appendix A, Table 1) were generously 

provided by Freeport McMoRan in support of this regional investigation. 

OTHER AREAS WITH SIMILAR FEATURES 

Silver Bell Mining District, Pima County 

The Silver Bell mining district was concurrently investigated by the authors and 

presented as the primary case study for early Laramide magmatism and subsequent 

porphyry copper mineralization. Findings of an investigation into the geochronology and 

structural events in the district are presented by Mizer and Barton (in prep.) (Figure 17). 

Silver Bell Mining District, Pima County: Previous work and General Geology 

The series of volcanic and intrusive events and multiple economic deposits of Pb, 

Zn, Ag, and Cu in both vein/lode and porphyry style mineralization in the Silver Bell 

district have been the focus of numerous researchers spanning several decades. Previous 

workers (Courtright, 1958; Richard and Courtright, 1959; Watson, 1964; Richard and 

Courtright, 1966; Sohl and Wright, 1977; and Sawyer, 1996) acknowledged the 

significance of early volcanic rocks at Silver Bell, and have attempted to refine the 

terminology used to describe this complex series of rocks.  

Watson (1968) in an ASARCO internal report states that the Silver Bell volcanic 

complex of flows, dikes, and breccias are ‘roughly correlative’ to the Demetrie volcanic 
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rocks in the Sierrita Mountains and these similarities in composition and stratigraphic 

position were also noted by Titley (1982), Ferguson et al. (2003), and Spencer et al. 

(2003). Based on these similarities, a correlation of early Laramide volcanic rocks in 

southeastern Arizona and New Mexico was conceived, presenting ‘Silver Bell type’ 

andesite as the model for purple (mafic, hornblende-plagioclase) andesitic rocks across 

the region. Subsequent researchers (Drewes, 1981) advanced the terms Silver Bell 

Formation and Silver Bell Andesite at several locations in the Tucson area, adding to the 

complexity of geologic terms applied in the district as well as regionally. It is this 

longstanding correlation that warrants inclusion of this portion of Silver Bell geology in 

this investigation.  

The earliest Laramide events consisted of andesitic volcaniclastics and andesite 

flows in the West Silver Bell Mountains, which unconformably overlie Paleozoic 

limestone and Late Cretaceous Amole Arkose formation. A sequence of intrusive and 

volcanic events occurred between 74.9 and 71.8 Ma, beginning with emplacement of 

districtwide dacite porphyry concurrent with the El Tiro granite. 

An intrusive suite of several mineralizing quartz monzonite porphyry stocks was 

emplaced during a relatively short period between 65.5 Ma and 64.1 Ma. Younger, 

Cenozoic andesite and quartz latite dikes (25.5 Ma) strike north-south and postdate most 

Cenozoic activity in the district. 

Structure in the Silver Bell district 

Structural geology in the Silver Bell district is complex and has been addressed by 

previous researchers, most recently by Mizer and Barton (in prep.). Watson (1968) 

reports the oldest faults in the district are of compressive origin, striking N. 45° W and 
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dipping southwestward. Relatively younger faults of tensional origin trend N. 60°-70° E. 

and N. 85° W. Richard and Courtright (1966) report a large NW trending structure into 

which the Silver Bell Mountain volcanic complex and the mineralizing suite of rocks 

were emplaced.  

Tilted Laramide volcanic rocks in the West Silver Bell Mountains, are suggestive of 

district-wide tilting as much as 30 to 40° to the east-northeast and in places Cenozoic 

volcanics north of Silver Bell are also tilted in the same manner. 

Early Laramide reverse faults are located along the northern Waterman Mountains 

(Richard and Courtright, 1966; Richard et al., 2000; Mizer and Barton, in prep.) and the 

southwestern West Silver Bell and Silver Bell Mountains (Mizer and Barton, in prep.). 

These contractional deformation events have been constrained by U-Pb age on the dacite 

porphyry to prior to 74.9 Ma. Extensive drilling, mining, and recent mapping by 

ASARCO geologists show numerous post mineral faults within the mine area.  

Cerro Colorado and adjacent Las Guijas and Oro Blanco mining Districts, Pima 

and Santa Cruz Counties, Arizona 

The summary presented here is adapted from comprehensive reports by Mizer (in 

prep.). The geology of the Cerro Colorado district was concurrently investigated as a case 

study of early Laramide volcanic (andesite) and (largely barren) intrusive rocks 

unaffected by Cenozoic dismemberment. U-Pb ages of early Laramide units at Cerro 

Colorado are strikingly consistent with those at other localities of this investigation. The 

district displays alteration consistent, in places, with porphyry copper systems, but no 

deep drilling into the andesite exists, and lack of dismemberment and tilting likely 

preclude exposure of these systems from depth.  
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Cerro Colorado/Las Guijas: general geology and previous work 

The Cerro Colorado district contains Jurassic intrusive, volcanic, and sedimentary 

rocks and Bisbee Group sedimentary rocks tilted and unconformably overlain by early 

Laramide sedimentary and volcanic rocks (Figure 18). A thin bed of limestone in the 

eastern part of the district overlies these older rocks and is interbedded with sediments 

sourced from the adjacent andesite. The limestone dips gently, less than fifteen degrees, 

in no uniform direction, indicating no significant post-Laramide tilting in the district. The 

limestone lacks any fossils for age determination, however, the nature of interfingering 

with early Laramide volcanic sediments, suggests this unit to be temporally equivalent to 

the Fort Crittenden Formation (~85-75 Ma) of Hayes (1981).  

The main volcanic unit was termed the Las Guijas andesite by Hirt (1978), who also 

referred to this unit as the ‘Silver Bell andesite’. Flows of andesite are believed to be the 

products of at least three and possibly as many as five eruptive centers in the district. 

Early Laramide intrusive rocks include a suite of small-volume intermediate granodiorite, 

granite, and quartz monzonite stocks cut by younger rhyolite and granodiorite dikes. All 

Laramide activity in the district occurred between ~78 Ma and 74 Ma. 

In the Oro Blanco district, ~ 20 km south of Cerro Colorado, Bisbee Group 

sedimentary rocks are tilted and folded and exposures of early Laramide (~85 Ma) 

andesite are intruded by the Ruby diorite and hornblende-quartz monzonite dikes dated at 

76.9 Ma. Cenozoic magmatism began with the emplacement and eruption of intermediate 

rocks in the district beginning at 28.5 Ma. 

Mineralization at Cerro Colorado and Oro Blanco 

The Cerro Colorado district is known for Ag-base metal sulfide veins of tetrahedrite, 
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galena, and sphalerite, with similar Ag-bearing veins in the Oro Blanco district. Ag-base 

metal veins in both districts and the nearby Las Guijas district are closely associated with 

a series of early Laramide hornblende-granodiorite dikes. Gold mineralization in the 

districts appears to be late Jurassic in age, predating the Ag-base metal mineralizing 

period of early Laramide time. Ag mineralization, intense propylitic alteration in the Las 

Guijas andesite, and native copper occurrences in the andesite are likely associated with a 

deep-seated porphyry copper system(s) in the Cerro Colorado district. Lack of post-

Laramide faulting, tilting, and dismemberment preclude exposures of such a system in 

the district, save for several small-volume early Laramide granitic stocks northwest of 

Rancho Seco. 

Pima district, Pima County 

Pima district: general geology and previous work 

The Pima District contains multiple discrete porphyry copper deposits including 

Sierrita, Twin Buttes, and Mission-Pima. The Sierrita porphyry copper system is 

associated with the 64 Ma Ruby Star granodiorite and quartz monzonite porphyry, which 

intruded into Paleozoic carbonates, Jurassic rocks and quartz monzonite stocks, and 

Cretaceous volcanic rocks (Stavast et al., 2008). The Demetrie andesite near the mine has 

been correlated by previous researchers to represent early Laramide volcanic activity 

typical of that which pre-dates regional porphyry copper mineralization.  

Stratigraphic relations of early Laramide volcanic and sedimentary units typical of 

those in this investigation are found at Sierrita: near the Sierrita Mine andesite overlies a 

rhyolite unit which in turn overlies Cretaceous conglomerate (Spencer et al., 2003). 

Spencer et al. (2015) report a U-Pb age of 75.9 Ma on the rhyolite section of the 
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Demetrie volcanics and LaSure (2011) reported a U-Pb age of 71.5 Ma on the biotite-

quartz diorite phase of the stock at Sierrita. The nearby Mission-Pima deposit is related to 

the 59.4 Ma Mission porphyry, which intruded into Paleozoic sedimentary rocks and 

cretaceous volcanics and the Twin Buttes quartz monzonite porphyry was dated to be 

56.9 and 58.6 Ma (K-Ar) by Barter and Kelly (1982). 

Structurally, there is evidence that folding and overturning took place in the late 

Paleozoic to early Mesozoic before the emplacement of Laramide plutons, consistent 

with findings of this investigation. Conglomerate adjacent to Demetrie volcanics in the 

southern end of the district may represent local erosion and deposition of sandstone and 

locally derived conglomerates (Ft. Crittenden equivalents).  Tilting of Jurassic rocks and 

tilting and folding of Bisbee Group rocks in the Sierrita Mountains and its proximity to 

the Cerro Colorado district allow for a correlation of regionally similar rocks found at 

Cerro Colorado. 

Lakeshore deposit 

A sequence of volcanic and terrestrial sedimentary rocks unconformably overlies 

Paleozoic rocks near the Lakeshore porphyry copper deposit (South, 1972). These early 

sediments were deposited on an erosional surface of Escabrosa limestone, similar to those 

found at other locations in this investigation. Volcanic units near the deposit consist of 

andesite flows and pyroclastic andesitic agglomerates, and the sedimentary rocks are 

conglomeratic clastics derived from the volcanic rocks (South, 1972). Similar 

relationships occur in the West Silver Bell Mountains, 25 km east of Lakeshore, and in 

the lower most portions of the American Flag Formation in Nugget Canyon. U-Pb age 

relationships between the volcanic and intrusive rocks at Lakeshore are, thus far, 
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unreported, though the relationship closely resembles those found in other areas of this 

investigation. 

Safford mining district 

In the Safford mining district older volcanic rocks, consisting mainly of andesite 

with flows and lithic tuffs unconformably overlie a quartzite outcrop of presumably 

Cambrian age (Cook and Robinson, 1962). Russin (2008) conducted U-Pb dating on the 

early Laramide volcanic sequence, reporting an age of 73.3 Ma on andesite with K-

silicate and propylitic alteration. This volcanic sequence was intruded by the 

unmineralized Lonestar pluton, consisting of diorite and quartz-diorite, which was 

subsequently covered by younger volcanic flows. Numerous later intrusions of quartz 

monzonite porphyry plugs at San Juan and Dos Pobres are attributed to porphyry copper 

style alteration and mineralization and are ~57 Ma in age (Russin, 2008).  

Hooker Hot Springs area, southern Galliuro Mountains 

Mark and Goodlin (1985) report early Laramide units in the Hooker Hot Springs area 

of the Winchester Mountains consisting of ignimbrite flows dated at 76.5 ± 1.8 Ma (K-

Ar) and subsequent andesite breccia and tuff dated at 73.7 ± 1.8 Ma (K-Ar). Middle to 

late Laramide volcanic activity in the area includes andesite and ignimbrite flows dated 

by Shafiqullah et al. (1980) at 68.6 and 64.4 Ma overlain by sedimentary units. 

Map patterns suggest little or no Cenozoic dismemberment in the area, presenting the 

possibility of unexposed porphyry copper systems at depth. A more detailed investigation 

into the area should be made, to include mapping, U-Pb in zircon dating, and structural 

interpretations.  
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FIGURES AND TABLES 

FIGURE CAPTIONS: 

Figure 1: Location map for Figures 2, 3, and 4 (occurrences of American Flag 
sedimentary rocks). Geology by Dickinson, 1992.  

Figure 2: American Flag Formation (Kaf) near the San Manuel Mine (from Spencer et al., 
2009). 

Figure 3: American Flag Formation, Campo Bonito area, after Force, 1997. 
Figure 4: American Flag Formation, American Flag Basin area, after Force, 1997. 
Figure 5: Contact (disconformity) between Escabrosa limestone (left) and lowest 

American Flag sedimentary rocks (right), American Flag Basin, Catalina Mts. on 
ridge immediately above Peppersauce Cave. 

Figure 6: Cropped portion of Simons’ 1964 Klondyke quad map showing early Laramide 
Pinkard Formation (Kp) sediments in depositional contact with Escabrosa 
limestone. Pinkard Formation likely equivalent to Mzs of Krieger (1968) and Kss 
of Willden (1964). 

Figure 7: Cropped portions of Krieger’s 1968 map of the Copper Creak area showing 
early Laramide sedimentary rocks (Mzs) in depositional contact with Escabrosa 
limestone. These rocks are likely equivalent to Pinkard Formation (Kp) of Simons 
(1964) and Koski and Cook (1982) and Kss of Willden (1964). 

Figure 8: Portions of the Christmas quadrangle, after Willden, 1964.  
Figure 9: Intrusive contact between Williamson Canyon volcanics (right) and 

granodiorite (microdiorite of Willden, 1964). Hammer for scale. 
Figure 10: Portion of Tombstone area geologic map by Moore (1993) depicting samples 

and area of interest (Figure 16, as presented by Ferguson et al., 2009).  
Figure 11: Portion of the Tombstone district (after Ferguson et al., 2009) with sample 

locations: TBS16-09 (Uncle Sam tuff), TBS16-07 (Bronco volcanics (andesite), 
south of Charleston), and TBS16-08 (lowest-most dacite porphyry, south of 
Lindsey Ranch). 

Figure 12: Portion of the Helvetia-Rosemont mining district (after Johnson and Ferguson, 
2007) with U-Pb sample locations. 

Figure 13: Portion of the southwest Santa Rita Mountains, after Drewes (1972) with U-Pb 
sample locations. 

Figure 14: Portion of the Granite Peak area, Cochise County, aftr DeRuyter (1970) with 
U-Pb sample location.  

Figure 15: Portion of the southern Winchester Mountains, Cochise County, Arizona (after 
Cooper and Silver, 1964) with U-Pb sample locations. Thrust fault NE corner is 
interpreted by the authors to be southwest-verging, based on regional structure 
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and stratigraphic relationships. 
Figure 16: Portion of the western Dos Cabezas Mountains, after Cooper (1960) with U-

Pb sample location. 
Figure 17: Simplified geologic map of the Silver Bell district with U-Pb ages (from Mizer 

and Barton, in prep.).  
Figure 18: Simplified geologic map of the Cerro Colorado district showing geologic 

relationships and U-Pb locations. (from Mizer, in prep.).  
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Figure 1: Location map for Figures 2, 3, and 4 (occurrences of American Flag 
sedimentary rocks). Geology by Dickinson, 1992.  

Figure 2: San Manuel 

Figure 3: Campo Bonito 

Figure 4: American Flag Basin 

TUCSON 
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SAN 

MANUEL 
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Figure 2: American Flag Formation (Kaf) near the San Manuel Mine (from Spencer et al., 
2009).  
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Figure 3: American Flag Formation, Campo Bonito area, after Force, 1997. 
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Figure 4: American Flag Formation, American Flag Basin area, after Force, 1997. 
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Figure 5: Contact (disconformity) between Escabrosa limestone (left) and lowest 
American Flag sedimentary rocks (right), American Flag Basin, Catalina Mts. on ridge 

immediately above Peppersauce Cave. 



458 

  

 

 

Figure 6: Cropped portion of Simons’ 1964 Klondyke quad map showing early Laramide 
Pinkard Formation (Kp) sediments in depositional contact with Escabrosa limestone. 

Pinkard Formation likely equivalent to Mzs of Krieger (1968) and Kss of Willden (1964).  
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Figure 7: Cropped portions of Krieger’s 1968 map of the Copper Creak area showing 
early Laramide sedimentary rocks (Mzs) in depositional contact with Escabrosa 

limestone. These rocks are likely equivalent to Pinkard Formation (Kp) of Simons (1964) 
and Koski and Cook (1982) and Kss of Willden (1964).  
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Figure 8: Portions of the Christmas quadrangle, after Willden, 1964.   
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Figure 9: Intrusive contact between Williamson Canyon volcanics (right) and 
granodiorite (microdiorite of Willden, 1964). Hammer for scale.  
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Figure 10: Portion of Tombstone area geologic map by Moore (1993) depicting samples 
and area of interest (Figure 16, as presented by Ferguson et al., 2009).   

Figure 11 
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Figure 11: Portion of the Tombstone district (after Ferguson et al., 2009) with sample 
locations: TBS16-09 (Uncle Sam tuff), TBS16-07 (Bronco volcanics (andesite), south of 

Charleston), and TBS16-08 (lowest-most dacite porphyry, south of Lindsey Ranch).  

TBS16-09 

TBS16-08 
TBS16-07 
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Figure 12: Portion of the Helvetia-Rosemont mining district (after Johnson and Ferguson, 
2007) with U-Pb sample locations. 
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Figure 13: Portion of the southwest Santa Rita Mountains, after Drewes (1972) with U-Pb 
sample locations.  
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Figure 14: Portion of the Granite Peak area, Cochise County, aftr DeRuyter (1970) with 
U-Pb sample location.
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Figure 15: Portion of the southern Winchester Mountains, Cochise County, Arizona (after 
Cooper and Silver, 1964) with U-Pb sample locations. Thrust fault NE corner is 

interpreted by the authors to be southwest-verging, based on regional structure and 
stratigraphic relationships. 
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Figure 16: Portion of the western Dos Cabezas Mountains, after Cooper (1960) with U-
Pb sample location. 
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Figure 17: Simplified geologic map of the Silver Bell district with U-Pb ages (from Mizer 
and Barton, in prep.).    
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Figure 18: Simplified geologic map of the Cerro Colorado district showing geologic 
relationships and U-Pb locations. (from Mizer, in prep.). 
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TABLE CAPTIONS: 

Table 1: Locations of early volcanic rocks and works by previous researchers 

Table 2: Glory Hole volcanics at Copper Creek; various units and compositions  
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Table 1: Locations of early volcanic rocks and works by previous researchers 

Banner district (Christmas and Chilito mines) Williamson Canyon Volcanics 
Willden (1964), Banks and 
Krieger (1977), Koski and 

Cook (1982) 

Klondike area Williamson Canyon and Glory Hole 
Volcanics Simons (1964) 

Bunker Hill district (Copper Creek) Glory Hole Volcanics Krieger (1968) 

Dos Cabezas Mountains early Laramide volcanic rocks on 
tilted Bisbee Group 

Cooper (1960) and Drewes 
et al. (1986) 

Tombstone district Bronco Volcanics (dacite and 
andesite) 

Gilluly (1945) and 
Ferguson et al. (2009) 

Texas Canyon  early Laramide volcanic rocks on 
folded Bisbee Group Cooper and Silver (1964) 

Sierrita Mountains Dimetre Volcanics (rhyolite and 
andesite) 

Thoms (1965), Ferguson et 
al. (2003), and Spencer et 

al. (2003) 
Rosemont district (Rosemont deposit, Broad Top 
Butte deposit, Helvetia deposit) 

Mt. Fagan Volcanics (andesite and 
rhyolite) Ferguson et al. (2001) 

Superior district (Resolution deposit) early Laramide volcanics Manske and Paul (2002) 
and Hehnke et al. (2012) 

Patagonia Mountains (Red Mountain, Sunnyside, 
and Hardshell skarn deposits) early Laramide volcanics Vikre et al. (2014) 

Cerro Colorado and Oro Blanco district Las Guijas andesite and Blue Ribbon 
andesite Mizer (in prep.) 
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Table 2: Glory Hole volcanics at Copper Creek; various units and compositions 

Glory Hole volcanic units, in descending stratigraphic order: 

Kghu 
Overlying the previous sequence is a series of undifferentiated tuffs, flow breccias 
and flows. The uppermost part of the exposed section is a series of thin dacitic to 
andesitic flows.  

Kgh 6  

Varicolored tan, buff, gray to violet tuff breccia, agglomerate or dacitic flow 
breccia. The lower portion of the unit is distinctly rubbly and lithic fragment rich. 
Within the middle and upper part of the unit some flattened pumice lapilli are 
present. It is possible that the unit is a compound unit composed of both breccia 
flows and ash flows with a number of cooling units.  

Kgh5  

Gray green dacitic to andesitic flow breccia with numerous xenoliths of andesitic to 
dacitic porphyritic rocks in a fine-grained porphyritic igneous matrix. The top of 
this unit may be the movement for a number of exotic cretaceous landslide blocks 
involving lower Paleozoic or Precambrian Apache Group sedimentary rocks. 

Kgh3 – Kgh4 

Gray green, buff or tan, moderately to strongly welded, devitrified, crystal lithic ash 
flow tuffs and tuff breccias. Highly flattened lapilli may be up to 6-8 cm long. 
Groundmass is dense and very fine-grained. Proportions of lithic fragments and 
crystal fragments are highly variable. In a number of areas a decrease in the degree 
of welding appears near the bottom of the unit. It is possible that portions of the unit 
may be subdividable into at least two distinct cooling units. 

Kgh2  
Blue-gray to gray black massive andesitic flow or andesitic flow breccia. Some 
xenoliths of trachyandesite and quartzite are present. Portions of the unit may be 
auto brecciated. The rock has no measureable flow foliation 

Kgh1 

Light-colored, moderately to strongly welded, completely devitrified, lithic lapilli 
ash flow tuff. Locally contact metamorphism and/or strong hydrothermal alteration 
has materially altered the texture and appearance of the rock. Unit is probably 
dacitic in composition. A foliation defined by lapilli and lithic fragments is rarely 
well developed. 
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APPENDIX F: U-PB GEOCHRONOLOGY METHODS, LASERCHRON CENTER, 

UNIVERSITY OF ARIZONA  
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Rock samples are sent to Zirchron, LLC in Tucson, Arizona for the separation of 

zircons. Each sample is first pressure washed to remove any foreign material or debris, 

and then samples are placed in the chamber of an Electro Pulse Disaggregator (EPD, 

Marx generator). Electrical pulses are then applied at 1 Hz repetition and discharges of 

250kV for 20 minutes, and sample material <500 microns pass through a stainless steel 

mesh sieve to be collected. The collected material is then passed through a 350 micron 

sieve and a 25 micron sieve. The material sized between 350 and 25 microns is processed 

using traditional methods using the Wilfley water table, Frantz paramagnetic separator, 

and two step (3.00 g/cc and 3.32 gr/cc) heavy liquid methylene iodide (MEI) separations. 

Any material less than 25 microns is discarded, and all material greater than 350 microns 

is collected and dried to be processed. Zircon mounting is handled by the Arizona 

LaserChron Center at the University of Arizona into a 1” epoxy mount together with 

fragments or loose grains of Sri Lanka, FC-1, and R33 zircon crystals that are used as 

primary standards. For igneous samples, ~50 high-quality grains are selected and 

mounted with standards, generally with four samples per mount. The mounts are sanded 

down to a depth of ~20 microns, polished, imaged, and cleaned prior to isotopic analysis. 

The mounts are sanded down ~20 microns, polished progressively using a 9, 5, 3, & 

1 micron polishing pads, and CL imaged using a Hitachi S-3400N scanning electron 

microscope (SEM) equipped with a Gatan Chroma CL2 detector. Prior to isotopic 

analysis, the mounts are cleaned in an ultrasound bath of 1% HNO3 and 1% HCL in 

order to remove any residual common Pb from the surface of the mount. 

U-Pb geochronology of zircons is conducted by laser ablation inductively coupled 

plasma mass spectrometry (LA-ICPMS) at the Arizona LaserChron Center (Gehrels et 
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al., 2006, 2008; Gehrels and Pecha, 2014). The analyses involve ablation of zircon with a 

Photon Machines Analyte G2 excimer laser equipped with HelEx ablation cell using a 

spot diameter of 20 microns. The ablated material is carried in helium into the plasma 

source of an Element2 HR ICPMS, which sequences rapidly through U, Th, and Pb 

isotopes. Signal intensities are measured with an SEM that operates in pulse counting 

mode for signals less than 50K cps, in both pulse-counting and analog mode for signals 

between 50K and 4M cps, and in analog mode above 4M cps. The calibration between 

pulse-counting and analog signals is determined line-by-line for signals between 50K and 

4M cps, and is applied to 4M cps signals. Four intensities are determined and averaged 

for each isotope, with dwell times of 0.0052 sec for 202, 0.0075 sec for 204, 0.0202 sec 

for 206, 0.0284 sec for 207, 0.0026 sec for 208, 0.0026 sec for 232, and 0.0104 sec for 

238. 

With the laser set an energy density of ~5 J/cm2, a repetition rate of 8 hz, and an 

ablation time of 10 seconds, ablation pits are ~12 microns in depth. Sensitivity with these 

settings is approximately ~5,000 cps/ppm. Each analysis consists of 5 sec on peaks with 

the laser off (for backgrounds), 10 sec with the laser firing (for peak intensities), and a 20 

second delay to purge the previous sample and save files.  

Prior to analysis, grains are imaged to provide a guide for locating analysis pits in 

optimal locations, and to assist in interpreting results. Images are made with a Hitachi 

3400N SEM and a Gatan CL2 detector system (www.geoarizonasem.org). In general, 

BSE images are made for detrital mounts and CL images are made for igneous mounts. 

Following analysis, data reduction is performed with an in-house Python decoding 

routine and an Excel spreadsheet (E2agecalc) that: 

http://www.geoarizonasem.org/
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1. Decodes .dat files from the Thermo software such individual intensities for 
measurement are available (routine written by John Hartman, University of 
Arizona) 

2. Imports intensities and a sample name for each analysis 
3. Calculates average intensities for each isotope (based on the sum of all counts while 

the laser is firing) 
4. Subtracts 204Hg from the 204 signal to yield 204Pb intensity (using natural 202Hg/204Hg 

of 4.3). This Hg correction is not significant for most analyses because our Hg 
backgrounds are low (generally ~150 cps at mass 204).  

5. Performs a common Pb correction based on the measured 206Pb/204Pb and the assumed 
composition of common Pb based on Stacey and Kramers (1975). 

6. Calculates measured 206/238, 206/207, and 208/232 ratios. 
7. Compares measured and known ratios for the three standards to determine 

fractionation factors for 206/238, 206/207, and 208/232. These correction factors 
are generally <5% for 206/238, <2% for 206/207, and <20% for 208/232. 

8. Determines an overdispersion factor if the standard analyses show greater dispersion 
than expected from measurement uncertainties. 

9. Uses a sliding-window average to apply fractionation factors to unknowns (generally 
averaging 8 standard analyses). 

10. Calculates fractionation-corrected 206/238, 206/207, and 208/232 ratios and ages for 
unknowns. 

11. Propagates measurement uncertainties for 206/238 and 208/232 that are based on the 
scatter about a regression of measured values. Uncertainties for 206/207 and 
206/204 are based on the standard deviation of measured values since these ratios 
generally do not change during an analysis. The sum of this uncertainty and any 
overdispersion factor is reported as the internal (or measurement) uncertainty for 
each analysis. These uncertainties are reported at the 1-sigma level. 

12. Calculates the down-hole slope of 206/238 to highlight analyses in which 206/238 is 
compromised due to heterogeneity in age (e.g., crossing an age boundary) or 
intersection of a fracture or inclusion.  

13. Calculates concentrations of U and Th for unknowns based on the measured intensity 
and known concentrations of FC-1. 

14. Calculates the external (systematic) uncertainties for 206/238, 206/207, and 208/232, 
which include contributions from (a) the scatter of standard analyses, (b) 
uncertainties in the ages of the standards, (c) uncertainties in the composition of 
common Pb, and (4) uncertainties in the decay constants for 235U and 238U.  

15. Determines a “Best Age” for each analysis, which is generally the 206/238 age for 
<900 Ma ages and the 206/207 age for >900 Ma ages. 

16. Provides preliminary filters that highlight analyses with >20% discordance, >5% 
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reverse discordance, or >10% internal (measurement) uncertainty.  
17. Creates a publication-ready datatable with concentrations, isotope ratios, and ages for 

unknowns.  
For detrital analyses, the ages are shown on Pb*/U concordia diagrams and relative 

age-probability diagrams using the routines in Isoplot (Ludwig, 2008). The age-

probability diagrams show each age and its uncertainty (for measurement error only) as a 

normal distribution, and sum all ages from a sample into a single curve. Composite age 

probability plots are made from an in-house Excel program (see Analysis Tools for link) 

that normalizes each curve according to the number of constituent analyses, such that 

each curve contains the same area, and then stacks the probability curves. 

For igneous analyses, the ages are shown on Pb*/U concordia diagrams and 

weighted mean diagrams using the routines in Isoplot (Ludwig, 2008). The weighted 

mean diagrams show the weighted mean (weighting according to the square of the 

internal uncertainties), the uncertainty of the weighted mean, the external (systematic) 

uncertainty that corresponds to the ages used, the final uncertainty of the age (determined 

by quadratic addition of the weighted mean and external uncertainties), and the MSWD 

of the data set.  
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************************************************************************ 

 Notes to be inserted below data table: 

1. 1. Analyses with >10% uncertainty (1-sigma) in 206Pb/238U age are not 
included. 

2. Analyses with >10% uncertainty (1-sigma) in 206Pb/207Pb age are not 
included, unless 206Pb/238U age is <400 Ma. 

3. Best age is determined from 206Pb/238U age for analyses with 
206Pb/238U age <900 Ma and from 206Pb/207Pb age for analyses with 
206Pb/238Uage >900 Ma. 
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4. Concordance is based on 206Pb/238U age / 206Pb/207Pb age.  Value is 
not reported for 206Pb/238U ages <400 Ma because of large uncertainty in 
206Pb/207Pb age. 

5. Analyses with 206Pb/238U age >400 Ma and with >20% discordance 
(<80% concordance) are not included. 

6. Analyses with 206Pb/238U age >400 Ma and with >5% reverse 
discordance (<105% concordance) are not included. 

7. All uncertainties are reported at the 1-sigma level, and include only 
measurement errors. 

8. Systematic errors are as follows (at 2-sigma level): [sample 1: xxx% 
(206Pb/238U) & xxx% (206Pb/207Pb)] These values are reported on cells U1 and 
W1 of E2agecalc. 

9. Analyses conducted by LA-ICPMS, as described by Gehrels et al. (2008) 
and Gehrels and Pecha (2014). 

10. U concentration and U/Th are calibrated relative to FC-1 zircon standard 
and are accurate to ~20%. 

11. Common Pb correction is from measured 204Pb with common Pb 
composition interpreted from Stacey and Kramers (1975). 

12. Common Pb composition assigned uncertainties of 1.5 for 206Pb/204Pb, 
0.3 for 207Pb/204Pb, and 2.0 for 208Pb/204Pb. 

13. U/Pb and 206Pb/207Pb fractionation is calibrated relative to fragments of 
large Sri Lanka zircons and individual crystals of FC-1, and R33.    

14. U decay constants and composition as follows: 238U = 9.8485 x 10-10, 
235U = 1.55125 x 10-10, 238U/235U = 137.88. 

15. Weighted mean and concordia plots determined with Isoplot (Ludwig, 
2008). 
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APPENDIX G: U-PB METHODS, PROVIDED BY UNIVERSITY OF TASMANIA  
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LA-ICPMS zircon geochronology at the University of Tasmania (Sebastien Meffre 

& Jay Thompson, February 2016). The LA-ICPMS method is now widely used for 

measuring U, Th and Pb isotopic data (e.g. Fryer et al. 1993; Compston 1999; Black et al. 

2003; Kosler & Sylvester 2003, Black et al. 2004; Jackson et al. 2004, Chang et al. 2006 

Harley & Kelly 2007). 

Approximately 200 - 400 g of rock was crushed in a Cr-steel ring mill to a grain size 

<400 micron. Non-magnetic heavy minerals were then separated using a gold pan and a 

Fe-B-Nd hand magnet. The crystals were placed on double sided sticky tape and epoxy 

glue was then poured into a 2.5 cm diameter mould on top of the zircons. The mount was 

dried for 12 hours and polished using clean sandpaper and a clean polishing lap. The 

samples were then washed in distilled water in an ultrasonic bath. 

The analyses in this study were performed on an Agilent 7700 quadrupole ICPMS 

with a 193 nm Ar-F excimer laser and the Resonetics S155 ablation cell at the University 

of Tasmania in Hobart. The downhole fractionation, instrument drift and mass bias 

correction factors for Pb/U ratios on zircons were calculated using 1 or 2 analyses on the 

primary (91500 standard of Wiendenbeck et al. 1995) and checked on 1 analysis of the 

secondary standard zircons (Temora standard of Black et al. 2003 & JG1 of Jackson et al. 

2004) analysed at the beginning of the session and every 15 unknown zircons (roughly 

every 1/2 hour) using the same spot size and conditions as used on the samples. 

Additional secondary standards (Plesovice zircon of Slama et al. 2008 and AusZ-5 

zircons of Kennedy et al. 2014) were also analysed. The correction factor for the 

207Pb/206Pb ratio was calculated using large spots of NIST610 analysed every 30 

unknowns and corrected using the values recommended by Baker et al. (2004). 
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Each analysis on the zircons began with a 30 second blank gas measurement 

followed by a further 30 seconds of analysis time when the laser was switched on. 

Zircons were sampled on 30 micron spots using the laser at 5 Hz and a density of 

approximately 2 J/cm2. A flow of He carrier gas at a rate of 0.35 litres/minute carried 

particles ablated by the laser out of the chamber to be mixed with Ar gas and carried to 

the plasma torch. Isotopes measured were 49Ti, 56Fe, 90Zr, 178Hf, 202Hg, 204Pb, 

206Pb, 207Pb, 208Pb, 232Th, 235U and 238U with each element being measured  every 

0.17 s with longer counting time on the Pb isotopes compared to  the other elements. The 

data reduction used was based on the method outlined in detail in Halpin et al 2014 and is 

similar to that outlined in Black et al. (2004) and Paton et al (2010). Uncertainties were 

calculated using methods similar to that outlined Halpin et al. 2014 and Paton et al 

(2010). 

Element abundances on zircons were calculated using the method outlined by Kosler 

(2001) using Zr as the internal standard element, assuming stoichiometric proportions and 

using the NIST610 to standard correct for mass bias and drift.  
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APPENDIX H: FIGURES FOR APPENDIX A (PRE-AND SYN-MINERAL 

VOLCANISM)  
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FIGURE CAPTIONS 

Figure 1: Regional setting of southwestern North America with notable porphyry copper 
mining districts.  

Figure 2: Regional distribution of Bisbee Group and Fort Crittenden (and similar) 
sedimentary rocks. 

Figure 3: Regional distribution of KT (Laramide) volcanic rocks, southwestern North 
America.  

Figure 4: Laramide arc with published and unpublished ages, including locations and 
results of this study (in red). 

Figure 5: Stratigraphic columns depicting geologic relationships at locations investigated.  
Figure 6: Classification of nearly 300 U-Pb ages compiled from literature and this study. 

Random classification of data conducted in ArcGis displays at least periods of 
elevated magmatic activity. Early Laramide magmatism occurred from ~80 to ~71 
Ma and late Laramide activity from ~71 to ~55 Ma, with notable outlying, 
younger magmatism in the region.  
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FIGURES

  

Figure 1: Regional setting of southwestern North America with notable porphyry copper 
mining districts.   
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Figure 2: Regional distribution of Bisbee Group and Fort Crittenden (and similar) 
sedimentary rocks.  
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Figure 3: Regional distribution of KT (Laramide) volcanic rocks, southwestern North 
America.
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Figure 4: Laramide arc with published and unpublished ages, including locations and 
results of this study (in red).  
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Figure 5: Stratigraphic columns depicting geologic relationships at locations investigated
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Figure 6: Classification of nearly 300 U-Pb ages compiled from literature and this study. 
Random classification of data conducted in ArcGis displays at least periods of elevated 
magmatic activity. Early Laramide magmatism occurred from ~80 to ~71 Ma and late 

Laramide activity from ~71 to ~55 Ma, with notable outlying, younger magmatism in the 
region.  
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APPENDIX I: WHOLE ROCK GEOCHEMISTRY DATA FOR REGIONAL 

VOLCANIC U-PB INVESTIGATION (APPENDIX A)  
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This study utilizes point count and whole rock data from samples in Tables 2 and 3 

and adheres to current IUGS QAPF classification names for volcanic and plutonic rocks 

(Figures 5 and 6, TAS and QAP diagrams). Rock types are keyed to current IUGS rock 

names and map symbols, and where applicable, earlier terms used are contained in 

brackets, as they may still bear local or literary significance. 

FIGURE CAPTIONS: 

Figure 1: QAP classification of some intrusive rocks of this investigation.  
Figure 2: TAS plot of whole rock data obtained on volcanic samples. 

TABLE CAPTIONS: 

Table 1: Whole rock and analyses of select samples (LOI = Loss on ignition) 
Table 2: QAP and TAS classification of some rocks of this investigation  
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Figure 1: QAP classification of some intrusive rocks of this investigation.   
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Figure 2: TAS plot of whole rock data obtained on volcanic samples.  
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Table 1: Whole rock and analyses of select samples (LOI = Loss on ignition) 
        

Sample  JUL16-02 TBS16-04 XMS16-01 DCB16-01 CCP-GC-022 TBS16-08 

Location  
Fagan 

andesite 
taken at 

Mt. Jules 

Tombstone: 
Schieffelin 
granodiorite 

Williamson 
Canyon 

Volcanics 

Dos 
Cabezas 

Mts. 
andesite on 

Bisbee 
Group 

Glory Hole 
Volcanics, 

lower andesite 

Tombstone: 
Dacite 

porphyry 

method %       
ME-ICP06 SiO2 58.10 63.20 54.60 52.50 57.70 69.10 
ME-ICP06 Al2O3 17.20 16.10 18.00 17.85 18.40 13.85 
ME-ICP06 Fe2O3* 7.88 5.75 9.10 7.12 6.38 2.86 
ME-ICP06 CaO 6.39 4.24 7.25 5.15 5.30 3.82 
ME-ICP06 MgO 2.68 2.11 3.25 3.69 2.87 1.30 
ME-ICP06 Na2O 3.01 3.57 3.58 1.83 4.06 3.66 
ME-ICP06 K2O 1.61 3.17 0.69 3.65 3.06 1.64 
ME-ICP06 Cr2O3 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 
ME-ICP06 TiO2 0.95 0.69 0.74 1.09 0.83 0.27 
ME-ICP06 MnO 0.15 0.10 0.16 0.11 0.17 0.09 
ME-ICP06 P2O5 0.23 0.22 0.16 0.52 0.26 0.11 
ME-ICP06 SrO 0.07 0.07 0.08 0.04 0.09 0.09 
ME-ICP06 BaO 0.08 0.10 0.04 0.14 0.10 0.27 
OA-GRA05 LOI 2.24 1.35 3.93 7.16 1.50 4.01 

        
TOT-ICP06 Total 100.59 100.67 101.58 100.86 100.72 101.07 

        
 ppm       
C-IR07 C 0.11 0.05 0.14 1.03 0.12 0.45 
S-IR08 S <0.01 0.01 0.02 0.01 <0.01 0.01 
ME-MS81 Ba 716.00 950.00 360.00 1305.00 866.00 2430.00 
ME-MS81 Ce 60.40 78.20 13.50 61.60 41.90 37.40 
ME-MS81 Cr 10.00 20.00 10.00 50.00 20.00 30.00 
ME-MS81 Cs 2.13 5.61 0.19 7.72 5.19 2.36 
ME-MS81 Dy 5.00 4.21 1.79 4.06 2.15 1.58 
ME-MS81 Er 2.91 2.21 1.09 2.28 1.07 0.78 
ME-MS81 Eu 1.48 1.34 0.74 1.54 1.11 0.67 
ME-MS81 Ga 20.20 20.70 19.60 22.20 24.30 15.00 
ME-MS81 Gd 5.37 5.11 1.92 4.85 2.92 2.00 
ME-MS81 Ge <5 <5 <5 <5 <5 <5 
ME-MS81 Hf 4.80 5.60 1.30 4.40 3.30 3.30 
ME-MS81 Ho 1.08 0.86 0.41 0.80 0.41 0.28 
ME-MS81 La 28.50 37.90 6.10 32.60 20.90 20.10 
ME-MS81 Lu 0.45 0.35 0.17 0.37 0.16 0.10 
ME-MS81 Nb 7.70 9.10 1.80 11.70 6.50 6.30 
ME-MS81 Nd 28.30 33.30 8.50 28.60 19.70 14.70 
ME-MS81 Pr 7.15 9.07 1.78 7.37 4.95 4.12 
ME-MS81 Rb 52.90 118.00 10.50 190.50 68.00 43.90 
ME-MS81 Sm 6.13 6.34 1.96 6.06 3.65 2.50 
ME-MS81 Sn 2.00 2.00 1.00 1.00 1.00 <1 
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ME-MS81 Sr 592.00 576.00 694.00 341.00 736.00 754.00 
ME-MS81 Ta 0.50 0.70 0.10 0.80 0.40 0.50 
ME-MS81 Tb 0.82 0.75 0.31 0.72 0.41 0.27 
ME-MS81 Th 6.52 11.60 0.67 11.10 3.03 6.05 
ME-MS81 Tm 0.46 0.35 0.15 0.35 0.15 0.09 
ME-MS81 U 1.02 1.89 0.18 2.86 0.77 1.90 
ME-MS81 V 147.00 97.00 150.00 206.00 88.00 31.00 
ME-MS81 W 1.00 1.00 <1 2.00 <1 1.00 
ME-MS81 Y 28.70 23.80 10.70 21.00 11.20 8.30 
ME-MS81 Yb 2.98 2.29 1.06 2.24 1.04 0.74 
ME-MS81 Zr 188.00 211.00 47.00 174.00 135.00 116.00 
ME-MS42 As 0.90 0.30 2.00 0.30 2.70 1.10 
ME-MS42 Bi 0.05 0.09 0.11 0.06 0.14 0.03 
ME-MS42 Hg <0.005 <0.005 <0.005 0.01 0.01 0.01 
ME-MS42 In 0.03 0.01 0.03 0.02 0.04 0.01 
ME-MS42 Re <0.001 <0.001 0.00 <0.001 <0.001 <0.001 
ME-MS42 Sb 0.12 0.05 0.13 0.10 0.52 0.07 
ME-MS42 Se 0.20 <0.2 0.20 <0.2 <0.2 <0.2 
ME-MS42 Te <0.01 0.01 0.01 <0.01 0.01 <0.01 
ME-MS42 Tl 0.02 0.04 <0.02 0.09 0.20 0.04 
ME-4ACD81 Ag <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
ME-4ACD81 Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
ME-4ACD81 Co 18.00 13.00 21.00 21.00 15.00 4.00 
ME-4ACD81 Cu 28.00 24.00 49.00 3.00 4.00 24.00 
ME-4ACD81 Li 40.00 10.00 10.00 40.00 40.00 30.00 
ME-4ACD81 Mo 1.00 <1 <1 1.00 <1 <1 
ME-4ACD81 Ni 8.00 9.00 3.00 17.00 16.00 8.00 
ME-4ACD81 Pb 16.00 19.00 14.00 16.00 30.00 13.00 
ME-4ACD81 Sc 15.00 9.00 12.00 16.00 9.00 3.00 
ME-4ACD81 Zn 93.00 67.00 89.00 92.00 130.00 48.00 

*Total Fe as Fe2O3  
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Table 1 (continued): Whole rock analyses of select samples (LOI: Loss on ignition) 
 
         

Sample  CCP-GC-023 WCH16-01 FTC16-04 GV12-16 TBS16-09 FTC16-
03 GPK16-01 

Location  

Glory Hole 
Volcanics, 

dacite 
pyroclastic 

flow 

Southern 
Winchester 

Mts. 
andesite on 

Bisbee 
Group 

Montosa 
Canyon: 
Dacite 

porphyry 
flow 

Glove 
Mine: K 
dike in 
mine 

workings 

Tombstone: 
Uncle Sam 

tuff 

Montosa 
Canyon, 
Rhyolite 

tuff 

Granite 
Peak: 

southern 
Whetstone 

Mts. 

method %        
ME-ICP06 SiO2 62.40 58.90 60.00 65.60 68.90 73.90 66.30 
ME-ICP06 Al2O3 15.95 14.70 16.05 14.65 15.00 13.95 15.50 
ME-ICP06 Fe2O3* 6.85 5.86 6.87 3.46 3.40 2.70 4.25 
ME-ICP06 CaO 2.27 5.51 2.86 3.11 3.26 1.33 3.14 
ME-ICP06 MgO 4.00 0.81 2.55 1.43 0.91 0.50 1.92 
ME-ICP06 Na2O 3.92 6.00 6.98 2.68 3.89 4.22 4.02 
ME-ICP06 K2O 2.71 2.01 0.13 3.92 3.60 1.50 3.58 
ME-ICP06 Cr2O3 0.01 0.01 <0.01 0.01 <0.01 <0.01 0.01 
ME-ICP06 TiO2 0.87 0.63 0.74 0.45 0.38 0.16 0.53 
ME-ICP06 MnO 0.11 0.16 0.20 0.06 0.11 0.08 0.06 
ME-ICP06 P2O5 0.23 0.24 0.32 0.14 0.16 0.01 0.16 
ME-ICP06 SrO 0.06 0.06 0.03 0.04 0.03 0.03 0.08 
ME-ICP06 BaO 0.08 0.13 0.01 0.10 0.12 0.03 0.12 
OA-GRA05 LOI 2.14 5.02 2.45 5.11 1.93 1.90 0.74 

         
TOT-ICP06 Total 101.60 100.04 99.19 100.76 101.69 100.31 100.41 

         
 ppm        
C-IR07 C 0.03 1.04 0.02 0.62 0.31 0.02 0.01 
S-IR08 S 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
ME-MS81 Ba 728.00 1100.00 85.30 870.00 1095.00 278.00 1085.00 
ME-MS81 Ce 29.10 48.50 40.40 65.30 72.70 25.30 51.10 
ME-MS81 Cr 70.00 50.00 10.00 40.00 10.00 10.00 50.00 
ME-MS81 Cs 9.63 1.66 1.37 14.20 3.23 6.19 7.55 
ME-MS81 Dy 1.95 2.72 2.78 2.41 4.49 0.99 1.99 
ME-MS81 Er 1.16 1.30 1.70 1.38 2.64 0.77 1.18 
ME-MS81 Eu 0.92 1.11 1.10 0.87 1.36 0.55 0.94 
ME-MS81 Ga 21.30 16.20 17.50 19.00 16.90 14.40 20.80 
ME-MS81 Gd 2.43 3.57 3.46 2.86 5.09 1.05 2.73 
ME-MS81 Ge <5 <5 <5 <5 <5 <5 <5 
ME-MS81 Hf 2.90 3.90 2.50 5.60 6.00 2.50 4.10 
ME-MS81 Ho 0.39 0.50 0.60 0.47 0.95 0.23 0.41 
ME-MS81 La 14.60 24.10 19.80 33.80 36.20 13.30 26.40 
ME-MS81 Lu 0.11 0.17 0.22 0.20 0.41 0.13 0.15 
ME-MS81 Nb 4.90 5.80 5.30 11.40 10.90 4.80 6.90 
ME-MS81 Nd 14.60 22.80 18.80 25.70 30.40 8.20 20.90 
ME-MS81 Pr 3.61 5.81 4.83 7.39 8.35 2.45 5.78 
ME-MS81 Rb 94.80 26.40 3.60 196.50 133.50 77.70 127.50 
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ME-MS81 Sm 2.72 4.02 3.82 4.07 5.55 1.50 3.71 
ME-MS81 Sn 1.00 1.00 1.00 1.00 2.00 1.00 1.00 
ME-MS81 Sr 541.00 548.00 215.00 357.00 299.00 260.00 672.00 
ME-MS81 Ta 0.30 0.40 0.40 1.10 0.80 0.40 0.70 
ME-MS81 Tb 0.32 0.48 0.47 0.45 0.77 0.17 0.37 
ME-MS81 Th 2.78 3.84 8.14 21.50 10.95 6.48 9.89 
ME-MS81 Tm 0.14 0.17 0.24 0.18 0.41 0.10 0.14 
ME-MS81 U 0.90 0.63 2.61 9.99 2.08 2.61 2.70 
ME-MS81 V 224.00 92.00 110.00 68.00 31.00 23.00 85.00 
ME-MS81 W 1.00 <1 1.00 4.00 2.00 2.00 1.00 
ME-MS81 Y 10.50 14.70 16.70 14.10 27.50 7.40 12.00 
ME-MS81 Yb 1.02 1.29 1.62 1.48 2.64 0.97 1.16 
ME-MS81 Zr 105.00 140.00 90.00 191.00 221.00 86.00 139.00 
ME-MS42 As 1.70 8.10 2.20 1.10 0.80 1.60 0.90 
ME-MS42 Bi 0.02 0.02 0.01 0.15 0.17 0.03 4.36 
ME-MS42 Hg 0.01 0.02 0.01 0.03 0.02 0.01 0.01 
ME-MS42 In 0.04 0.03 0.01 0.01 0.03 0.01 0.04 
ME-MS42 Re <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
ME-MS42 Sb 0.10 0.07 0.28 0.41 0.14 0.30 0.09 
ME-MS42 Se <0.2 0.20 0.20 <0.2 <0.2 <0.2 <0.2 
ME-MS42 Te <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.04 
ME-MS42 Tl 0.31 0.02 <0.02 0.26 0.08 0.09 0.16 
ME-4ACD81 Ag <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
ME-4ACD81 Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
ME-4ACD81 Co 16.00 12.00 13.00 7.00 2.00 5.00 11.00 
ME-4ACD81 Cu 1.00 16.00 4.00 15.00 4.00 14.00 264.00 
ME-4ACD81 Li 60.00 10.00 20.00 40.00 20.00 10.00 30.00 
ME-4ACD81 Mo 1.00 <1 <1 1.00 1.00 1.00 2.00 
ME-4ACD81 Ni 35.00 9.00 5.00 16.00 <1 1.00 14.00 
ME-4ACD81 Pb 9.00 11.00 22.00 20.00 18.00 22.00 26.00 
ME-4ACD81 Sc 12.00 10.00 13.00 5.00 5.00 4.00 7.00 
ME-4ACD81 Zn 93.00 70.00 130.00 131.00 59.00 32.00 56.00 

*Total Fe as Fe2O3  
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Table 2: QAP and TAS classification of some rocks of this investigation 
    

  Rock Type   
Sample QAP TAS Description/notes 

TBS16-04 granodiorite  Schieffelin granodiorite - taken at the Schieffelin monument road cut 

TBS16-08  Rhyodacite Dacite porphyry from south of Lindsey Ranch, ONE zircon age of 
this age, inheritance at 169 Ma 

TBS16-09 granite  Uncle Sam Tuff, northeast of Charleston 

GV12-16 granite  granodiorite [latite] porphyry sill in underground workings and 
exposed at surface 

FTC16-03  rhyolite Rhyolite tuff of Drewes (1972) 

FTC16-04  trachy-andesite Dacite porphyry lava above Ft. Crittenden in Montosa Canyon 
(Drewes, 1972) FTC16-01 Recollected 

WCH16-01  trachyte Winchester Mts. Lava (Cooper and Silver, 1964) 

DCB16-01  basaltic trachy-andesite Dos Cabezas andesite lava flow (Cooper, 1960) 

XMS16-01  basaltic andesite Williamson Canyon volcanics (3 zircons this age) 

GPK16-01 granodiorite  Felsic phase, Granite Peak stock, Whetstone Mts. 

CCP-GC-022  trachy-andesite Glory Hole volcanics, massive andesite flow, basal volcanics, mafic 

CCP-GC-023  dacite 
Glory Hole Volcanics dacite pyroclastic flow, East of Dry Camp, 
stratigraphically above? Other lavas, but below lithic tuff of 
uppermost Glory Hole volcanics 
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APPENDIX J: WEIGHTED MEAN AND CONCORDIA AGE PLOTS FOR U-PB AND 

AR-AR DATES FOR APPENDIX A (EARLY LARAMIDE VOLCANIC ROCKS)  
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FIGURE CAPTIONS: 

Figure 1: Ajo 1307 - Concentrator volcanics (andesite): concorida plot with inheritance  
Figure 2: Ajo 1307 - Concentrator volcanics (andesite): concordia age plot 
Figure 3: Ajo 1307 - Concentrator volcanics (andesite): mean age plot 
Figure 4: Ajo-1306 - Concentrator volcanics (lithic rhyolite tuff no. 1): concordia age plot 
Figure 5: Ajo-1306 - Concentrator volcanics (lithic rhyolite tuff no. 1): mean age plot 
Figure 6: Ajo-1301 - Concentrator volcanics (lithic rhyolite tuff no. 2): concordia age plot 
Figure 7: Ajo-1301 - Concentrator volcanics (lithic rhyolite no. 2): mean age plot 
Figure 8: CCP-GC-004 - Copper Creek: concordia age plot with inheritance 
Figure 9: CCP-GC-004 - Copper Creek: concordia age plot, inheritance only 
Figure 10: CCP-GC-004 - Copper Creek: mean age plot 
Figure 11: CCP-GC-005 - Copper Creek: concordia age plot 
Figure 12: CCP-GC-005 - Copper Creek: mean age plot 
Figure 13: CCP-GC-006 - Copper Creek: concordia age plot with inheritance 
Figure 14: CCP-GC-006 - Copper Creek: concordia age plot 
Figure 15: CCP-GC-006 - Copper Creek: mean age plot 
Figure 16: CCP-GC-007 - Copper Creek: concordia age plot with inheritance 
Figure 17: CCP-GC-007 - Copper Creek: concordia age plot 
Figure 18: CCP-GC-007 - Copper Creek: mean age plot 
Figure 19: CCP-GC-008 - Copper Creek: concordia age plot 
Figure 20: CCP-GC-008 - Copper Creek: mean age plot 
Figure 21: CCP-GC-009 - Copper Creek: concordia age plot 
Figure 22: CCP-GC-010 - Copper Creek: concordia age plot with inheritance 
Figure 23: CCP-GC-010 - Copper Creek: concordia age plot 
Figure 24: CCP-GC-010 - Copper Creek: mean age plot 
Figure 25: CCP-GC-011 - Copper Creek: concordia age plot with inheritance 
Figure 26: CCP-GC-011 - Copper Creek: concordia age plot 
Figure 27: CCP-GC-011- Copper Creek: mean age plot 
Figure 28: CCP-GC-012 - Copper Creek: concordia age plot 
Figure 29: CCP-GC-013 - Copper Creek: concordia age plot 
Figure 30: CCP-GC-015 - Copper Creek: concordia age plot with inheritance 
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Figure 31: CCP-GC-015 - Copper Creek: concordia age plot 
Figure 32: CCP-GC-016 - Copper Creek: concordia age plot 
Figure 33: CCP-GC-017 - Copper Creek: concordia age plot 
Figure 34: CCP-GC-018 - Copper Creek: concordia age plot 
Figure 35: ET-14-12ZR - El Tiro QMP (Silver Bell): concordia age plot 
Figure 36: ET-14-12ZR - El Tiro QMP (Silver Bell): mean age plot 
Figure 37: NSB13MPZR - North Silver Bell QMP: concordia age plot with inheritance 
Figure 38: NSB13MPZR - North Silver Bell QMP: mean age plot 
Figure 39: 5BAK - Silver Bell alaskite: mean age plot 
Figure 40: GV12-15 - Glove Mine latite dike (sill): mean age plot 
Figure 41: GV12-15 - Glove Mine latite dike (sill): concordia age plot 
Figure 42: Copper Creek granodiorite: Ar-Ar plateau age plot 
Figure 43: Copper Creek granodiorite: Ar-Ar plateau age plot 
Figure 44: CH-ZR-1 - Chilito: mean age plot 
Figure 45: CH-ZR-2 - Chilito: mean age plot 
Figure 46: CH-ZR-1 - Chilito: concordia age plot with inheritance 
Figure 47: CH-ZR-2 – Chilito: mean age plot 
Figure 48: CH-ZR-2 – Chilito: concordia age plot, inheritance only 
Figure 49: CH-ZR-3 – Chilito: mean Age plot 
Figure 50: CH-ZR-3 – Chilito: concordia age plot 
Figure 51: CH-ZR-3 – Chilito: concordia age plot with inheritance 
Figure 52: CH-ZR-4 – Chilito: mean age plot  
Figure 53: CH-ZR-4 – Chilito: concordia age plot 
Figure 54: CH-ZR-4 – Chilito: concordia age plot with inheritance   
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Figure 1: Ajo 1307 - Concentrator volcanics (andesite): concorida plot with inheritance  
 

 

 

Figure 2: Ajo 1307 - Concentrator volcanics (andesite): concordia age plot 

200

600

1000

1400

1800

0.0

0.1

0.2

0.3

0.4

0 1 2 3 4 5 6

20
6 P

b/
23

8 U

207Pb/235U

data-point error ellipses are 68.3% conf.

70

90

0.008

0.010

0.012

0.014

0.00 0.04 0.08 0.12 0.16 0.20 0.24

20
6 P

b/
23

8 U

207Pb/235U

Ajo-1307
Concordia Age = 73.1 ± 1.2 Ma
(2s, decay-const. errs included)
MSWD (of concordance) = 2.7,

Probability (of concordance) = 0.10

data-point error ellipses are 68.3% conf.



509 

  

 

 

Figure 3: Ajo 1307 - Concentrator volcanics (andesite): mean age plot 
 
 
 

 

Figure 4: Ajo-1306 - Concentrator volcanics (lithic rhyolite tuff no. 1): concordia age plot 
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Figure 5: Ajo-1306 - Concentrator volcanics (lithic rhyolite tuff no. 1): mean age plot 
 
 
 

 

Figure 6: Ajo-1301 - Concentrator volcanics (lithic rhyolite tuff no. 2): concordia age plot 
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Figure 7: Ajo-1301 - Concentrator volcanics (lithic rhyolite no. 2): mean age plot 
 
 
 

 

Figure 8: CCP-GC-004 - Copper Creek: concordia age plot with inheritance  
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Figure 9: CCP-GC-004 - Copper Creek: concordia age plot, inheritance only 
 
 
 
 

 

Figure 10: CCP-GC-004 - Copper Creek: mean age plot 

1300

1340
1380

1420
1460

1500

1540

0.20

0.22

0.24

0.26

0.28

2.5 2.7 2.9 3.1 3.3 3.5

20
6 P

b/
23

8 U

207Pb/235U

CCP-GC-004

Intercepts at 
15 ± 520 & 1433.0 ± 7.5   [± 9.2]  Ma

MSWD = 0.20

data-point error ellipses are 68.3% conf.

1390

1400

1410

1420

1430

1440

1450

1460

B
es

t a
ge

CCP-GC-004

Final Age = 1433.0 ± 13.6 Ma
Mean = 1433.0 ± 7.3  [0.51%]  2s

Wtd by data-pt errs only, 0 of 13 rej.
MSWD = 0.19, probability = 0.999

data-point error symbols are 1s



513 

  

 

 

Figure 11: CCP-GC-005 - Copper Creek: concordia age plot 
 

 

 

Figure 12: CCP-GC-005 - Copper Creek: mean age plot 
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Figure 13: CCP-GC-006 - Copper Creek: concordia age plot with inheritance 
 
 
 

 

 

Figure 14: CCP-GC-006 - Copper Creek: concordia age plot 
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Figure 15: CCP-GC-006 - Copper Creek: mean age plot 
 
 
 

 

Figure 16: CCP-GC-007 - Copper Creek: concordia age plot with inheritance 

57

58

59

60

61

62

63

64

65

B
es

t a
ge

CCP-GC-006

Final Age = 61.64 ± 0.85 Ma
Mean = 61.64 ± 0.41  [0.67%]  2s

Wtd by data-pt errs only, 0 of 20 rej.
MSWD = 0.65, probability = 0.87

data-point error symbols are 1s

200

600

1000

1400

1800

0.0

0.1

0.2

0.3

0.4

0 1 2 3 4 5

20
6 P

b/
23

8 U

207Pb/235U

CCP-GC-007 data-point error ellipses are 68.3% conf.



516 

  

 

 

Figure 17: CCP-GC-007 - Copper Creek: concordia age plot 
 
 
 
 

 

Figure 18: CCP-GC-007 - Copper Creek: mean age plot 
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Figure 19: CCP-GC-008 - Copper Creek: concordia age plot 
 
 
 

 

Figure 20: CCP-GC-008 - Copper Creek: mean age plot 
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Figure 21: CCP-GC-009 - Copper Creek: concordia age plot 
 
 
 

 

Figure 22: CCP-GC-010 - Copper Creek: concordia age plot with inheritance 
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Figure 23: CCP-GC-010 - Copper Creek: concordia age plot 
 
 
 
 

 

Figure 24: CCP-GC-010 - Copper Creek: mean age plot 
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Figure 25: CCP-GC-011 - Copper Creek: concordia age plot with inheritance 
 
 
 

 
Figure 26: CCP-GC-011 - Copper Creek: concordia age plot 
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Figure 27: CCP-GC-011- Copper Creek: mean age plot 
 
 
 
 

 

Figure 28: CCP-GC-012 - Copper Creek: concordia age plot 
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Figure 29: CCP-GC-013 - Copper Creek: concordia age plot 
 
 
 
 

 

Figure 30: CCP-GC-015 - Copper Creek: concordia age plot with inheritance 
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Figure 31: CCP-GC-015 - Copper Creek: concordia age plot 
 
 
 
 
 

 

Figure 32: CCP-GC-016 - Copper Creek: concordia age plot 
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Figure 33: CCP-GC-017 - Copper Creek: concordia age plot 
 
 
 
 
 

 

Figure 34: CCP-GC-018 - Copper Creek: concordia age plot 
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Figure 35: ET-14-12ZR - El Tiro QMP (Silver Bell): concordia age plot 
 

 

 

Figure 36: ET-14-12ZR - El Tiro QMP (Silver Bell): mean age plot 
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Figure 37: NSB13MPZR - North Silver Bell QMP: concordia age plot with inheritance 
 
 
 

 

Figure 38: NSB13MPZR - North Silver Bell QMP: mean age plot 
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Figure 39: 5BAK - Silver Bell alaskite: mean age plot 
 
 
 

 

Figure 40: GV12-15 - Glove Mine latite dike (sill): mean age plot 
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Figure 41: GV12-15 - Glove Mine latite dike (sill): concordia age plot 

 
 
 
 

 

Figure 42: Copper Creek granodiorite: Ar-Ar plateau age plot 
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Figure 43: Copper Creek granodiorite: Ar-Ar plateau age plot 
 
 
 
 
 

 

Figure 44: CH-ZR-1 - Chilito: mean age plot 
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Figure 45: CH-ZR-2 - Chilito: mean age plot 
 
 
 
 

 

Figure 46: CH-ZR-1 - Chilito: concordia age plot with inheritance 
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Figure 47: CH-ZR-2 – Chilito: mean age plot 
 
 
 

 
Figure 48: CH-ZR-2 – Chilito: concordia age plot, inheritance only 
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Figure 49: CH-ZR-3 – Chilito: mean Age plot 
 
 
 
 

 

Figure 50: CH-ZR-3 – Chilito: concordia age plot 
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Figure 51: CH-ZR-3 – Chilito: concordia age plot with inheritance 
 
 
 

 

Figure 52: CH-ZR-4 – Chilito: mean age plot  
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Figure 53: CH-ZR-4 – Chilito: concordia age plot 
 
 
 
 

 
Figure 54: CH-ZR-4 – Chilito: concordia age plot with inheritance
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Table 1: Isoplot raw U-Pb data for TBS16-08 (dacite), displaying one zircon age of 75.0 Ma and inheritance ~169 Ma, 1.4Ga, 1.65 
Ga, 1.7 Ga, and 2.6 Ga.                     
                    
-TBS16-08 Spot 18 58 3059 1.0 21.5896 4.1 0.0748 5.6 0.0117 3.8 0.68 75.0 2.8 73.2 3.9 14.2 99.0 75.0 2.8 NA 
-TBS16-08 Spot 19 201 6766 0.5 15.8515 2.6 0.2175 4.1 0.0250 3.3 0.79 159.3 5.1 199.8 7.5 711.1 54.6 159.3 5.1 NA 
-TBS16-08 Spot 31 1115 73763 0.5 19.8035 1.8 0.1765 5.0 0.0254 4.6 0.93 161.5 7.4 165.1 7.6 217.9 41.3 161.5 7.4 NA 
-TBS16-08 Spot 30 632 5223 0.8 19.0889 2.7 0.1928 3.8 0.0267 2.7 0.71 169.9 4.6 179.0 6.3 302.3 61.6 169.9 4.6 NA 
-TBS16-08 Spot 1 721 10274 0.7 19.4878 1.7 0.1896 3.1 0.0268 2.6 0.85 170.5 4.4 176.3 5.0 255.0 38.1 170.5 4.4 NA 

-TBS16-08 Spot 32 498 9358 1.6 19.7941 1.9 0.2057 4.3 0.0295 3.8 0.89 187.7 7.0 189.9 7.4 219.0 45.0 187.7 7.0 NA 
-TBS16-08 Spot 29 682 6488 1.8 18.0528 1.6 0.2592 3.2 0.0340 2.7 0.87 215.3 5.8 234.0 6.6 428.1 35.2 215.3 5.8 NA 
-TBS16-08 Spot 16 363 5367 1.9 20.3202 1.4 0.2305 4.2 0.0340 3.9 0.94 215.5 8.4 210.6 8.0 157.9 33.8 215.5 8.4 NA 
-TBS16-08 Spot 11 264 76542 1.9 18.6874 1.3 0.2565 3.3 0.0348 3.1 0.92 220.4 6.6 231.8 6.9 350.6 28.7 220.4 6.6 NA 
-TBS16-08 Spot 4 184 5853 1.9 15.5872 3.8 0.3091 5.1 0.0350 3.3 0.65 221.5 7.1 273.5 12.1 746.7 81.3 221.5 7.1 NA 

-TBS16-08 Spot 25 357 4524 2.4 20.3685 1.5 0.2467 3.6 0.0365 3.2 0.91 230.9 7.3 223.9 7.2 152.4 34.6 230.9 7.3 NA 
-TBS16-08 Spot 35 112 3325 1.7 20.3105 1.9 0.2537 3.9 0.0374 3.4 0.87 236.6 8.0 229.6 8.1 159.1 45.5 236.6 8.0 NA 
-TBS16-08 Spot 33 584 22025 2.4 19.7556 1.2 0.2658 3.1 0.0381 2.8 0.92 241.1 6.7 239.4 6.6 223.5 27.9 241.1 6.7 NA 
-TBS16-08 Spot 9 262 269695 1.6 19.0184 1.6 0.2784 4.7 0.0384 4.4 0.94 243.0 10.5 249.4 10.4 310.7 37.5 243.0 10.5 NA 

-TBS16-08 Spot 28 176 39147 1.5 18.5594 1.5 0.2894 3.3 0.0390 2.9 0.90 246.4 7.1 258.1 7.4 366.1 32.7 246.4 7.1 NA 
-TBS16-08 Spot 26 287 17998 1.7 19.1642 1.4 0.2919 3.0 0.0406 2.6 0.88 256.5 6.6 260.1 6.9 293.3 32.3 256.5 6.6 NA 
-TBS16-08 Spot 7 553 136283 0.9 11.2521 1.9 3.0837 4.7 0.2518 4.3 0.91 1447.6 55.7 1428.6 36.2 1401.4 37.3 1401.4 37.3 103.3 

-TBS16-08 Spot 24 302 59554 2.2 11.2429 1.0 3.1364 3.1 0.2559 2.9 0.94 1468.6 37.9 1441.7 23.5 1403.0 19.2 1403.0 19.2 104.7 
-TBS16-08 Spot 27 275 39930 1.1 11.1625 1.1 3.0022 4.0 0.2432 3.8 0.96 1403.1 48.0 1408.2 30.1 1416.7 20.1 1416.7 20.1 99.0 
-TBS16-08 Spot 17 434 39953 2.2 11.1611 1.0 3.0757 3.7 0.2491 3.6 0.96 1433.7 46.2 1426.7 28.7 1416.9 19.6 1416.9 19.6 101.2 
-TBS16-08 Spot 15 495 97605 2.3 11.0836 1.3 2.8970 4.2 0.2330 3.9 0.95 1350.1 48.0 1381.1 31.3 1430.3 25.1 1430.3 25.1 94.4 
-TBS16-08 Spot 2 400 37913 2.4 11.0094 1.4 2.8642 4.1 0.2288 3.8 0.94 1328.2 45.6 1372.6 30.5 1443.1 27.1 1443.1 27.1 92.0 
-TBS16-08 Spot 5 1003 230643 214.8 10.4897 1.2 2.9482 4.2 0.2244 4.0 0.96 1305.0 47.2 1394.4 31.6 1534.6 22.6 1534.6 22.6 85.0 

-TBS16-08 Spot 23 345 76345 2.9 10.1031 1.5 3.3487 4.1 0.2455 3.9 0.94 1415.1 49.2 1492.5 32.3 1605.0 27.1 1605.0 27.1 88.2 
-TBS16-08 Spot 3 534 190564 4.1 9.7852 1.4 4.1464 3.8 0.2944 3.6 0.93 1663.5 52.2 1663.5 31.2 1664.3 25.0 1664.3 25.0 99.9 

-TBS16-08 Spot 13 121 28365 1.7 9.6487 1.4 4.3352 4.0 0.3035 3.8 0.94 1708.7 56.3 1700.1 32.9 1690.3 25.1 1690.3 25.1 101.1 
-TBS16-08 Spot 10 327 32533 5.7 9.5829 1.1 4.4116 3.8 0.3068 3.6 0.95 1724.7 54.4 1714.5 31.2 1702.9 21.0 1702.9 21.0 101.3 
-TBS16-08 Spot 20 444 1269339 1.7 9.5492 0.9 4.6074 2.7 0.3192 2.5 0.94 1786.0 39.1 1750.6 22.2 1709.4 16.3 1709.4 16.3 104.5 
-TBS16-08 Spot 14 225 384779 1.7 9.2566 1.0 4.7039 3.0 0.3159 2.8 0.94 1769.9 43.3 1767.9 24.8 1766.5 17.7 1766.5 17.7 100.2 
-TBS16-08 Spot 8 130 33801 1.7 9.1558 1.3 4.9471 3.9 0.3287 3.7 0.94 1831.8 58.4 1810.3 32.8 1786.4 23.5 1786.4 23.5 102.5 
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APPENDIX K: ROCK DESCRIPTIONS FOR UNITS IN THE SILVER BELL 

DISTRICT, PIMA COUNTY, ARIZONA  
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The Silver Bell district contains Precambrian metamorphic, sedimentary, and 

intrusive rocks overlain by an attenuated section of Paleozoic sedimentary rocks and a 

more complex suite of Mesozoic sedimentary and volcanic rocks. The oldest rocks in the 

district are those first described in detail by Watson (1964) as the Paleoproterozoic Pinal 

Schist. The Pinal Schist occurs in limited exposures southeast of Ragged Top, as clasts in 

Late Cretaceous volcanic and sedimentary formations, and has been identified in drill 

holes as large inclusions in dacite porphyry in the Twin Tanks area, northwest of the 

Imperial pit. Course-grained granitic rocks of the Yavapai-Mazatzal orogeny (Continental 

Granite/Madera diorite) and anorogenic Oracle/Ruin granite common in the region 

intrude the schist and are overlain by Proterozoic siliciclastic Apache Group sedimentary 

rocks, which have been subsequently intruded by Proterozoic diabase in the Ragged Top 

area (Watson, 1964).  

Sedimentary rocks in the district include Paleozoic, Triassic-Jurassic, and mid- to 

Late Cretaceous (pre-Laramide) units. The older sedimentary section is composed of 

about 2,000 m of Paleozoic quartzite, limestone, shale and dolomite, and red beds of 

Triassic-Jurassic time (southeast of the mine). Younger sedimentary rocks of Early 

Cretaceous sandstone (Amole arkose) and Late Cretaceous volcaniclastic and 

sedimentary rocks are prominent southwest and west of the mine. Cretaceous 

sedimentary rocks have been mapped and correlated by Sawyer (1996) in the West Silver 

Bell Mountains and more recently by Richard et al. (2000) in the Waterman Mountains to 

the south. 

Early Laramide Silver Bell Volcanic sequence: 

Dockter (1977) designated the entire sequence of volcanic rocks in the Silver Bell 
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and West Silver Bell Mountains as the Mount Lord Volcanic Group. The Mount Lord 

and Silver Bell Volcanic units of Richard and Courtright (1959) have become 

synonymous with one another in the district and are herein referred to as the Silver Bell 

Volcanic sequence. This sequence of volcanic, volcaniclastic, and sedimentary rocks is 

distinct to the Silver Bell district, yet closely resembles volcanic rocks of similar ages in 

the Tucson area. Drewes (1981) attempted to correlate the volcanic rocks of the ‘Silver 

Bell Volcanics’ across the Tucson basin from the Silver Bell Mountains in the north to 

the Santa Rita and Sierrita Mountains to the south, dubbing this group of compositionally 

similar rocks the Silver Bell – Cat Mountain – Salero suite. This correlation is presented 

by Drewes as a compiled series of stratigraphic columns similar to those presented by 

Richard and Courtright (1959), and was a sound approach to constraining the age, 

distribution, and timing of Late Cretaceous sedimentation and early Laramide 

magmatism in the Tucson area. 

The Silver Bell Volcanic sequence is very complex and can be divided into two 

geographically distinct units; one in the West Silver Bell Mountains and the other in 

Silver Bell Mountains, with overlap of similar-looking units, the Mount Lord (Cat 

Mountain) vitric tuff (series of ignimbrites and possibly hypabyssal rocks), in the 

northern portions of the Silver Bell Mountains. The Silver Bell Volcanic sequence 

includes all older volcanic rocks as described in the West Silver Bell Mountains, dacite 

porphyry in the mine area, sedimentary and volcanic rocks of the Claflin Ranch/Silver 

Bell andesite group, the interfingered Mount Lord tuff in the Silver Bell and West Silver 

Bell Mountains, and other sedimentary and volcanic rocks of proposed Laramide age in 

the easternmost portions of the district determined to be pre-Cenozoic in age.  
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Nearly 3,000 meters of early Laramide volcanic and volcaniclastic and sedimentary 

rocks overlie Paleozoic and early- to mid-Cretaceous sedimentary rocks (Kv, Fig. 2) in 

the West Silver Bell Mountains (Sawyer, 1996). The basal epiclastic member is ~200 

meters thick, purple pebble- to cobble-conglomerate composed almost entirely of clasts 

of hornblende-pyroxene andesite. 

Above this basal sequence is a thick (~ 3,000 meters) series of repeating flows of 

volcanic rocks ranging in composition from basaltic andesite to dacite, rhyolite, and 

rhyolite tuffs (Kdp and Kv) (Fig. 2, simplified geologic map). Generally speaking, lower 

units in the Silver Bell volcanic series are flows of hornblende-plagioclase andesite 

overlain by welded and non-welded ash-flow tuffs, airfall tuffs, and flows of porphyritic 

rhyolite and dacite. In the West Silver Bell Mountains early volcanic rocks are mafic 

(hornblende-plagioclase andesite), epiclastic and, to a lesser degree, pyroclastic in nature, 

displaying thin bedding, local cross-bedding, and textures similar to sediments observed 

in fluvial systems. Flows of ‘purple andesite’ are common throughout southern Arizona, 

however, each unit is distinct in age and, other than similarities in composition, no unit 

should be referred to as 'Silver Bell andesite' except for those purple rocks in the West 

Silver Bell and Silver Bell Mountains around the Silver Bell mine. 

In the Silver Bell Mountains, Paleozoic rocks are overlain by flows of dacite 

porphyry and subsequent volcanic, volcaniclastic, and sedimentary rocks. Watson (1964) 

described this complex set of andesite flows, flow breccias, lahars, intrusive ignimbrites, 

and stratigraphic relations in the Silver Bell Mountains. Structural relations in the eastern 

Silver Bell Mountains may compound the complexity of this stratigraphic sequence. 

Upper units in the Silver Bell Mountains are interfingered and include the sedimentary 
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Claflin Ranch Formation, overlying andesite, and vitric tuff of the Mount Lord 

ignimbrite, as described by Watson (1964) and Sawyer (1996). Constraints on the timing 

of deposition of the Claflin Ranch sediments are made by the presence of clasts of dacite 

porphyry in the conglomerate, placing the Claflin Ranch Formation stratigraphically 

higher in the district, but locally below the Mount Lord unit. 

Dacite porphyry: A large body of distinct, silicic volcanic rock within the Silver 

Bell Volcanic sequence overlies much of the district east of the mine and comprises some 

of the topographically highest points in the Silver Bell Mountain range. This quartz-eye, 

porphyritic rock is easily distinguished from other units in the district by the presence of 

abundant, glassy quartz phenocrysts and fine-grained feldspars. Two samples of dacite 

were collected at separate locations for U-Pb analyses at the Arizona LaserChron Center 

(Table 1). The dacite readily fractures irregularly and in the vicinity of the mine these 

fractures commonly contain iron oxide after sulfide mineralization.  

Watson (1964) describes the dacite porphyry in the vicinity of the mine as a 

hypabyssal sill several thousands of feet thick that intruded along the Silver Bell Fault 

zone (El Tiro Fault of Graybeal, 1982) and into the Paleozoic rocks. Watson presents 

strong evidence at several locations for the intrusive nature of the dacite porphyry with 

respect to the (older) Claflin Ranch formation, including dikes and wedges of dacite 

intruding through and upward into the Claflin Ranch Formation. Sawyer (1996) refers to 

the dacite as the tuff of Confidence Peak, presenting descriptions in support of an 

extrusive component of the dacite, including pumice and vitroclastic textures. 

Observations of the dacite east of the mine show the upper portions to be lithic-rich 

and conformably overlain by the lower Claflin Ranch conglomerate, though local 
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complexities occur. The dacite porphyry was not identified in the West Silver Bell 

Mountains by Sawyer (1996), further evidence for emplacement along the pre-Laramide 

Silver Bell Fault of Richard and Courtright (1966), with eastward-trending occurrences 

both intrusive and eruptive in nature. Mine geologists have observed intrusive breccia 

textures in drill core in both the dacite and the El Tiro granite along the contact between 

these two units, further suggesting an intrusive nature for portions of the dacite. 

Claflin Ranch and Silver Bell Formations, sediments and coeval andesite: The 

Claflin Ranch Formation was first described by Richard and Courtright (1959) and is best 

known as a catch-all term for local volcanic units higher in the section, according to 

Watson (1968). The Claflin Ranch Formation is described by Watson (1968) as a 

complex sequence composed of conglomerates, mudflows, landslide blocks, eolian tuffs, 

water-lain tuffs, and pyroclastic layers, typical of andesitic volcano settings. The Claflin 

Ranch Formation can reach up to 1800 feet thick southwest of Ragged Top in the Silver 

Bell Mountains: depositional sequences are represented by thin-bedded sands and chaotic 

landslide-block accumulations (Watson, 1968). The Claflin Ranch Formation is 

intercalated with underlying dacite porphyry in places and the younger Silver Bell 

formation (andesite) in the Silver Bell Mountains and is interbedded with pyroclastics 

and overlies earlier Cretaceous sediments by angular unconformity in the West Silver 

Bell Mountains (Watson, 1968).  

A unit of conglomerate, volcanic breccias and cohesive flows of andesite overlies the 

Claflin Ranch Formation. This unit is referred to as the Silver Bell Formation by Richard 

and Courtright (1959) and the Silver Bell Complex by Watson (1964) and contains clasts 

of andesite and schist, but not Paleozoic rocks. The Claflin Ranch and overlying Silver 
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Bell Formations represent periods of erosion and syn-deposition of local volcanic 

(andesitic) units and predate the deposition of the Mount Lord ignimbrite and the 

emplacement of mineralized quartz monzonite porphyry stocks in the district, as 

indicated by the bedded nature and clast content of these units.  

Multiple occurrences of similar-looking sediments and andesite sequences in the 

region have also come to be known as Silver Bell Andesite and represent mafic facies of 

andesite flows in both the lowest and uppermost portions of the Laramide volcanic 

sequence in the district. Drewes (1971) reports similar lithology in a thick section of the 

Salero Formation in the Santa Rita Mountains, and another, the Williamson Canyon 

volcanics, occurs in the Banner district, (Koski and Cook, 1982). Mizer and Barton (in 

prep.) present a detailed study of these regionally similar volcanic rocks, comparing and 

contrasting through numerous U-Pb ages and geochemical data, with an emphasis on 

their ages with respect to older/contemporaneous sedimentation and local and regional 

porphyry copper mineralization.  

Mount Lord ignimbrite: The Mount Lord Volcanics were originally described by 

Dockter (1977) as containing at least five welded ash flow tuff cooling units with 

interbedded non-welded tuff, water-laid tuff, rhyolitic flow rocks, and coarse, clastic beds 

including buff arkosic sandstone, breccia, and conglomerate. These descriptions provide 

an early presentation of the entire volcanic complex in the district, including volcanic 

rocks in the West Silver Bell and Silver Bell Mountains and are considered herein 

superseded by the more detailed works of Sawyer (1996). Sawyer, based on Dockter’s 

(1977) grouping of volcanic rocks, further refined all of the individual units of the Mount 

Lord Volcanics, distinguishing one ignimbrite as the only unit to retain the designation of 
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Mount Lord. 

This thick, distinct outflow tuff and lithic vitrophere comprises the highest reaches of 

Silver Bell Peak, formerly known to local residents as Mount Lord (Watson, 1964). 

Watson designated this ignimbrite unit as the Mount Lord ignimbrite (tuff) and the term 

Mount Lord is herein used in reference to the ignimbrite and flows of vitric tuff and lithic 

vitrophyre observed on the north end of the West Silver Bell Mountains and on the 

eastern slopes of the Silver Bell Mountains, consistent with descriptions by Sawyer 

(1996). Watson (1964) states that the ignimbrite  interfingers, in places, with flows of 

andesite breccia, and presents strong evidence for local eruptions from a series of fissures 

with a general northwest-southeast arrangement, with one probable point of emission 

being Silver Bell Peak. The ignimbrite is, in places, similar in texture and composition to 

the Cat Mountain rhyolite in the Tucson Mountains, approximately 50 km to the 

southeast. Richard and Courtright (1959) were among the first researchers to equate the 

large outflow tuff at Silver Bell with the Cat Mountain and also noted similar K-Ar age 

relations between the two units.  

Lipman and Fridrich (1990) present additional evidence for the Mount Lord 

ignimbrite as being outflow of Cat Mountain tuff from the Tucson Mountains. A K-Ar 

age of 59.7 Ma for altered K-feldspar from one of the welded tuffs in the Mount Lord 

Volcanics is considered by Mauger et al. (1965, p. 84-85) to represent its minimum age. 

Spencer et al. (2015) report a U-Pb age of 74.7 ± 0.9 Ma on zircons from the Cat 

Mountain tuff in the Tucson Mountains. Correlation of the Mount Lord ignimbrite with 

the Roskruge Volcanics to the south has also been suggested by Hayes (1970). In an 

attempt to resolve the timing (and naming) of the Mount Lord ignimbrite at Silver Bell, 
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one sample (SVB16-29) was collected from the uppermost exposures of Mount Lord east 

of the mine. The Mount Lord ignimbrite may represent the latest episode of volcanic 

activity in the district prior to mineralization and emplacement of the QMP suite of 

stocks. 

Early Laramide intrusive rocks:  

Early volcanic rocks were intruded by several pre-mineral felsic stocks, including the 

El Tiro granite [alaskite] and at least two smaller granitic stocks west and southwest of 

the mine, a series of quartz diorite [syenodiorite] dikes near the Oxide Pit, and a 

granodiorite unit in two locations north and east of the mine in the Silver Bell Mountains. 

El Tiro granite [alaskite]: The alaskite, originally described by Blanchard (1923), is 

a fine- to coarse-grained, bleached (mafic-poor), quartz-feldspar rock with locally intense 

sericitization and kaolinization. The rock generally contains 45% orthoclase, 5 % 

perthite, 5% albite, and 40% quartz with scarce biotite (Kingsbury et al., 1941; Kerr, 

1951; Watson, 1964). Biotite is intensely chloritized in places, particularly in areas 

adjacent to the younger mineralizing QMP suite. Regionally, rocks matching this 

description have commonly been referred to as alaskite, a term which should be more 

accurately applied based on fresh versions of the rock rather than alteration. 

Sawyer (1996) refers to the alaskite as the El Tiro granite, the proposed name for this 

unit herein. New data from drill holes clearly shows the El Tiro granite as a multiphase 

emplacement with considerable textural variation ranging from typical coarse-grained 

granite to aplite and granite porphyry with evident rapakivi textures. One sample of 

alaskite was submitted by ASARCO geologists for U-Pb dating (5BAK, Table 1, U-Pb 

results) from an outcrop west of the main haul road. 
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Granodiorite of the Silver Bell Mountains: East and north of the mine area are two 

large (each 3-5 km2) exposures of bodies of granodiorite originally described by Watson 

(1964). The granodiorite plugs and associated dikes are nearly identical in appearance 

and composition. Watson’s descriptions classify the granodiorite as a tonalite or quartz 

diorite. The rock is dark, porphyritic with feldspars comprising less than 50% of the rock 

and the groundmass containing subequal amounts of feldspar and quartz (Watson, 1964). 

Descriptions of several hand samples obtained in this study more accurately classify this 

rock as a granodiorite. Quartz phenocrysts up to 3 mm in size comprise less than 10% of 

the phenocrysts. White feldspars (plagioclase) are lath-shaped, generally 2 mm in size, 

and can be as large as 5 mm, comprising up to 40-50% total phenocrysts. Pink feldspars 

less than 2 mm comprise less than 20% of the phenocrysts. Mafic minerals include biotite 

and lesser hornblende, making up about 10% of the rock. Epidote and chlorite alteration 

are common, with epidote replacing feldspars and chlorite replacing biotite and 

hornblende. Watson (1964) reports weak copper and lead mineralization associated with 

the granodiorite, though no observations in the field were able to corroborate this claim. 

 One sample of granodiorite was submitted for U-Pb dating at the Arizona 

LaserChron Center (Table 1, U-Pb results). Documented and observed relations of the 

granodiorite with the dacite porphyry, the Claflin Ranch/Silver Bell complex, and the 

Mount Lord ignimbrite are consistent with U-Pb ages obtained in this study. These 

relationships constrain the age of the granodiorite to younger than the Silver Bell 

(andesite) complex and older than the Mount Lord. The granodiorite stocks are intruded 

by dikes of the mineralizing QMP suite, constraining their age and the age of the Mount 

Lord ignimbrite as pre-mineral. 
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Granite of the West Silver Bell Mountains [Mzg of Sawyer, 1996]: In the West 

Silver Bell Mountains occurs a small stock of granite intruding into Paleozoic carbonate 

rocks. The granite is medium-grained, equigranular, and pink in color. Quartz is generally 

1-2 mm, with 1 mm common, comprising up to 25% of the rock. Orthoclase is typically 

1-4 mm, with 2-3 mm common and comprises 20-25% of the rock. Plagioclase makes up 

about 25-30% of the rock and typically presents as 1-2 mm in size. Mafic minerals 

include hornblende with much lesser biotite. Hornblende makes up about 15% of the rock 

and is typically 1-3 mm in size, acicular and felty, and appears to be moderately replaced 

by biotite. Biotite is rare, less than 5% total and appears as possibly secondary 

(hydrothermal) in nature. Magnetite is noticeable in hand sample up to 1 mm in size and 

less than 2% of the rock. Samples of the West Silver Bell granite were collected for U-Pb 

in zircon dating and whole rock analysis (Table 1, U-Pb results) 

Tohono stock [Mzg of Sawyer, 1996]: Adjacent to and overlapping the border 

between BLM land and the Tohono O’Odham Nation west of the mine occur limited 

exposures a small (~ 300m x 300m) felsic stock. The Tohono stock is fine-grained, 

equigranular with subequal components of orthoclase and feldspar up to 2 mm in size. 

Quartz is < 1mm in size makes up less than 25% of the rock. Orthoclase is abundant, up 

to 50% of the rock, typically up to 1 mm in size and plagioclase is typically 25-30% and 

< 1 mm in size. Mafic minerals are rare, but biotite is present up to 1 mm in size. Quartz 

veinlets up to 4 mm wide cut the stock and contain goethite and oxidized sulfide 

mineralization. One sample of quartz diorite dikes was collected and submitted for U-Pb 

in zircon dating (Table 1, U-Pb results). 
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Quartz diorite [syenodiorite] dikes: Dark, mafic dikes and plugs are prominent in 

the southeast portion of the district, particularly in the vicinity of the West Oxide and 

Oxide pits. Graybeal (1982) describes these dikes as cutting the dacite porphyry volcanic 

rocks. The rock is porphyritic, with phenocrysts comprising less than 35% of the rock; 

2% quartz, 15% orthoclase, 70% andesine, and 12% biotite and hornblende (Graybeal, 

1982). The quartz-diorite dikes are oriented east-west in the Oxide Pit area and lie in 

intrusive contact with subsequent quartz monzonite porphyry dikes, which are chilled 

against the syenodiorite dikes (Graybeal, 1982). One sample of quartz diorite dikes was 

collected and submitted for U-Pb in  zircon dating (Table 1, U-Pb results). 

Middle Laramide - quartz monzonite/monzodiorite porphyry - mineralizing suite:  

The Silver Bell Fault trending northwest-southeast across the district was intruded by 

a series of hornblende-biotite quartz monzonite/monzodiorite porphyry (QMP) plutons 

that served as the locus of porphyry copper mineralization and alteration in the district 

(Richard and Courtright, 1966). The QMP stocks occur in six distinct locations in the 

district and mining operations are currently removing material from pits located on these 

stocks, including: Oxide, West Oxide, El Tiro, Daisy, Imperial, North Silver Bell, and 

Twin Tanks (Fig. 2, simplified district map).  

Quartz phenocrysts are generally 1-3 mm in size, comprising up to 20% of the rock, 

typically 15-18%, with generally subequal components of orthoclase and plagioclase up 

to 3 mm. Plagioclase is more abundant in some samples, commonly comprising as much 

as 50-60% of the rock. The QMP suite is generally hornblende and biotite-rich; 

hornblende is typically 1-3 mm in length, acicular, and comprises about 8-15% of the 

rock. Biotite is typically 1-4 mm, with 1 mm being common, and makes up about 1-15% 
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of some of the stocks. The QMP stocks show similar compositions through phenocryst 

size and abundance, but vary in the degree of potassic alteration. Several of the QMP 

stocks are potassically altered, with up to 10% secondary biotite replacing primary biotite 

and hornblende. Generally speaking, the North Silver Bell stock is more biotite-rich than 

the other stocks and the Atlas QMP is biotite-poor, with hornblende being the primary 

mafic mineral, up to 25%, <1mm, acicular. Biotite in the Atlas QMP is altered to 

actinolite with titanite and epidote common.  

Numerous QMP dikes radiate to the east of the exposed stocks and occupy Laramide 

structures, as presented below, and have associate hydrothermal alteration and sulfide 

mineralization. The QMP dikes intrude all of the older rocks east of the mine and are 

subsequently intruded and cut by quartz latite and post-mineral andesite [PMA] dikes. 

Samples of the QMP suite were collected from several localities in the district, mainly 

those stocks shown to be associated with deposits of porphyry copper, and submitted for 

U-Pb dating at the Arizona LaserChron Center (Table 1), locations of the samples taken 

are found in Fig. 2 (simplified district map). 

Early Cenozoic and younger volcanic rocks:  

The district is overlain by mid-Cenozoic volcanic rocks approximately 700 meters 

thick and accompanying dikes (Watson, 1964 and Richard and Courtright, 1966). 

Cenozoic (Eocene and younger) rocks are observed cutting mineralization and post-

mineralization andesite [PMA] dikes represent the last intrusive activity in the area of 

mineralization. One quartz latite dike east of the mine was sampled for U-Pb dating 

(SVB17-17). Cenozoic volcanics display moderate tilting due to post-Cenozoic extension 

and faulting. 
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APPENDIX L: FIGURES FOR APPENDIX C - GEOLOGY OF THE CERRO 

COLORADO DISTRICT, PIMA COUNTY, ARIZONA  



550 

  

 

FIGURE CAPTIONS: 

Figure 1: Location of the Cerro Colorado district.  
Figure 2: Geographic locations of the Cerro Colorado, Las Guijas, and Oro Blanco 

districts and some notable mines in the region. 
Figure 3: Regional setting of southwestern North America showing significant porphyry 

copper districts and location of research area. 
Figure 4: Jones (UA M.S. 1957) at ruins of the mining camp at the Heintzelman Mine, 

1956. 
Figure 5: Distribution of KT (Laramide) volcanic rocks in southwestern North America. 
Figure 6: QAP plot of Cerro Colorado samples in Tables 3 and 4. 
Figure 7: TAS plot of Cerro Colorado samples from Tables 3 and 4. 
Figure 8: Stratigraphic column of the Cerro Colorado district. 
Figure 9: Durazno granite (Jgd) from northeastern flanks of the Las Guijas Mountains. A 

= fresh biotite-granite, B = muscovite-altered granite, and C = ‘alaskite’ facies. 
Figure 10: Cradle granite (Jgc) commonly contains mafic xenoliths. 
Figure 11: Jurassic rhyolite at Cerro Colorado: A = Jva, B = Jvℓ, C = Jv1, D = Jv2, E = 

Jv3, F = Jv4. 
Figure 12: Jv3 lower flow breccia, east slope of Cerro Colorado Hill. 
Figure 13: Bedded Jv3 at the top of Cerro Colorado Hill. 
Figure 14: CCD14-205 (Jv4) – note oxidized sulfide veining on surface (left) and f.g. 

textures and oxidization on right. 
Figure 15: Jurassic sandstone lens (bottom left), rhyolite Jv4 (bottom right), and 

‘sandstone’ unit from Sierrita open pit mine (top). 
Figure 16: Jurassic trachy-dacite (CCD15-18 and CCD15-40) north of Cyanide prospects 

– top image displays plagioclase-hornblende facies with minor flow banding 
present, lower image is weathered surface of same rock with foliation and 
directional fiamme. 

Figure 17: Jurassic granite plug (Jg2) south of Cradle Tank. 
Figure 18: Glance Conglomerate at Cerro Colorado – top images display rounded 

quartzite clasts, lower images display sub-rounded to angular clasts of quartzite 
and distal Jurassic andesite. Close comparisons of clasts with Las Guijas andesite 
show clasts in the conglomerate to contain minor sub-mm quartz phenocrysts, 
inconsistent with the Las Guijas andesite. 

Figure 19: Intensely altered Glance Conglomerate northwest of Rancho Seco. 
Figure 20: Bisbee Group shale beds south of Montaño Ranch. Hammer for scale. 
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Figure 21: Bedding cleavage in beds of Bisbee Group shale. Pencil for scale. 
Figure 22: Limestone beds near Black Princess Mine with large clasts of ‘quartzite’ 

altered Jurassic rhyolite in bedding. 
Figure 23: Early Laramide conglomerate (Kc) striking S60°E, dipping 20°. 
Figure 24: Shallowly dipping beds of conglomerate (Kc) composed exclusively of Las 

Guijas andesite interfingering with Black Princess Limestone. 
Figure 25: Strike and dip attitudes on conglomerate unit (Kc), gently dipping and 

generally radiating away from the central New Colorado Hills. 
Figure 26: Flow-banded andesite breccia above limestone near Black Princess Hill. 
Figure 27: Las Guijas andesite (Kal) – Representative samples of the variation in andesite 

flows in the Cerro Colorado district; A = flow breccia with epidote alteration, B = 
flow breccia with moderate clay/hematite alteration, C = flow breccia with 
moderate alteration of feldspars to clay/sericite, D = plagioclase-biotite-
hornblende facies, E = plagioclase-biotite-hornblende facies, F = pyroxene-
hornblende-plagioclase facies. 

Figure 28: Las Guijas andesite (Kal) – apparent bedding in flows south of Main Clark 
workings. 

Figure 29: Schematic representation of depositional and intrusive relationships between 
older Las Guijas andesite (Kal), younger, undifferentiated andesite (Kau), and 
hornblende-granodiorite dikes in the north and western portions of the district. 

Figure 30: Fine-grained biotite granodiorite (75.5 Ma) northwest of Rancho Seco (Kgd), 
K-Ca stained slabs on the right. A and B show disseminated, fine-grained 
secondary biotite (yellow). C and D display Ca-alteration (red) with epidote 
veinlets with Na fsp envelopes. E and F display K-alteration and 1 cm granite 
veins intruding from Liberty granite. 

Figure 31: New Colorado quartz diorite, New Colorado Hills (Knc), east of Mary G 
Mine. Top image sample CCD17-07, submitted for U-Pb dating: Bottom image is 
typical quartz diorite found on top of New Colorado Hills. 

Figure 32: Comparing New Colorado quartz diorite (Knc) (CCD17-07) (top), Ruby 
diorite (middle), and diorite taken at the Warsaw Mine (bottom) of the Oro 
Blanco district. 

Figure 33: Liberty granite (Kgl) (top) and granite veins intruding andesite (Kai) (bottom). 
Figure 34: Hornblende quartz monzonite (Kqm): various facies northwest of Rancho 

Seco. Xenoliths in E are dark, hornblende-plagioclase andesite. 
Figure 35: Rhyolite dikes (Kr) found in the northern portions of the Cerro Colorado 

district. B contains oxidized pyrite cubes up to 1 cm in places, D and E display 
strong flow-banding, typical of the dikes in outcrop. 

Figure 36: Varieties of hornblende- and biotite- granodiorite dikes (Kmd) found across 
Cerro Colorado (C = 74.4 Ma). B represents megacrystic biotite-orthoclase dikes. 
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Figure 37: Hornblende-granodiorite dikes and plugs (Kgd2) southwest of Montaño 
Ranch. 

Figure 38: Megacrystic hornblende (Kh) andesite plugs and dikes at Cerro Colorado. 
Figure 39: Warsaw quartz monzonite of Knight (1970), closely resembles Durazno 

granite and Cradle granite in the Cerro Colorado district. 
Figure 40: Blue Ribbon andesite southeast of the town of Ruby. U-Pb in apatite age: 84.9 

± 8.6 Ma. 
Figure 41: Various facies of Sidewinder quartz monzonite in the Oro Blanco district: A = 

OBD16-01 (U-Pb age: 76.9 Ma), B and C are from the Tres Amigos Mine in 
Warsaw Canyon. D, E, and F are from the Hilltop Mine. E is younger granodiorite 
(U-Pb age: 28.5 Ma). 

Figure 42: Granodiorite in the Oro Blanco district: OBD16-12 (28.5 Ma) taken at the Oro 
Blanco Mine and RBY16-04 taken in the town of Ruby near the Montana Mine. 

Figure 43: Bedded lithic tuff (Tertiary) at base of Cerro Colorado Mountains. Rock 
hammer for scale. 

Figure 44: Small-volume basaltic intrusions at Cerro Colorado. 
Figure 45: Simplified geologic map of the Cerro Colorado district. Pre-Laramide faults 

(dashed) repeating sections of Jurassic volcanic and sedimentary rocks. 
Figure 46: Jurassic faulting in the Cerro Colorado district. A: Jurassic intrusive and 

volcanic rocks, cut by 1st gen. normal faults. B: rotation of late Jurassic 1st gen. 
faults. C: pre-Cretaceous 2nd gen. normal faults. D: rotation and extreme 
extension in eastern portions of the district, moderate extension in the west: early 
Cretaceous erosional surface. E: additional extension, eastern portions of the 
district, additional erosion, deposition of Bisbee Group sediments. F: Laramide 
intrusions and lava. G: Tertiary volcanism, modern surface. 

Figure 47: Alteration map of the Cerro Colorado district. Cht = chlorite, Ep = epidote, 
Hem = hematite (typically after oxidized sulfides). 

Figure 48: Typical epidotized andesite, breccia facies, with native copper mineralization. 
Scale of white board is 15 cm. 

Figure 49: Hand samples of Epidotized andesite. A displays zoning of intense propylitic 
alteration on a small scale. B and C are quartz veins and silica replacement zones, 
D displays strong silicification and relict flow breccia textures. 

Figure 50: Typical qz-cal-tetrahedrite (Ag) veins in the Cerro Colorado district. 
Figure 51: Samples of native and oxide copper in epidote, Las Guijas andesite, eastern 

Fernstrom Hills. 
Figure 52: Varieties of Ag-base metal vein outcrops in the Cerro Colorado district. 

Hammer for scale, white board is 15 cm.  
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FIGURES: 

 

Figure 1: Location of the Cerro Colorado district.  
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Figure 2: Geographic locations of the Cerro Colorado, Las Guijas, and Oro Blanco 
districts and some notable mines in the region.  
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Figure 3: Regional setting of southwestern North America showing significant porphyry 
copper districts and location of research area. 
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Figure 4: Jones (UA M.S. 1957) at ruins of the mining camp at the Heintzelman Mine, 
1956. 
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Figure 5: Distribution of KT (Laramide) volcanic rocks in southwestern North America.  
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Figure 6: QAP plot of Cerro Colorado samples in Tables 3 and 4.  
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Figure 7: TAS plot of Cerro Colorado samples from Tables 3 and 4. 
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Figure 8: Stratigraphic column of the Cerro Colorado district. 
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Figure 9: Durazno granite (Jgd) from northeastern flanks of the Las Guijas Mountains. A 
= fresh biotite-granite, B = muscovite-altered granite, and C = ‘alaskite’ facies. 
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Figure 10: Cradle granite (Jgc) commonly contains mafic xenoliths.  
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Figure 11: Jurassic rhyolite at Cerro Colorado: A = Jva, B = Jvℓ, C = Jv1, D = Jv2, E = 
Jv3, F = Jv4. 
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Figure 12: Jv3 lower flow breccia, east slope of Cerro Colorado Hill. 
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Figure 13: Bedded Jv3 at the top of Cerro Colorado Hill.  
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Figure 14: CCD14-205 (Jv4) – note oxidized sulfide veining on surface (left) and f.g. 
textures and oxidization on right.  
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Figure 15: Jurassic sandstone lens (bottom left), rhyolite Jv4 (bottom right), and 
‘sandstone’ unit from Sierrita open pit mine (top). 
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Figure 16: Jurassic trachy-dacite (CCD15-18 and CCD15-40) north of Cyanide prospects 
– top image displays plagioclase-hornblende facies with minor flow banding present, 
lower image is weathered surface of same rock with foliation and directional fiamme.  



569 

  

 

 

Figure 17: Jurassic granite plug (Jg2) south of Cradle Tank. 

1 
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Figure 18: Glance Conglomerate at Cerro Colorado – top images display rounded 
quartzite clasts, lower images display sub-rounded to angular clasts of quartzite and distal 
Jurassic andesite. Close comparisons of clasts with Las Guijas andesite show clasts in the 

conglomerate to contain minor sub-mm quartz phenocrysts, inconsistent with the Las 
Guijas andesite. 
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Figure 19: Intensely altered Glance Conglomerate northwest of Rancho Seco.  
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Figure 20: Bisbee Group shale beds south of Montaño Ranch. Hammer for scale.  
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Figure 21: Bedding cleavage in beds of Bisbee Group shale. Pencil for scale.  
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Figure 22: Limestone beds near Black Princess Mine with large clasts of ‘quartzite’ 
altered Jurassic rhyolite in bedding.  
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Figure 23: Early Laramide conglomerate (Kc) striking S60°E, dipping 20°. 
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Figure 24: Shallowly dipping beds of conglomerate (Kc) composed exclusively of Las 
Guijas andesite interfingering with Black Princess Limestone. 
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Figure 25: Strike and dip attitudes on conglomerate unit (Kc), gently dipping and 
generally radiating away from the central New Colorado Hills. 
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Figure 26: Flow-banded andesite breccia above limestone near Black Princess Hill. 
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Figure 27: Las Guijas andesite (Kal) – Representative samples of the variation in andesite 
flows in the Cerro Colorado district; A = flow breccia with epidote alteration, B = flow 

breccia with moderate clay/hematite alteration, C = flow breccia with moderate alteration 
of feldspars to clay/sericite, D = plagioclase-biotite-hornblende facies, E = plagioclase-

biotite-hornblende facies, F = pyroxene-hornblende-plagioclase facies.  
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Figure 28: Las Guijas andesite (Kal) – apparent bedding in flows south of Main Clark 
workings.  
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Figure 29: Schematic representation of depositional and intrusive relationships between 
older Las Guijas andesite (Kal), younger, undifferentiated andesite (Kau), and 
hornblende-granodiorite dikes in the north and western portions of the district. 
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Figure 30: Fine-grained biotite granodiorite (75.5 Ma) northwest of Rancho Seco (Kgd), 
K-Ca stained slabs on the right. A and B show disseminated, fine-grained secondary 

biotite (yellow). C and D display Ca-alteration (red) with epidote veinlets with Na fsp 
envelopes. E and F display K-alteration and 1 cm granite veins intruding from Liberty 

granite. 
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Figure 31: New Colorado quartz diorite, New Colorado Hills (Knc), east of Mary G 
Mine. Top image sample CCD17-07, submitted for U-Pb dating: Bottom image is typical 

quartz diorite found on top of New Colorado Hills. 
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Figure 32: Comparing New Colorado quartz diorite (Knc) (CCD17-07) (top), Ruby 
diorite (middle), and diorite taken at the Warsaw Mine (bottom) of the Oro Blanco 

district.  
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Figure 33: Liberty granite (Kgl) (top) and granite veins intruding andesite (Kai) (bottom). 
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Figure 34: Hornblende quartz monzonite (Kqm): various facies northwest of Rancho 
Seco. Xenoliths in E are dark, hornblende-plagioclase andesite. 
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Figure 35: Rhyolite dikes (Kr) found in the northern portions of the Cerro Colorado 
district. B contains oxidized pyrite cubes up to 1 cm in places, D and E display strong 

flow-banding, typical of the dikes in outcrop.  
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Figure 36: Varieties of hornblende- and biotite- granodiorite dikes (Kmd) found across 
Cerro Colorado (C = 74.4 Ma). B represents megacrystic biotite-orthoclase dikes. 
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Figure 37: Hornblende-granodiorite dikes and plugs (Kgd2) southwest of Montaño 
Ranch. 
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Figure 38: Megacrystic hornblende (Kh) andesite plugs and dikes at Cerro Colorado. 
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Figure 39: Warsaw quartz monzonite of Knight (1970), closely resembles Durazno 
granite and Cradle granite in the Cerro Colorado district.  
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Figure 40: Blue Ribbon andesite southeast of the town of Ruby. U-Pb in apatite age: 84.9 
± 8.6 Ma.  
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Figure 41: Various facies of Sidewinder quartz monzonite in the Oro Blanco district: A = 
OBD16-01 (U-Pb age: 76.9 Ma), B and C are from the Tres Amigos Mine in Warsaw 
Canyon. D, E, and F are from the Hilltop Mine. E is younger granodiorite (U-Pb age: 

28.5 Ma). 
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Figure 42: Granodiorite in the Oro Blanco district: OBD16-12 (28.5 Ma) taken at the Oro 
Blanco Mine and RBY16-04 taken in the town of Ruby near the Montana Mine.  
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Figure 43: Bedded lithic tuff (Tertiary) at base of Cerro Colorado Mountains. Rock 
hammer for scale.  
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Figure 44: Small-volume basaltic intrusions at Cerro Colorado.  
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Figure 45: Simplified geologic map of the Cerro Colorado district. Pre-Laramide faults 
(dashed) repeating sections of Jurassic volcanic and sedimentary rocks. 
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Figure 46: Jurassic faulting in the Cerro Colorado district. A: Jurassic intrusive and 
volcanic rocks, cut by 1st gen. normal faults. B: rotation of late Jurassic 1st gen. faults. C: 

pre-Cretaceous 2nd gen. normal faults. D: rotation and extreme extension in eastern 
portions of the district, moderate extension in the west: early Cretaceous erosional 
surface. E: additional extension, eastern portions of the district, additional erosion, 
deposition of Bisbee Group sediments. F: Laramide intrusions and lava. G: Tertiary 

volcanism, modern surface. 
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Figure 47: Alteration map of the Cerro Colorado district. Cht = chlorite, Ep = epidote, Hem = hematite (typically after oxidized 
sulfides). 
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Figure 48: Typical epidotized andesite, breccia facies, with native copper mineralization. 
Scale of white board is 15 cm.  
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Figure 49: Hand samples of Epidotized andesite. A displays zoning of intense propylitic 
alteration on a small scale. B and C are quartz veins and silica replacement zones, D 

displays strong silicification and relict flow breccia textures.  
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Figure 50: Typical qz-cal-tetrahedrite (Ag) veins in the Cerro Colorado district. 
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Figure 51: Samples of native and oxide copper in epidote, Las Guijas andesite, eastern 
Fernstrom Hills.   
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Figure 52: Varieties of Ag-base metal vein outcrops in the Cerro Colorado district. 
Hammer for scale, white board is 15 cm.  
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APPENDIX M: U-PB CONCORDIA AND MEAN AGE PLOTS FOR SAMPLES IN 

THE CERRO COLORADO AND ORO BLANCO DISTRICTS  



606 

 

 

FIGURE CAPTIONS: 

Figure 1: Mean and concordia age plots for Cerro Colorado samples: CCD14-94, 
CCD14-197, CCD16-21, and CCD14-204 

Figure 2: Mean and concordia age plots for Cerro Colorado samples: CCD14-205, 
CCD16-04, and CCD16-03 

Figure 3: Mean and concordia age plots for CCD samples: CCD17-03, CCD17-07, 
OBD16-01, RBY16-01, and OBD16-02 

Figure 4: Mean age plot for CCD15-50 (biotite-granodiorite Kgd) 
Figure 5: Mean age plot for inheritnce in biotite-granodiorite  
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Figure 1: Mean and concordia age plots for Cerro Colorado samples: CCD14-94, 
CCD14-197, CCD16-21, and CCD14-204. 
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Figure 2: Mean and concordia age plots for Cerro Colorado samples: CCD14-205, 
CCD16-04, and CCD16-03. 
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Figure 3: Mean and concordia age plots for CCD samples: CCD17-03, CCD17-07, 
OBD16-01, RBY16-01, and OBD16-02. 
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Figure 4: Mean age plot for CCD15-50 (biotite-granodiorite Kgd) 
 

 

Figure 5: Mean age plot for inheritnce in biotite-granodiorite  
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APPENDIX N: CERRO COLORADO MINING DISTRICT NOTES AND HISTORY  
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Cerro Colorado Mining District Notes 

By 

Glynn A. Burkhardt 

(Edited by Robert A. Metz, Tri-Holding Mineral Corp., January, 2017) 

Editor’s note:  These notes were compiled by Mr. Burkhardt, our dear friend and 

associate in TMHC and predecessors, from his recollections of the district while working 

in the area with his father, Glynn G. Burkhardt and literally growing up there for virtually 

half a century before his untimely passing on January 31, 2017. While the reader may 

tend to regard them as “hearsay”, those who knew him well can attest to his remarkable 

total recall memory and the accuracy of the information which follows. His self-taught 

knowledge of mineralogy, geology, mining, engineering and mining equipment were 

truly exceptional and the envy of many. 

Silver Queen Mine (a.k.a. Cerro Colorado Mine, Heintzelman Mine) 

This world-famous mine was operated intermittently from the mid-1880s to the 

1960s. Harry Lehman was the last operator from about 1956-1963. He and his crew 

mined about 40 tons of ore per day to feed the mill located next to the mine. The ore 

assayed 20-600 Troy ounces per short ton (opt) Ag. The mine was closed due to heavy 

ground and the expense to hold it. Mill feed of the Silver Queen ore was supplemented by 

that from the Idaho Mine (a.k.a. Arizona Mine} near the ghost town of Ruby, located 

about 20 miles south by road. There is still a pile of this ore on the top of the hill 

northeast of the old mill site. In the late 1970s and early 1980,s there were at least 11 

shafts at the Silver Queen Patent as well as several old smelters. These were bulldozed in 

by the current rancher in the mid-80s and the shafts filled. 
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South Clark Mine 

Walter Bopp operated this property during the 1950s through 1960s. He reportedly 

mined ore grading over 1,000 opt/Ag from two levels. His stepsons tortured him for the 

doré/bullion and reportedly stole $1,000,000 in silver from him in about 1981 (Arizona 

Daily Star). Recent assays of samples taken by Great Panther Silver, Limited, and 

Sterling Mining from the south wall of the cut at the shaft collar gave returns of over 400 

opt/Ag on one and over 500 opt/Ag on the other. 

Colorado Clark (a.k.a. Main Clark) Mine 

Harold Worsley mined here in the 1950s and 1960s. The ore reportedly assayed from 

50-250 opt/Ag. Over 1,000 tons were shipped to smelters. The current mine dump of 10-

12 thousand tons when sampled gave returns of from 3 opt/Ag to a high of 118 opt/Ag. 

These were bulk samples and thirty-pound samples taken from back hoe cuts (see 

proprietary report by Nicholas R. Barr). Numerous other cuts and shafts in the local area 

exhibit silver mineralization in different veins. To the west in the wash is a large shear 

zone 400-500 feet across that shows a high degree of alteration and numerous veins. 

North Clark Mine 

This property was mined by unknown operators in the 1950s and 1960s. Numerous 

shallow shafts are evident in this locale with several showing good silver (and copper) 

mineralization around the collars, dumps and several exposed veins. The ore was shipped 

for smelter flux. Private assays gave returns of from 50 to over 200 opt/Ag. Mining 

halted as silica content was seen to continue to drop even though silver values increased 

(Henry Jarvis, personal communication).  



614 

 

 

Waterman Mine 

Henry Worsley owned this property and did minor mining in the 1950s. Battle Ax 

Mining last attempted to operate it in the middle 80s, but that turned into what appeared 

to be a scam. They blasted open a trench 10-12 feet wide and 150 feet or so long. In the 

late 90s a mining group went in and attempted to process the high-grade ore they mined 

on tables and recover the precious metals with a thiourea-based solution. The operation 

was a failure as the highest grade ore carried large amounts of manganese which fouled 

the solution. A portion of the vein not recovered consists mainly of silver chloride 6-8 

inches in width that runs about 2,000 opt/Ag. 

Mary G (a.k.a. Mary E) Mine 

Henry Worsley operated this mine during the 1930s through the 1970s. The ore 

produced was high grade that ran 150 to over 500 opt/Ag. It was mined on three levels 

following an ore shoot in the 10-40-foot wide vein structure/shear. Ore was shipped to 

various smelters in 5- to 10-ton lots with very high-grade ore being shipped to an assayer 

in Nogales.  

New Colorado Mines (a.k.a. “Walapi”, Nuevo Colorado) 

Henry Worsley held these as part of the Mary G Claim Group until his death. The 

main shafts on the west side of the wash produced several thousand tons of ore that ran 

up to 120 opt/Ag. Evidence of a settlement still exists. In the early 1980s JVC Mining, 

with the Burkhardts’ supervision, removed about 4000 tons of the mine dumps and 

transported it to the La Colorada Heap Leach Site. The ore ran from 3-10 opt/Ag. The 

“Walapi" Mines" on the east side of the wash have several adits and shafts as well. 

Phelps Dodge Mining Company exploration personnel took a sample from a cut up on the 
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hill to the east that assayed about 10 opt/Ag and 0.2 opt/Au across 10-12 feet of vein. 

They asked us {Burkhardts} to mine it for smelter flux. 

Liberty Mine 

This property had not been owned or operated for many years until claimed by the 

Burkhardts in the late 1990s. At the Liberty Group there is evidence of a small settlement 

and schoolhouse for the miners. Ore reportedly ran over 100 opt/Ag with good gold 

values. Phelps Dodge drilled several holes in the area in the 1980s and reportedly found 

evidence of a porphyry copper system. 

Silver Hill Mines 

These were most recently owned by Walter Bopp. They were last mined by Leroy 

Grant and a partner in the mid-1980s. Material from several dumps was sent to a smelter 

as flux. Over 1,000 tons assayed up to 40 opt/Ag. Most of that came from a dump on the 

north side of the hill. The Silver Hill Mine West has a 3600-ton dump that assays up to 

35 opt/Ag. The Silver Hill Mine East vein is 10-78 inches wide and assays from 80 to 

120 opt/Ag. The area is covered with numerous pits and shafts. 

Silver Shield Mine (a.k.a. Water Shaft) 

Former owners and operators of this mine are unknown, it was being mined in the 

1950s and 60s by a Mexican family. The shaft is about 200 feet deep with at least three 

levels. The ore assayed up to 1500 opt/Ag. A small smelter was on site and the ash bed is 

still quite visible.  About 500-1000 tons of lower-grade ore produced were being sent to a 

Nogales assayer with a mill. The Burkhardts pumped water from the shaft in the early 

1980s and were able to access the first level drift and stope. It is estimated that some 500-

1000 tons of lower grade ore remain in that stope .There is another bridged shaft just to 
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the west that was never reopened. 

"Decline Shaft" 

The former owners and operators of this mine are also unknown. Located about 400 

yards north of the Silver Shield, this shaft shows visible mineralization with a dump that 

assayed up to 5 opt/Ag. The dump was removed as part of a leach project in the early 

1980s. There are numerous workings in the rea showing Ag/Cu mineralization, said to be 

on the E-W trending Silver Queen vein. A large intersection is visible in the road to the 

west-southwest. An air-track drill in the wash just to the east intersected several feet of 

vein that assayed 22 opt/Ag. Michael Sheets, geologist with Caithness Mining 

Corporation, mapped and sampled the area in the 1980s as per his report. 

"Old Cyanide Mine" 

Names of the historic owner-operators are unknown, but a husband and wife 

operated it in the 1930s. The main workings consist of a shaft with an adit and winze. 

Also visible are foundations cut for the installation of cyanide solution tanks which, 

apparently, were never used. The veins showed high-silica ore(?) with visible Ag 

mineralization in a vein that can be followed for several hundred feet to the east. 

Numerous other veins are visible crossing the road that leads into the area from the south.  
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APPENDIX O: GEOLOGIC MAP OF THE SILVER BELL DISTRICT  
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Explanation and descriptions of units

Yg - Oracle/Ruin granite

Xs - Pinal Schist

Mzsv - Mesozoic sedimentary and volcanic rocks, undivided; contains 
clasts of purple andesite, sandstone, sedimentary matrix, likely early 
Laramide volcanic activity, U-Pb age of 202.9 Ma *J likely represents 
inherited Jurassic zircons
Mzr - Mesozoic rhyolitic volcanic rocks; pink to white, flows and 
intrusions primarily found in the West Silver Bell Mts. 

Keg - El Tiro granite (alaskite of early researchers), medium to coarse-
grained granite containing up to 40% qz, 25-40 % pink feldspar, 15-20% 
white feldspar and abundant biotite, commonly chloritized. 74.9 Ma *1

Kgp - Granodiorite porphyry of Watson (1964); greyish-green with white 
feldspars up to 4mm, occurs in two distinct bodies north and associated 
dikes in the northern and southeastern  Silver Bell Mts. Chlorite and epidote 
alteration common, especially in the southeast body. 74.2 Ma *4

Kqp - Quartz monzonodiorite porphyry (QMP) mineralizing suite; includes 
Kqp and some Kmp units of Watson (1964); plutons, stocks, and dikes of 
slightly variable compositions in the Silver Bell Mts. Contains subequal 
amounts of plagioclase and orthoclase with subordinate quartz, biotite, and 
hornblnde. Ages range from 65.5 Ma to 64.1 Ma *9, 10, 11, 12, 13, 14, 15, 17**

Descriptions are largely adapted from Sawyer (1996), Watson (1964), and
Richard et al. (2000). Descriptions of units have been corraborated through
reconnaissance mapping, hand sample descriptions, and thin sections.

       - Recreation Red Beds; sedimentary units of early Mesozoic age, includes 
unidvided conglomerates and siltstones, known locally as “Village Red Beds” 
and breccia and conglomerate of  Richard et al. (2000), Glance Conglomerate 
equivalent

JT sR

Ka - Sandstone units stratigraphically above underlying Red Beds; Amole 
arkose-equivalent units Ka of Sawyer (1996) and KJp1, KJp1, and KJsu 
units of Richard et. al (2000)

Kw - Wild Hog orthoclase quartz monzodiorite porphyry of Sawyer (1996);
Post-mineral? intrusions of megacrystic QMP that appears to cut all Late
Cretaceous units. 64.1 Ma *16 

Ta - Andesite; lava flows, breccia, and related minor intrusions, 
   conformably overlie Cretaceous volcanic rocks.

Tlp - Ragged Top rhyolite dome and dikes. Proposed by
   Watson (1964) to be intrusive andesite in nature, emplaced along 
   the Ragged Top fault

Tb - Alkalic basalt flows southwest of the mine area, contains 
   olivine-rich vesicular lava flows and cinders.

TKdi - Intermediate-composition hypabyssal intrusive rocks found 
   in the eastern-most portions of the map.

TKf - Crystal poor felsic rocks, dark greenish grey vitric to light gray 
   aphanitic matrix with rare feldspars.

Tr - Rhyolite and quartz latite dikes of Sawyer (1996) (Tr), Watson (1964) (Tql), and 
Kingsbury et al. (1941) and (Tri) intrusions of Richard et al. (2000); flow-banded, 
crystal-poor rhyolite. 25.5 Ma *18

Qal - Alluvium, unidfferentiated; includes Tsy and all other Q and 
   T sedimentary units of Watson (1964), Sawyer (1996) (except Tso), and 
   Richard et al. (2000).

Kdp - Dacite porphyry; Kpi of Sawyer (1996), lithic-rich low-silica rhyolite, 
welded ash flow. Proposed by early researchers to be intrusive in nature, 
particularly along margins of Keg in places 74.9 and 74.7 Ma *2 and *3

Kps - Sedimentary rocks; mappable sedimentary rock interfingering with
and below outflow tuff in West Silver Bell Mts.

Tai - Intrusive dikes of andesite (Sawyer, 1996) contemperanously emplaced
with quartz latite and rhyolite dikes of Watson (1964) and Kingsbury et al. (1941)

* U-Pb in zircon age of accompanying report

Kpo - Outflow tuff; non-welded ash-flow and air-fall deposits of the 
West Silver Bell Mts., correlative to Kdp temporally, approx. 250m thick

** Re-Os on molybdenite from El Tiro QMP 

North

Areas of disturbance due to mining activity (2017), including roads, 
stockpiles, buildings, structures, and tailings, much of which postdates areas 
investigated by previous researchers.

Ya - Apache Group metasediments, undivided, regionally conformably 
overlie older granitic and metasedimentary rocks, notably absent in the 
Waterman Mountains

Yd - diabase

Pzl - Paleozoic rocks (lower): Cambrian Bolsa and Abrigo formations, 
dominantly quartzite and sandstone units found regionally

Pzc - Paleozoic carbonate rocks, undivided; Devonian Martin (Dm), 
Misissippian Escabrosa (Me), and Penn. Horquilla/Permian (Pcn) through 
Permian Rain Valley formations

Kml - Mount Lord volcanic suite and ignimbrite (Kcw of Sawyer, 1996),
proposed by researchers to be Cat Mountain equivalent of low-silica ryolite
ash flow tuff in the Tucson Mts. Lithic-rich vitric tuff  found in the West 
Silver Bell and Silver Bell Mountains. 73.9 Ma *5

Kmp - monzodiorite/quartz monzodiorite [syenodiorite] dikes
Kmp of Sawyer (1996); grey and olive grey dikes with abundant 
plagioclase, low quartz.  72.2 Ma *6

Mzg - Mesozoic granitic intrusive rocks, West Silver Bell Mts.; 
includes stocks dated at 72.1 Ma and 71.8 Ma *7 and *8

Kmlt - Uppermost Mount Lord volcanic ash flow tuff, identified by 
   Watson (1964) and Sawyer (1996) (Kcu) as a separate, but related unit 
   of the Mount Lord ignimbrite

Kcr - Claflin Ranch Formation; sedimentary rocks deposited on top of Kpi, 
consits of debris flows, volcaniclastic sediments, and subordinate pyroclastic 
fall-out and flow deposits. Clasts are dominantly dacite porphyry (Kpi)

Ksv - Volcaniclastic sedimentary rocks; matrix-supported debris flows and 
mud flow deposits with >50% matrix and some bedded fine-grained 
andesitic sandstones and thin-bedded mucflow deposits

Ksd - dacite domes and lava; flow-layered quartz-bearing porphyrytic dacite, 
local exposures

Ksa - andesite/dacite lava flows and breccia of porphyritic to aphanitic 
textures with cohesive and breccia flows complexly distributed with 
flow breccia facies

Kdi - diorite; small plutons cutting Mesozoic sedimentary and volcanic rocks 
in the West Silver Bell Mts.

Kcl - Lower rhyolite ash-flow tuff of Kml (Mt. Lord ignimbrite), in places
complexly intercalated with andesite (Ksa)

Ksb - andesite breccia lense; thin but widely distributed, distinguashable
lens of debris flow deposits interfingered with Mount Lord volcanics. 
Containsclasts of underlying andesite and dacite, contains injected tuff in
dilant fractures in breccia facies

Kms - Sedimentary rocks, volcaniclastic sandstone, breccia, and 
   conglomerate above Kml and interbedded with overlying rhyolite lava 
   flows, West Silver Bell Mts.

Kmr - Rhyolite; flow-layered, crystal-poor lava flows
   in the West Silver Bell Mountains

Kmd - Dacite flows and breccias interbedded with other post-Kml units. 
   Proposed by Sawyer (1996) to be youngest Cretaceous volcanic rocks 
   in the West Silver Bell Mountains.

Tso - Older conglomerate, early Tertiary, of Sawyer (1996), possibly as old as 
Paleocene, overlain by younger Tertiary volcanic rocks (Pantano Formation of 
Anderson (1989) or Whitetail-equivalent? of Peterson, 1962).
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APPENDIX P: GEOLOGIC MAP OF THE CERRO COLORADO DISTRICT  
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Error (m.y.) Inheritance
CCD16-04 475514 3506118 175.5 2.6 Jurassic granite from Cradle Tank area (Jgc)
CCD16-03 475285 3503774 173.0 2.1 Jv1 from east side of Cerro Colorado Hill

CCD14-205 470379 3504813 170.5 2.7 Jv4 (upper rhyolite) taken stratigraphically below upper 
Jc unit, northeast of Mary G

CCD16-21 475199 3505084 170.3 2.5 granite Jg2 - Cradle Tank area

CCD14-197 473044 3501681 78.7 0.6 176 Ma purple andesite of Las Guijas, taken just north of South 
Clark workings (Kal)

CCD14-94 471222 3506159 75.6 0.5 fine-grained biotite granodiorite (Kgd), taken northwest 
of Rancho Seco

CCD15-50 470644 350479 75.5 0.7 fine-grained biotite granodiorite, intrudes New 
Colorado diorite north of New Colorado mine group

CCD17-07 470694 3503775 75.3 1.1 1450 Ma New Colorado diorite from Waterman mine area (Knc)

CCD14-204 471351 3506072 74.8 0.4 biotite-orthoclase dike northwest of Rancho Seco 
(Kmd)

CCD17-03 464194 3503113 74.4 1 1400 Ma granodiorite plug southwest of Montaño Ranch, similar 
to dikes in the district (Kgd)

RBY16-01 477866 3480020 84.9 8.6

Ruby, southeast of the town site: purplish-grey andesite 
overlain by lithic rhyolite tuff that is believed to be the 
basal unit of Tertiary volcanics. NO zircons from this 

sample., U-Pb in apatite analysis at Arizona 
LaserChron

OBD16-01 474467 3481465 76.9 1.1
Oro Blanco district Sidewinder hornblende-quartz monz. 

mineralizers for Ag-base metal veins in district, 

OBD16-02 28.5 0.9

Oro Blanco district, granodiorite, 
described by Knight (1970) as late and observed to 

have eruptive components at the Ruby town site

Notes
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3: OBD16-02 - granodiorite - Oro Blanco granodiorite

7: CCD14-94 - fine-grained biotite granodiorite

4: CCD15-16 - granodiorite dikes (Kmd)

9: CCD15-50 - fine-grained biotite granodiorite

2: CCD16-04 - granodiorite - Cradle Hills granite (Jgd)
1: CCD16-21 - granite - Cradle Tank area (Jg2)

8: OBD16-01 - hornblende quartz monzodiorite dikes

5: RBY16-03 - granodiorite - Ruby diorite
6: CCD-TANK - granodiorite dikes (Kmd)

1 2
34 5

6 7
8 9

CCD16-04 475514 3506118 Jurassic granite from Cradle Tank area (Jgc)
CCD16-21 475199 3505084 granite Jg2 - Cradle Tank area
CCD15-16 468439 3503360 felsic phase, New Colorado quartz diorite

CCD14-94 471222 3506159
fine-grained biotite granodiorite (Kgd), taken 

northwest of Rancho Seco

CCD15-50 470644 350479
fine-grained biotite granodiorite, intrudes New 
Colorado diorite north of New Colorado mine 

group

OBD16-01 474467 3481465
Oro Blanco district Sidewinder quartz montonite, 
possibly mineralizers for Ag-base metal veins in 

district, correlative to Ruby diorite?

OBD16-02 476637 3476311
Oro Blanco district, granodiorite 

described by Knight (1970) as late 
and observed to have eruptive components at 

the Ruby town site

RBY16-03 477264 3480487 Ruby diorite, taken at Ruby townsite, west of 
Montana Mine glory hole

CCD-TANK 468910 3504298 dikes near mock tanks

NotesSample
UTM Nad 83 

Easting Northing

Samples for QAP analyses

Samples for TAS analyses

CCD15-69 466000 3504694 basaltic andesite from atop Fernstrom Hills

CCD15-67 473044 3501681
purple andesite taken where CCD14-197 was taken for 

U-Pb: WR on this sample

RBY16-01 477866 3480020

Blue Ribbon andesite, southeast of the townsite: 
purplish-grey andesite 

overlain by lithic Cenozoic rhyolite tuff   
NO zircons from this sample. U-Pb in apatite analysis

at Arizona LaserChron

CCD15-40 471868 3503838
Jv4a for whole rock, taken 500m NW of water 

tank north of Cyanide prospects
CCD15-54 470184 3505825 rhyolite dikes from Grdt area SW, 090/90 whole rock 

CCD16-03 475285 3503774 Jv1 from east side of Cerro Colorado Hill
CCD14-158 470423 3506583 Rhyolite dike with Py cubes

UTM Nad 83
Sample Easting Northing Notes
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4: CCD15-40 - trachy-dacite (Jv4a)
5: CCD15-54 - rhyolite dikes (Kr)

2: CCD15-67 - Las Guijas andesite (Kal)
1: CCD15-69 - trachy-basalt plugs (Tb)

3: RBY16-01 - trachyte Ruby andesite

7: CCD14 -158 - rhyolite dikes (Kr)
6: CCD16-03 - rhyolite (Jv1)

SAMPLE

Rhyolite

Picro-
basalt

Tephriphonolite

Phonotephrite

Basanite/
Tephrite

Foidite

Trachy-andesite

Basaltic
Trachy-
andesite

Trachy-basalt

Phonolite

Trachyte

DaciteAndesiteBasaltic-
AndesiteBasalt

Trachy-dacite

New Colorado quartz diorite: comprises the western two thirds of the New Colorado 
Hills.  Medium- to fine-grained phases to the east, south of Rancho Seco. Porphyritic 
with quartz phenocrysts up to 1 mm comprising less than 10% of the rock, plagioclase 
up to 3 mm comprise nearly 50% of phenocrysts and hornblende up to 3 mm make up 
the remaining 30-40% of the rock. Matrix dominantly feldspar with lesser quartz. 
Chilled margins in places along contacts with Jurassic rhyolite and conglomerate host 
rocks. Chill margins prominent in plugs near the Brouse Mine northwest of 
Heintzelman Mine where most of the rock is medium- to fine-grained with fine- to very 
fine-grained chill margins hosted in flows of Las Guijas andesite. Epidote alteration of 
feldspars and chloritization of hornblende prevalent in the New Colorado Hills

Knc

Lowest-most rhyolite flow (Jurassic): fine-grained, porphyritic, purplish-brown rock with 
abundant pink feldspar. Quartz euhedral and glassy, 1-4 mm in size, comprise 20-30% of 
the phenocrysts. Feldspars almost entirely pink, lath-shaped, and 1-3 mm in size. Feldspar 
comprises about 60-70% of total phenocryst composition. Hornblende is fresh, 1-3 mm 
comprising about 10% of total phenocryst composition. Matrix dark brown feldspar and 
quartz 50% each, comprising about 40% of total rock composition

Jva

Jurassic rhyolite: fined-grained, purplish-grey, porphyritic rock with 25% matrix and 75% 
phenocrysts. Quartz sub-millimeter up to 2 mm comprises 30-35% of phenocrysts. 
Feldspar subtly lath-shaped, 1-3 mm in size with 1 mm common, comprises about 50-60% 
of total phenocrysts. Hornblende is fresh, sub-millimeter, acicular, and comprises less 
than 5% of phenocrysts. Moderate foliation present, as seen in the alignment of feldspars 
and hornblende. Sub-millimeter matrix with rounded quartz and feldspar fragments. 
Phenocrysts are generally fresh with less than 5% altered to clay, particularly in 
hornblende sites

Jvℓ

Jurassic medium-grained lower rhyolite tuff:  medium-grained rhyolite unit coeval and 
interfingered with Jva and Jvℓ south of Cradle Tank. Brownish-red to purple in color, 
porphyritic and equigranular. Matrix constitutes 25% and phenocrysts comprise 75% of 
the rock. Quartz up to 3 mm with 1-2 mm common, comprises approximately 30% of 
total phenocrysts. Quartz phenocrysts are sub-rounded, glassy/clear when broken and 
etched on outer surfaces. Some quartz is cracked, with cracks filled with pink feldspar 
matrix. Pink feldspars up to 5 mm with 1-2 mm common, generally sub-rounded 
comprise about 50% of phenocrysts. White feldspars up to 2 mm in size with 1 mm 
common making up about 10-15% of total phenocryst composition. Much of the white 
feldspars are altered to clay with vuggy sites common. Hornblende is mostly fresh, sub-
millimeter in size  and comprises about 10% phenocrysts composition. About 25% of 
hornblende altered to clay. Jv1 in gradational contact with a series of overlying intensely 
altered quartz-phyric rhyolite flows designated Jv2

Jv1

Jurassic rhyolite tuffs, middle section: Units of rhyolite distinguishable from Jv1 by the 
presence of thin bedding, abundant fine-grained quartz, and intense quartzite alteration in 
places. Flows light grey to white to red in color. Southern-most exposures of Jv2 lie on the 
southern slopes of Cerro Colorado Hill.  Jv3 overlies Jv2 up eastern slope of Cerro 
Colorado Hill, over the hill to the west, and down western slope. Jv3 contains basal 
breccia with clasts up to 20 centimeters of thinly bedded (1-2 cm) rhyolite tuff chaotically 
oriented in a matrix of rhyolite tuff. Finely laminated in places, displaying small-scale 
cross-bedding, giving the appearance of coarse-grained eolian sandstone. Jv3 thinly 
bedded with less than 1% hematite. No feldspar phenocrysts present. Quartz sub-rounded 
to rounded in nature and bimodal, with larger phenocrysts up to 3 mm in size. Larger 
quartz phenocrysts constitute thin beds, up to 4 mm thick. Between thin beds are 
alternating beds of fine-grained, rounded quartz phenocrysts rarely exceeding 1 mm. 
Overall, rock is 60% matrix and 40% sub-millimeter quartz phenocrysts. Jv2 correlates 
well with descriptions of the tuff of Pajarito by Riggs and Haxel, 1993

Jv2-Jv3

Jurassic rhyolite tuffs, upper section: dominantly medium- to fine-grained and generally 
everywhere altered; feldspar components altered to clay with intense hematite staining. 
Flow banding prevalent, especially in thin section. Unit found in angular unconformity 
with younger Laramide andesite flows and easily distinguished in the field by presence 
of abundant quartz phenocrysts. Quartz up to 3 mm in size comprises about 60% of 
phenocrysts. Lath-shaped feldspar up to 1 mm and mostly white. Matrix 50:50 
quartz:feldspar in fresher samples, matrix greatly replaced by silica where altered. 
Mafic minerals rare, almost entirely altered to clay or hematite/goethite. Where fresh, 
biotite constitutes less than one percent and is sub-millimeter in size

Jv4

Intracaldera sandstone: thin lenses of apparent sandstone 20-50 meters thick overlying 
and interbedded with Jv4. Commonly unit is nearly indistinguishable from enclosing 
rhyolite but in some places subtle cross-bedding and fine- to very fine-grained textures are 
visible. Similar textures and cross-bedding observed on western slope of Cerro Colorado 
Hill, indicating sandstone interfingering with earlier rhyolite flows of Jv3 and Jv4

Jss

Cyanide trachy-dacite: flows of Jurassic purple trachy-dacite displaying strong foliation 
north and northwest of Cyanide prospects. Foliation strikes N40ºW and dips as much as 75° 
southwest. Contains sparse quartz phenocrysts up to 2mm in size in purple matrix of 
quartz and feldspar. Mafic minerals, particularly hornblende, abundant. Unit conformably 
overlain by Glance conglomerate with similar bedding attitudes to the southwest

Jv4a

Jurassic granite plug and associated dikes: medium-grained, equigranular granite locally 
intruding Jurassic Cradle granite and rhyolite flows. Buff tan to pinkish in color with a 
crowded texture, quartz phenocrysts are sub-rounded and terminated in places, glassy on 
broken surfaces and etched on outer surfaces. Phenocrysts are dominantly pink feldspar 
1-3 mm in size which comprise up to 50% of the rock. Quartz comprises 20-30% of the 
phenocrysts. Other phenocrysts are white feldspar up to 1mm in size, constituting 10-15% 
of phenocrysts. Mafic minerals are phenocrysts of less than 2% specular hematite <1mm 
and less than 5% hornblende. Contains less than 5% matrix which is dominantly feldspar.

Jg2

Rhyolite dikes: series of sub-parallel, steeply dipping rhyolite dikes occuring in the 
northern and northwestern portions of the district. Commonly up to two meters wide, 
form low ridges, and easily identifiable in the field and on areal images by their stark 
contrast with darker enclosing rocks. Rhyolite dikes vary slightly in composition, but are 
generally very fine-grained (felsite) and consist of subequal amounts of quartz and white 
orthoclase. Quartz phenocrysts rarely up to 1 mm. Flow structures and foliation common. 
East of Liberty rhyolite dikes contain cubic pyrite up to 5 mm. Striking S80°W in the 
vicinity of the Liberty Mine, dikes make a gradual change in orientation in the Silver Hill 
area and strike S40°W in the Fernstrom Hills. Northwest of Ranch Seco, in the vicinity 
of the Liberty granite, rhyolite dikes are intruded and cut by coarse-grained monzodiorite 
dikes

Kr

Hornblende-quartz monzonite: plugs and dikes of equigranular quartz monzonite with 
abundant hornblende comprising up to 15% in places up to 4 mm in size. Quartz 1-2 mm, 
comprises up to 20% of the rock, orthoclase up to 2 mm comprises 30-40%, and plagioclase 
up to 2 mm comprises about 15-20%. Biotite is rare, but where present is typically sub-
millimeter and generally 1-2% total. In some places biotite content is elevated, and the size 
of phenocrysts decreased to sub-millimeter, so as to appear to represent the adjacent biotite-
granodiorite. In other places, biotite is absent. At some locations where biotite content is 
elevated and hornblende is sparse, this rock resembles the Liberty granite.  Alteration limited 
to feldspars altered to clay and/or sericite with moderate chloritization of mafic minerals. 
Dikes up to 2 meters wide in places contain disseminated chalcopyrite, pyrite, and rarely 
bornite with copper oxides present. Several prospects lie on this unit where it occurs as 
dikes in granodiorite presenting moderate copper oxides. Alteration more prevalent in dikes, 
particularly where brecciation has occurred or copper sulfide minerals are present

Kqm

Liberty granite: pink, fine- to medium-grained granite intruding undifferentiated andesite, 
aphanitic andesite plugs, and Glance Conglomerate. Exposed stock is approximately 
400 m x 100 m. Contains quartz, biotite, and subequal amounts of plagioclase and 
orthoclase. Quartz 1-2 mm in size constitutes up to 20% of phenocrysts. Plagioclase up to 
2 mm comprises approximately 15-20% of phenocrysts. Orthoclase is abundant and 
reaches up to 4 mm in size, comprising approximately 30-40% of phenocrysts. Biotite 
is the dominant mafic mineral, with hornblende ranging from non-existent up to 1-2% 
total. Biotite appears as secondary, felty masses up to 4 mm in size, but commonly 
1 mm comprising 10-15% total mineral abundance. No euhedral phenocryst of primary 
biotite observed in this rock; the biotite present is likely a secondary product of potassic 
alteration and is almost completely altered to chlorite. In places, pyrite and lesser 
chalcopyrite are present in outcrop

Kgl

Andesite dikes and plugs: limited exposures of intrusive, aphanitic andesite very dark in 
color. Hornblende and plagioclase are discernible in less altered exposures. Unit is 
intensely chloritized with complete textural destruction. Exposures of this unit found 
along the border of biotite granodiorite and on the western margins of hornblende quartz 
monzonite plug. Commonly contains xenoliths of pink, coarse-grained granite (Jgc?). 
Age relationship to other units is based on the intrusive nature of older and younger 
adjacent rocks, with the Liberty granite intruding this rock

Kai

Fine-grained biotite granodiorite northwest of Rancho Seco:  intrudes upper flows of 
Jurassic rhyolite, sandstone, and Glance Conglomerate. Exposed stock approximately 
1,000 m x 400 m with additional smaller exposures on south end. Quartz up to 1 mm 
comprises 20-25%, plagioclase up to 1 mm makes up to 40-50%, and orthoclase up to 
1 mm make up less than 10-15%. Slightly coarser versions occur locally. Mafic minerals 
dominantly sub-millimeter biotite, up to 25% total withminor hornblende, less than 1%. 
In thin section as much as 75% of the biotite has aggregate textures indicative of a 
hydrothermal origin

Kgd

Limestone: thinly bedded carbonate unit near Black Princess Mine and Black Princess 
Hill reaching up to 5 meters in thickness. In angular unconformity with nearby tilted 
Glance conglomerate. Brown in color, contains sand- to pebble-size lithic fragments of 
quartz and rhyolite, contains no fossils. Bedding strikes S80°W and dips 10°-15° south 
locally at Black Princess hill and 5° to the northeast on the hill east of Rancho Seco. 
Interbedded with overlying conglomerate south of Black Princess Mine and containins 
abundant clasts of Las Guijas andesite and older rocks

Kls

Conglomerate: isolated outcrops of thinly bedded conglomerate containing pebble- to 
cobble-size clasts of Las Guijas andesite and other Cretaceous rocks. Occurs near Black 
Princess Mine and northeast of Calera Wash. Interbedded with limestone near Black 
Princess and interbedded with Las Guijas andesite in other places; likely contemporaneous 
with or immediately post-dates deposition of LasGuijas andesite

Kc

Flow-banded andesite: restricted occurences of flow-banded andesite and flow breccia 
near Black Princess Mine. Hornblende-plagioclase andesite with phenocrysts banded and 
aligned unlike other purple andesite in district. Lower flow breccias in depositional 
contact with underlying limestone and in places directly on Las Guijas andesite

Kaf

Las Guijas andesite: monotonous flows and agglomerates of purple, hornblende-biotite-
plagioclase andesite. In places, flows of pyroxene-hornblende with minor plagioclase 
occur. Phenocryst size and abundance highly variable; some mafic phenocrysts up to 
6 mm in size comprise between 10% and 75% of the rock. Some flows display local flow-
banding; foliation and dips do not display radial or concentric patterns indicative of one 
source/vent. Likely erupted from multiple sources or fissure vents, represented locally by 
topographically higher features and vertical foliation in places. Flow breccias common in 
topographically higher areas, with cohesive flows in washes and drainages. Agglomerates 
composed of fragments that do not represent overall composition, some fragments 
containing much less plagioclase phenocrysts and more hornblende, with less pyroxene. 
Some local features such as lahars, debris flows, and landslide conglomerates mapped as 
andesite, though their composition is highly variable

Kal

Andesite, undifferentiated: grey-green andesite found in northern and western portions of 
the district spanning from north of Immigrant Pass, west to Fernstrom Hills and from the 
southern Fernstrom Hills and vicinity of the 8-Cylinder prospects, northward beyond the 
map area, disapperaing under alluvial cover. Grey in appearance, porphyritic andesite with 
subequal components of phenocrysts and matrix. Overlies Las Guijas andesite in the 
western portions of the district andintruded by rhyolite and mafic dikes. Some portions 
may be differentiated from grey facies by the presence of moderately abundant pink 
feldspar greater in quantity than plagioclase. Hornblende in this facies is abundant, 
commonly comprising up to 40%. Chloritization is common as well. Pink feldspar facies 
most notably occurs east of Liberty Mine group westward to north of Silver Hill and 
comprises a large portion of Silver Hill. High degree of variability in composition of pink 
feldspar facies, lack of breccia flows, and restricted occurrences in north warrant 
classification into undifferentiated andesite common in northern portions of the district

Kau

Jurassic Durazno granite: coarse-grained, porphyritic granite with abundant quartz 
phenocrysts, pink and white feldspar, and minor biotite mostly altered to chlorite.
Comprises most of the Las Guijas Mountains

Jgd

Jurassic granite of Cradle Hills: coarse-grained, pink, porphyritic with small xenoliths (up 
to several cm) of fine-grained mafic rock. Quartz 1-2 mm common (20-25%), feldspars both 
pink and white, pink feldspars up to 10 mm in size, 1-4 mm common (25-30%). Some 
pink orthoclase zoned with rims of lighter (Na-plagioclase) alteration. Plagioclase up to 
4 mm, comprises about 15% of the rock.  Hornblende up to 3 mm in size, 1 mm common 
comprises about 5% of rock and almost entirely altered to chlorite. Biotite found as 
abundant hexagonal crystals up to 2 mm in size, moderately altered to chlorite and large 
clots of sub-millimeter biotite entirely chloritized

Jgc

Volcanics, undifferentiated: large outflow sheets of silicic tuff comprising large 
portions of the Cerro Colorado Mountains, similar to that in the Tumacaccori and 
Atascosa Mountains

Tv

Basalt: isolated outcrops of intrusive vesicular basalt and basaltic andesiteTb

Rhyolite: flow-banded on the southwest flanks of the Cerro Colorado Mountains, 
deposited unconformably on Las Guijas andesite, approximately 100 meters thick

Tr

Lithic tuff: lowest-most Tertiary volcanic unit in the Cerro Colorado Mountains; bedded, 
pumice-rich with rhyolite clasts up to 10 cm with 2-4 cm common set in quartz-feldspar  
matrix. Comprises the steep cliffs along the western flanks of the Cerro Colorado 
Mountains

Tl

Conglomerate: base of the Cerro Colorado Mountains. Pebble- to cobble-conglomerate 
with clasts of Tertiary volcanic rocks including rhyolite, pumaceous lithic tuff, and basaltTc

Granodiorite: small-volume plugs of biotite-plagioclase granodiorite southwest of 
Montana Ranch. Similar in composition to granodiorite near Rancho Seco: 
20-25% quartz up to 1 mm, 40-50% plagioclase up to 1 mm, and less than 10-15% 
orthoclase up to 1 mm in size. Hornblende 1-2 mm less than 2% and biotite up to 1 mm, 
comprising 25% of the rock. Much chlorite alteration after secondary biotite

Kgd2

Hornblende-andesite: dikes and small-volume plugs of megacrystic hornblende andesite 
typically dark grey to purple in appearance and slightly more resistant to weathering than 
host rocks. Does not contain appreciable quartz, composed of subequal amounts of 
plagioclase up to 2 mm in size with abundant hornblende typically elongate and acicular, 
1-2 mm wide, up to 1 cm in length, with frequent occurrences of hornblende exceeding 
3 cm. The intrusive nature of hornblende andesite is readily marked by sharp contacts 
with host rocks

Kh

Monzonite plug south of Montana Ranch: Limited exposures of light brown to tan/buff 
rock, very fine-grained with sparse, sub-rounded quartz less than 1 mm in size,  20-30%, 
feldspar phenocrysts, 1-2 mm in size, approximately 50%, and clay-altered hornblende 
1-2 mm approximately 20-25% total. Other mafic minerals include less than 5% specular 
hematite in places. The intrusive nature of this unit places it younger than the Las Guijas 
andesite, age relations with other rocks in the district unknown

Km

Mafic dikes: east-west striking, steeply dipping dikes containing abundant mafic minerals. 
Dikes vary in composition and are more coarse-grained and resistant to weathering than 
enclosing andesite or granodiorite host rocks. Outcrops of low, narrow ridges, typically 
one to three meters wide, sometimes wider. Two coeval, distinct groups of mafic dikes 
present; hornblende-plagioclase with several variations of similar lithology including 
porphyritic textures and increased quantities of plagioclase, biotite, and lesser hornblende. 
The other gruop contains biotite and large orthoclase phenocrysts. Hornblende-plagioclase 
dikes generally contain less than 5% quartz up to 1 mm in size, 30-40% plagioclase up to 
2 mm in size, and 40-50% hornblende up to 2 mm in size, with 1 mm common. Biotite-
orthoclase porphyry dikes contain less than 5% quartz, orthoclase up to 2 cm, and plagioclase 
less than 2 mm in an aphanitic matrix. Biotite common up to 4 mm in size and typically 
bleached to appear as muscovite in hand sample, but still appears as biotite in thin section. 
Chill margins on the larger biotite-orthoclase dikes have been identified in several locations. 
Dikes of these general compositions are common and have been included in this series of 
mafic dikes and range in composition from quartz-diorite to granodiorite, based on point 
counts in hand sample and thin section descriptions

Kmd

Bisbee Group sediments: shale, conglomerate, and mudstones: unconformably overlies 
Glance Conglomerate at Cerro Colorado and south of Arivaca into the Oro Blanco district. 
Commonly contains a lower unit of conglomerate, middle units of siltstone and mudstone 
(shale) with interbedded lenses of sandstone, conglomerate, small bodies of calcareous 
sandstone and carbonate rocks, and an upper conglomerate. Basal conglomerate member 
approximately 100 m thick west of Fernstrom tank in unconformable contact with 
underlying Glance conglomerate at Fernstrom Tank and west of Calera Ranch. Shale and 
mudstone beds gently folded and overturned in places south of Montana Ranch, reach 
thicknesses up to 20 meters. No fossils observed in these units, possibly older than 
regional Turney Ranch formation

Kb

Glance Conglomerate: conglomerate unit containing clasts of all of underlying local 
lithology as well as reddish-maroon, rounded clasts of distal Jurassic andesite. Massive 
with angular to rounded clasts ranging in size from pebbles to boulders and varies from 
matrix-supported to clast-supported in places. Near the Black Princess Mine conglomerate 
up to 500 meters thick. Contains sub-rounded clasts of Jv1 (rhyolite), altered Jv2 
(qz-porphyry tuff/rhyolite), Jv3 altering to quartzite, and rarely clasts of Jurassic coarse-
grained Cradle granite (Jgc). Does not contain clasts of purple Las Guijas andesite (Kal). 
Commonly contains large, sub-rounded clasts of quartzite (altered underlying rhylite) up 
to one meter in size. Unconformalby overlain by Cretaceous limestone and conglomerate 
near Black Princess Mine. West of Cyanide prospects conglomerate strikes N55°W, dips 
75° southwest, and is in buttress unconformity with younger Las Guijas andesite. Occurs 
in nearby Las Guijas and Oro Blanco districts

Jc

DESCRIPTIONS OF MAP UNITS

Paleozoic: limited exposures of carbonate rocks, metamorphosed to marble, complete 
textural destruction. Resembles exposures of similarly metamorphosed Paleozoic 
limestone in the region
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MAP (FIELD) SHEETS INDEX

Error (m.y.) Inheritance
CCD16-04 475514 3506118 175.5 2.6 Jurassic granite from Cradle Tank area (Jgc)
CCD16-03 475285 3503774 173.0 2.1 Jv1 from east side of Cerro Colorado Hill

CCD14-205 470379 3504813 170.5 2.7 Jv4 (upper rhyolite) taken stratigraphically below upper 
Jc unit, northeast of Mary G

CCD16-21 475199 3505084 170.3 2.5 granite Jg2 - Cradle Tank area

CCD14-197 473044 3501681 78.7 0.6 176 Ma purple andesite of Las Guijas, taken just north of South 
Clark workings (Kal)

CCD14-94 471222 3506159 75.6 0.5 fine-grained biotite granodiorite (Kgd), taken northwest 
of Rancho Seco

CCD15-50 470644 350479 75.5 0.7 fine-grained biotite granodiorite, intrudes New 
Colorado diorite north of New Colorado mine group

CCD17-07 470694 3503775 75.3 1.1 1450 Ma New Colorado diorite from Waterman mine area (Knc)

CCD14-204 471351 3506072 74.8 0.4 biotite-orthoclase dike northwest of Rancho Seco 
(Kmd)

CCD17-03 464194 3503113 74.4 1 1400 Ma granodiorite plug southwest of Montaño Ranch, similar 
to dikes in the district (Kgd)

RBY16-01 477866 3480020 84.9 8.6

Ruby, southeast of the town site: purplish-grey andesite 
overlain by lithic rhyolite tuff that is believed to be the 
basal unit of Tertiary volcanics. NO zircons from this 

sample., U-Pb in apatite analysis at Arizona 
LaserChron

OBD16-01 474467 3481465 76.9 1.1
Oro Blanco district Sidewinder hornblende-quartz monz. 

mineralizers for Ag-base metal veins in district, 

OBD16-02 28.5 0.9

Oro Blanco district, granodiorite, 
described by Knight (1970) as late and observed to 

have eruptive components at the Ruby town site
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3: OBD16-02 - granodiorite - Oro Blanco granodiorite

7: CCD14-94 - fine-grained biotite granodiorite

4: CCD15-16 - granodiorite dikes (Kmd)

9: CCD15-50 - fine-grained biotite granodiorite

2: CCD16-04 - granodiorite - Cradle Hills granite (Jgd)
1: CCD16-21 - granite - Cradle Tank area (Jg2)

8: OBD16-01 - hornblende quartz monzodiorite dikes

5: RBY16-03 - granodiorite - Ruby diorite
6: CCD-TANK - granodiorite dikes (Kmd)

1 2
34 5

6 7
8 9

CCD16-04 475514 3506118 Jurassic granite from Cradle Tank area (Jgc)
CCD16-21 475199 3505084 granite Jg2 - Cradle Tank area
CCD15-16 468439 3503360 felsic phase, New Colorado quartz diorite

CCD14-94 471222 3506159
fine-grained biotite granodiorite (Kgd), taken 

northwest of Rancho Seco

CCD15-50 470644 350479
fine-grained biotite granodiorite, intrudes New 
Colorado diorite north of New Colorado mine 

group

OBD16-01 474467 3481465
Oro Blanco district Sidewinder quartz montonite, 
possibly mineralizers for Ag-base metal veins in 

district, correlative to Ruby diorite?

OBD16-02 476637 3476311
Oro Blanco district, granodiorite 

described by Knight (1970) as late 
and observed to have eruptive components at 

the Ruby town site

RBY16-03 477264 3480487 Ruby diorite, taken at Ruby townsite, west of 
Montana Mine glory hole

CCD-TANK 468910 3504298 dikes near mock tanks

NotesSample
UTM Nad 83 

Easting Northing

Samples for QAP analyses

Samples for TAS analyses

CCD15-69 466000 3504694 basaltic andesite from atop Fernstrom Hills

CCD15-67 473044 3501681
purple andesite taken where CCD14-197 was taken for 

U-Pb: WR on this sample

RBY16-01 477866 3480020

Blue Ribbon andesite, southeast of the townsite: 
purplish-grey andesite 

overlain by lithic Cenozoic rhyolite tuff   
NO zircons from this sample. U-Pb in apatite analysis

at Arizona LaserChron

CCD15-40 471868 3503838
Jv4a for whole rock, taken 500m NW of water 

tank north of Cyanide prospects
CCD15-54 470184 3505825 rhyolite dikes from Grdt area SW, 090/90 whole rock 

CCD16-03 475285 3503774 Jv1 from east side of Cerro Colorado Hill
CCD14-158 470423 3506583 Rhyolite dike with Py cubes

UTM Nad 83
Sample Easting Northing Notes
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4: CCD15-40 - trachy-dacite (Jv4a)
5: CCD15-54 - rhyolite dikes (Kr)

2: CCD15-67 - Las Guijas andesite (Kal)
1: CCD15-69 - trachy-basalt plugs (Tb)

3: RBY16-01 - trachyte Ruby andesite

7: CCD14 -158 - rhyolite dikes (Kr)
6: CCD16-03 - rhyolite (Jv1)

SAMPLE

Rhyolite

Picro-
basalt

Tephriphonolite

Phonotephrite

Basanite/
Tephrite

Foidite

Trachy-andesite

Basaltic
Trachy-
andesite

Trachy-basalt

Phonolite

Trachyte

DaciteAndesiteBasaltic-
AndesiteBasalt

Trachy-dacite

New Colorado quartz diorite: comprises the western two thirds of the New Colorado 
Hills.  Medium- to fine-grained phases to the east, south of Rancho Seco. Porphyritic 
with quartz phenocrysts up to 1 mm comprising less than 10% of the rock, plagioclase 
up to 3 mm comprise nearly 50% of phenocrysts and hornblende up to 3 mm make up 
the remaining 30-40% of the rock. Matrix dominantly feldspar with lesser quartz. 
Chilled margins in places along contacts with Jurassic rhyolite and conglomerate host 
rocks. Chill margins prominent in plugs near the Brouse Mine northwest of 
Heintzelman Mine where most of the rock is medium- to fine-grained with fine- to very 
fine-grained chill margins hosted in flows of Las Guijas andesite. Epidote alteration of 
feldspars and chloritization of hornblende prevalent in the New Colorado Hills

Knc

Lowest-most rhyolite flow (Jurassic): fine-grained, porphyritic, purplish-brown rock with 
abundant pink feldspar. Quartz euhedral and glassy, 1-4 mm in size, comprise 20-30% of 
the phenocrysts. Feldspars almost entirely pink, lath-shaped, and 1-3 mm in size. Feldspar 
comprises about 60-70% of total phenocryst composition. Hornblende is fresh, 1-3 mm 
comprising about 10% of total phenocryst composition. Matrix dark brown feldspar and 
quartz 50% each, comprising about 40% of total rock composition

Jva

Jurassic rhyolite: fined-grained, purplish-grey, porphyritic rock with 25% matrix and 75% 
phenocrysts. Quartz sub-millimeter up to 2 mm comprises 30-35% of phenocrysts. 
Feldspar subtly lath-shaped, 1-3 mm in size with 1 mm common, comprises about 50-60% 
of total phenocrysts. Hornblende is fresh, sub-millimeter, acicular, and comprises less 
than 5% of phenocrysts. Moderate foliation present, as seen in the alignment of feldspars 
and hornblende. Sub-millimeter matrix with rounded quartz and feldspar fragments. 
Phenocrysts are generally fresh with less than 5% altered to clay, particularly in 
hornblende sites

Jvℓ

Jurassic medium-grained lower rhyolite tuff:  medium-grained rhyolite unit coeval and 
interfingered with Jva and Jvℓ south of Cradle Tank. Brownish-red to purple in color, 
porphyritic and equigranular. Matrix constitutes 25% and phenocrysts comprise 75% of 
the rock. Quartz up to 3 mm with 1-2 mm common, comprises approximately 30% of 
total phenocrysts. Quartz phenocrysts are sub-rounded, glassy/clear when broken and 
etched on outer surfaces. Some quartz is cracked, with cracks filled with pink feldspar 
matrix. Pink feldspars up to 5 mm with 1-2 mm common, generally sub-rounded 
comprise about 50% of phenocrysts. White feldspars up to 2 mm in size with 1 mm 
common making up about 10-15% of total phenocryst composition. Much of the white 
feldspars are altered to clay with vuggy sites common. Hornblende is mostly fresh, sub-
millimeter in size  and comprises about 10% phenocrysts composition. About 25% of 
hornblende altered to clay. Jv1 in gradational contact with a series of overlying intensely 
altered quartz-phyric rhyolite flows designated Jv2

Jv1

Jurassic rhyolite tuffs, middle section: Units of rhyolite distinguishable from Jv1 by the 
presence of thin bedding, abundant fine-grained quartz, and intense quartzite alteration in 
places. Flows light grey to white to red in color. Southern-most exposures of Jv2 lie on the 
southern slopes of Cerro Colorado Hill.  Jv3 overlies Jv2 up eastern slope of Cerro 
Colorado Hill, over the hill to the west, and down western slope. Jv3 contains basal 
breccia with clasts up to 20 centimeters of thinly bedded (1-2 cm) rhyolite tuff chaotically 
oriented in a matrix of rhyolite tuff. Finely laminated in places, displaying small-scale 
cross-bedding, giving the appearance of coarse-grained eolian sandstone. Jv3 thinly 
bedded with less than 1% hematite. No feldspar phenocrysts present. Quartz sub-rounded 
to rounded in nature and bimodal, with larger phenocrysts up to 3 mm in size. Larger 
quartz phenocrysts constitute thin beds, up to 4 mm thick. Between thin beds are 
alternating beds of fine-grained, rounded quartz phenocrysts rarely exceeding 1 mm. 
Overall, rock is 60% matrix and 40% sub-millimeter quartz phenocrysts. Jv2 correlates 
well with descriptions of the tuff of Pajarito by Riggs and Haxel, 1993

Jv2-Jv3

Jurassic rhyolite tuffs, upper section: dominantly medium- to fine-grained and generally 
everywhere altered; feldspar components altered to clay with intense hematite staining. 
Flow banding prevalent, especially in thin section. Unit found in angular unconformity 
with younger Laramide andesite flows and easily distinguished in the field by presence 
of abundant quartz phenocrysts. Quartz up to 3 mm in size comprises about 60% of 
phenocrysts. Lath-shaped feldspar up to 1 mm and mostly white. Matrix 50:50 
quartz:feldspar in fresher samples, matrix greatly replaced by silica where altered. 
Mafic minerals rare, almost entirely altered to clay or hematite/goethite. Where fresh, 
biotite constitutes less than one percent and is sub-millimeter in size

Jv4

Intracaldera sandstone: thin lenses of apparent sandstone 20-50 meters thick overlying 
and interbedded with Jv4. Commonly unit is nearly indistinguishable from enclosing 
rhyolite but in some places subtle cross-bedding and fine- to very fine-grained textures are 
visible. Similar textures and cross-bedding observed on western slope of Cerro Colorado 
Hill, indicating sandstone interfingering with earlier rhyolite flows of Jv3 and Jv4

Jss

Cyanide trachy-dacite: flows of Jurassic purple trachy-dacite displaying strong foliation 
north and northwest of Cyanide prospects. Foliation strikes N40ºW and dips as much as 75° 
southwest. Contains sparse quartz phenocrysts up to 2mm in size in purple matrix of 
quartz and feldspar. Mafic minerals, particularly hornblende, abundant. Unit conformably 
overlain by Glance conglomerate with similar bedding attitudes to the southwest

Jv4a

Jurassic granite plug and associated dikes: medium-grained, equigranular granite locally 
intruding Jurassic Cradle granite and rhyolite flows. Buff tan to pinkish in color with a 
crowded texture, quartz phenocrysts are sub-rounded and terminated in places, glassy on 
broken surfaces and etched on outer surfaces. Phenocrysts are dominantly pink feldspar 
1-3 mm in size which comprise up to 50% of the rock. Quartz comprises 20-30% of the 
phenocrysts. Other phenocrysts are white feldspar up to 1mm in size, constituting 10-15% 
of phenocrysts. Mafic minerals are phenocrysts of less than 2% specular hematite <1mm 
and less than 5% hornblende. Contains less than 5% matrix which is dominantly feldspar.

Jg2

Rhyolite dikes: series of sub-parallel, steeply dipping rhyolite dikes occuring in the 
northern and northwestern portions of the district. Commonly up to two meters wide, 
form low ridges, and easily identifiable in the field and on areal images by their stark 
contrast with darker enclosing rocks. Rhyolite dikes vary slightly in composition, but are 
generally very fine-grained (felsite) and consist of subequal amounts of quartz and white 
orthoclase. Quartz phenocrysts rarely up to 1 mm. Flow structures and foliation common. 
East of Liberty rhyolite dikes contain cubic pyrite up to 5 mm. Striking S80°W in the 
vicinity of the Liberty Mine, dikes make a gradual change in orientation in the Silver Hill 
area and strike S40°W in the Fernstrom Hills. Northwest of Ranch Seco, in the vicinity 
of the Liberty granite, rhyolite dikes are intruded and cut by coarse-grained monzodiorite 
dikes

Kr

Hornblende-quartz monzonite: plugs and dikes of equigranular quartz monzonite with 
abundant hornblende comprising up to 15% in places up to 4 mm in size. Quartz 1-2 mm, 
comprises up to 20% of the rock, orthoclase up to 2 mm comprises 30-40%, and plagioclase 
up to 2 mm comprises about 15-20%. Biotite is rare, but where present is typically sub-
millimeter and generally 1-2% total. In some places biotite content is elevated, and the size 
of phenocrysts decreased to sub-millimeter, so as to appear to represent the adjacent biotite-
granodiorite. In other places, biotite is absent. At some locations where biotite content is 
elevated and hornblende is sparse, this rock resembles the Liberty granite.  Alteration limited 
to feldspars altered to clay and/or sericite with moderate chloritization of mafic minerals. 
Dikes up to 2 meters wide in places contain disseminated chalcopyrite, pyrite, and rarely 
bornite with copper oxides present. Several prospects lie on this unit where it occurs as 
dikes in granodiorite presenting moderate copper oxides. Alteration more prevalent in dikes, 
particularly where brecciation has occurred or copper sulfide minerals are present

Kqm

Liberty granite: pink, fine- to medium-grained granite intruding undifferentiated andesite, 
aphanitic andesite plugs, and Glance Conglomerate. Exposed stock is approximately 
400 m x 100 m. Contains quartz, biotite, and subequal amounts of plagioclase and 
orthoclase. Quartz 1-2 mm in size constitutes up to 20% of phenocrysts. Plagioclase up to 
2 mm comprises approximately 15-20% of phenocrysts. Orthoclase is abundant and 
reaches up to 4 mm in size, comprising approximately 30-40% of phenocrysts. Biotite 
is the dominant mafic mineral, with hornblende ranging from non-existent up to 1-2% 
total. Biotite appears as secondary, felty masses up to 4 mm in size, but commonly 
1 mm comprising 10-15% total mineral abundance. No euhedral phenocryst of primary 
biotite observed in this rock; the biotite present is likely a secondary product of potassic 
alteration and is almost completely altered to chlorite. In places, pyrite and lesser 
chalcopyrite are present in outcrop

Kgl

Andesite dikes and plugs: limited exposures of intrusive, aphanitic andesite very dark in 
color. Hornblende and plagioclase are discernible in less altered exposures. Unit is 
intensely chloritized with complete textural destruction. Exposures of this unit found 
along the border of biotite granodiorite and on the western margins of hornblende quartz 
monzonite plug. Commonly contains xenoliths of pink, coarse-grained granite (Jgc?). 
Age relationship to other units is based on the intrusive nature of older and younger 
adjacent rocks, with the Liberty granite intruding this rock

Kai

Fine-grained biotite granodiorite northwest of Rancho Seco:  intrudes upper flows of 
Jurassic rhyolite, sandstone, and Glance Conglomerate. Exposed stock approximately 
1,000 m x 400 m with additional smaller exposures on south end. Quartz up to 1 mm 
comprises 20-25%, plagioclase up to 1 mm makes up to 40-50%, and orthoclase up to 
1 mm make up less than 10-15%. Slightly coarser versions occur locally. Mafic minerals 
dominantly sub-millimeter biotite, up to 25% total withminor hornblende, less than 1%. 
In thin section as much as 75% of the biotite has aggregate textures indicative of a 
hydrothermal origin

Kgd

Limestone: thinly bedded carbonate unit near Black Princess Mine and Black Princess 
Hill reaching up to 5 meters in thickness. In angular unconformity with nearby tilted 
Glance conglomerate. Brown in color, contains sand- to pebble-size lithic fragments of 
quartz and rhyolite, contains no fossils. Bedding strikes S80°W and dips 10°-15° south 
locally at Black Princess hill and 5° to the northeast on the hill east of Rancho Seco. 
Interbedded with overlying conglomerate south of Black Princess Mine and containins 
abundant clasts of Las Guijas andesite and older rocks

Kls

Conglomerate: isolated outcrops of thinly bedded conglomerate containing pebble- to 
cobble-size clasts of Las Guijas andesite and other Cretaceous rocks. Occurs near Black 
Princess Mine and northeast of Calera Wash. Interbedded with limestone near Black 
Princess and interbedded with Las Guijas andesite in other places; likely contemporaneous 
with or immediately post-dates deposition of LasGuijas andesite

Kc

Flow-banded andesite: restricted occurences of flow-banded andesite and flow breccia 
near Black Princess Mine. Hornblende-plagioclase andesite with phenocrysts banded and 
aligned unlike other purple andesite in district. Lower flow breccias in depositional 
contact with underlying limestone and in places directly on Las Guijas andesite

Kaf

Las Guijas andesite: monotonous flows and agglomerates of purple, hornblende-biotite-
plagioclase andesite. In places, flows of pyroxene-hornblende with minor plagioclase 
occur. Phenocryst size and abundance highly variable; some mafic phenocrysts up to 
6 mm in size comprise between 10% and 75% of the rock. Some flows display local flow-
banding; foliation and dips do not display radial or concentric patterns indicative of one 
source/vent. Likely erupted from multiple sources or fissure vents, represented locally by 
topographically higher features and vertical foliation in places. Flow breccias common in 
topographically higher areas, with cohesive flows in washes and drainages. Agglomerates 
composed of fragments that do not represent overall composition, some fragments 
containing much less plagioclase phenocrysts and more hornblende, with less pyroxene. 
Some local features such as lahars, debris flows, and landslide conglomerates mapped as 
andesite, though their composition is highly variable

Kal

Andesite, undifferentiated: grey-green andesite found in northern and western portions of 
the district spanning from north of Immigrant Pass, west to Fernstrom Hills and from the 
southern Fernstrom Hills and vicinity of the 8-Cylinder prospects, northward beyond the 
map area, disapperaing under alluvial cover. Grey in appearance, porphyritic andesite with 
subequal components of phenocrysts and matrix. Overlies Las Guijas andesite in the 
western portions of the district andintruded by rhyolite and mafic dikes. Some portions 
may be differentiated from grey facies by the presence of moderately abundant pink 
feldspar greater in quantity than plagioclase. Hornblende in this facies is abundant, 
commonly comprising up to 40%. Chloritization is common as well. Pink feldspar facies 
most notably occurs east of Liberty Mine group westward to north of Silver Hill and 
comprises a large portion of Silver Hill. High degree of variability in composition of pink 
feldspar facies, lack of breccia flows, and restricted occurrences in north warrant 
classification into undifferentiated andesite common in northern portions of the district

Kau

Jurassic Durazno granite: coarse-grained, porphyritic granite with abundant quartz 
phenocrysts, pink and white feldspar, and minor biotite mostly altered to chlorite.
Comprises most of the Las Guijas Mountains

Jgd

Jurassic granite of Cradle Hills: coarse-grained, pink, porphyritic with small xenoliths (up 
to several cm) of fine-grained mafic rock. Quartz 1-2 mm common (20-25%), feldspars both 
pink and white, pink feldspars up to 10 mm in size, 1-4 mm common (25-30%). Some 
pink orthoclase zoned with rims of lighter (Na-plagioclase) alteration. Plagioclase up to 
4 mm, comprises about 15% of the rock.  Hornblende up to 3 mm in size, 1 mm common 
comprises about 5% of rock and almost entirely altered to chlorite. Biotite found as 
abundant hexagonal crystals up to 2 mm in size, moderately altered to chlorite and large 
clots of sub-millimeter biotite entirely chloritized

Jgc

Volcanics, undifferentiated: large outflow sheets of silicic tuff comprising large 
portions of the Cerro Colorado Mountains, similar to that in the Tumacaccori and 
Atascosa Mountains

Tv

Basalt: isolated outcrops of intrusive vesicular basalt and basaltic andesiteTb

Rhyolite: flow-banded on the southwest flanks of the Cerro Colorado Mountains, 
deposited unconformably on Las Guijas andesite, approximately 100 meters thick

Tr

Lithic tuff: lowest-most Tertiary volcanic unit in the Cerro Colorado Mountains; bedded, 
pumice-rich with rhyolite clasts up to 10 cm with 2-4 cm common set in quartz-feldspar  
matrix. Comprises the steep cliffs along the western flanks of the Cerro Colorado 
Mountains

Tl

Conglomerate: base of the Cerro Colorado Mountains. Pebble- to cobble-conglomerate 
with clasts of Tertiary volcanic rocks including rhyolite, pumaceous lithic tuff, and basaltTc

Granodiorite: small-volume plugs of biotite-plagioclase granodiorite southwest of 
Montana Ranch. Similar in composition to granodiorite near Rancho Seco: 
20-25% quartz up to 1 mm, 40-50% plagioclase up to 1 mm, and less than 10-15% 
orthoclase up to 1 mm in size. Hornblende 1-2 mm less than 2% and biotite up to 1 mm, 
comprising 25% of the rock. Much chlorite alteration after secondary biotite

Kgd2

Hornblende-andesite: dikes and small-volume plugs of megacrystic hornblende andesite 
typically dark grey to purple in appearance and slightly more resistant to weathering than 
host rocks. Does not contain appreciable quartz, composed of subequal amounts of 
plagioclase up to 2 mm in size with abundant hornblende typically elongate and acicular, 
1-2 mm wide, up to 1 cm in length, with frequent occurrences of hornblende exceeding 
3 cm. The intrusive nature of hornblende andesite is readily marked by sharp contacts 
with host rocks

Kh

Monzonite plug south of Montana Ranch: Limited exposures of light brown to tan/buff 
rock, very fine-grained with sparse, sub-rounded quartz less than 1 mm in size,  20-30%, 
feldspar phenocrysts, 1-2 mm in size, approximately 50%, and clay-altered hornblende 
1-2 mm approximately 20-25% total. Other mafic minerals include less than 5% specular 
hematite in places. The intrusive nature of this unit places it younger than the Las Guijas 
andesite, age relations with other rocks in the district unknown

Km

Mafic dikes: east-west striking, steeply dipping dikes containing abundant mafic minerals. 
Dikes vary in composition and are more coarse-grained and resistant to weathering than 
enclosing andesite or granodiorite host rocks. Outcrops of low, narrow ridges, typically 
one to three meters wide, sometimes wider. Two coeval, distinct groups of mafic dikes 
present; hornblende-plagioclase with several variations of similar lithology including 
porphyritic textures and increased quantities of plagioclase, biotite, and lesser hornblende. 
The other gruop contains biotite and large orthoclase phenocrysts. Hornblende-plagioclase 
dikes generally contain less than 5% quartz up to 1 mm in size, 30-40% plagioclase up to 
2 mm in size, and 40-50% hornblende up to 2 mm in size, with 1 mm common. Biotite-
orthoclase porphyry dikes contain less than 5% quartz, orthoclase up to 2 cm, and plagioclase 
less than 2 mm in an aphanitic matrix. Biotite common up to 4 mm in size and typically 
bleached to appear as muscovite in hand sample, but still appears as biotite in thin section. 
Chill margins on the larger biotite-orthoclase dikes have been identified in several locations. 
Dikes of these general compositions are common and have been included in this series of 
mafic dikes and range in composition from quartz-diorite to granodiorite, based on point 
counts in hand sample and thin section descriptions

Kmd

Bisbee Group sediments: shale, conglomerate, and mudstones: unconformably overlies 
Glance Conglomerate at Cerro Colorado and south of Arivaca into the Oro Blanco district. 
Commonly contains a lower unit of conglomerate, middle units of siltstone and mudstone 
(shale) with interbedded lenses of sandstone, conglomerate, small bodies of calcareous 
sandstone and carbonate rocks, and an upper conglomerate. Basal conglomerate member 
approximately 100 m thick west of Fernstrom tank in unconformable contact with 
underlying Glance conglomerate at Fernstrom Tank and west of Calera Ranch. Shale and 
mudstone beds gently folded and overturned in places south of Montana Ranch, reach 
thicknesses up to 20 meters. No fossils observed in these units, possibly older than 
regional Turney Ranch formation

Kb

Glance Conglomerate: conglomerate unit containing clasts of all of underlying local 
lithology as well as reddish-maroon, rounded clasts of distal Jurassic andesite. Massive 
with angular to rounded clasts ranging in size from pebbles to boulders and varies from 
matrix-supported to clast-supported in places. Near the Black Princess Mine conglomerate 
up to 500 meters thick. Contains sub-rounded clasts of Jv1 (rhyolite), altered Jv2 
(qz-porphyry tuff/rhyolite), Jv3 altering to quartzite, and rarely clasts of Jurassic coarse-
grained Cradle granite (Jgc). Does not contain clasts of purple Las Guijas andesite (Kal). 
Commonly contains large, sub-rounded clasts of quartzite (altered underlying rhylite) up 
to one meter in size. Unconformalby overlain by Cretaceous limestone and conglomerate 
near Black Princess Mine. West of Cyanide prospects conglomerate strikes N55°W, dips 
75° southwest, and is in buttress unconformity with younger Las Guijas andesite. Occurs 
in nearby Las Guijas and Oro Blanco districts

Jc

DESCRIPTIONS OF MAP UNITS

Paleozoic: limited exposures of carbonate rocks, metamorphosed to marble, complete 
textural destruction. Resembles exposures of similarly metamorphosed Paleozoic 
limestone in the region
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HYDROTHERMAL
(veins and mineralization)

110 calcite veins >5 per meter

110 quartz veins >5 per meter

randomly oriented, closely-
spaced quartz veins
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float: quartz veins

float: calcite veins

pyrite, disseminated
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270
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HYDROTHERMAL
(alteration zones)

clay (esp. adj. to faults)

hematite (adj. to faults
and after oxidized 
sulfides/pyrite)

chlorite: moderate to
intense

potassic: secondary
biotite present

epidote: weak to
moderate and in 
veins/fracture surf.

epidote: moderate
to intense

quartzite: textural
destruction of
phenocryst
boundaries

sericite: replacing
feldspars and in
vein halos

EXPLANATION OF SYMBOLOGY

Total number of shafts,
adits, trenches, and
prospect pits documentsd: 656

North

Field assistance provided by: Jenny Dabbs, Dan Favorito, 
James Girardi, Caleb King, Allie Macho, Zack McIntire, 
Joel Mealgar, Sean O’Neal, Kelly Proctor, and Patrick Wood

UTM grid zone designation 12, NAD 83
Contours: National Elevation Dataset, interval 20 feet
(adopted from USGS map: Cerro Colorado quadrangle
7.5 minute series (2014) digital map set
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	ABSTRACT
	INTRODUCTION AND GEOLOGIC SETTING
	Laramide magmatism in southwestern North America occurred largely between 80 and 50 Ma (English et al., 2003) and produced widespread volcanic and intrusive barren and productive (porphyry copper) rocks in the region (Figure 1). The Laramide volcanic ...
	Early regional work by Ransome (1903, 1921) placed emphasis on the economic porphyry copper and associated (skarn and replacement) deposits in the Globe-Miami area, Bisbee, and the Pima District. Additional work by Coney (1971), Coney and Richards (19...
	During the Laramide orogeny, an arc-trench system spanned from Canada to Mexico, resulting in contractional deformation and magmatic activity. The behavior of the subducting Farallon plate beneath North America likely contributed to variations in the ...
	The relationship between volcanic host rocks and porphyry copper systems has long been a topic of interest to exploration geologists; the scattered outcrops of early Laramide volcanic rocks in southeastern Arizona and contiguous regions are, in many l...
	Wilson (2003) claims that geochemical similarities between some volcanic and intrusive rocks suggest the volcanic rocks to be genetic relatives of both productive and nonproductive (barren) porphyry systems. Researchers continue to debate the apparent...
	Many districts host examples of Late Cretaceous to early Cenozoic (Laramide) porphyry copper systems that were emplaced into volcanic units of apparent similar age: often these units are an important ore host, but their ages are poorly constrained. In...
	Some previous workers have presented data suggesting these rocks to be very early (8-10 m.y.) precursors to porphyry copper mineralization, rendering them unrelated to subsequent mineralizing events (i.e. at Christmas (Koski and Cook, 1982), Sierrita ...
	The potential link between early Laramide volcanic rocks and the prolific porphyry copper deposits of the region has been complicated by several factors: regional and local variations in early Laramide magmatism, compression and uplift, stratigraphic ...
	Drewes (1981) was among the first to attempt to correlate volcanic rocks of this type around the Tucson basin: from the Silver Bell Mountains in the northwest to a thick section of the Salero Formation in the Santa Rita Mountains, and to the Demetrie ...
	Early Laramide andesitic rocks are, generally speaking, 80 – 70 Ma in age, purple, grey, or purplish-grey in appearance, and are of intermediate (hornblende-biotite (± pyroxene)-plagioclase) and/or felsic (quartz-plagioclase (± sanidine/orthoclase) co...
	In order to better understand early Laramide magmatism across Arizona, an important first step is to accurately document the temporal relationship between these volcanic and intrusive events. A growing U-Pb in zircon age database for the southwest has...
	A compilation of published and unpublished data (compositions, U-Pb ages, distribution) helped to identify major gaps of information and has aided in identifying patterns between Laramide volcanic rocks and both barren and productive Laramide porphyry...
	Uranium-lead in zircon (U-Pb) geochronology was employed to evaluate the potential relationships between local volcanics and their nearby, intrusive counterparts. Volcanic units lacking geochemical data were collected for whole rock composition, and t...
	Pre- and early Laramide sedimentary and volcanic rocks
	The various aspects of the geologic history of southern Arizona have been presented by countless workers during the past 100 years. This investigation focuses on those geologic events shown or suspected to be early Laramide in age, and addresses the r...
	Late Cretaceous coarse-grained, clastic conglomerates overlie Bisbee Group and older sedimentary rocks across the region. Much work has been conducted by previous researchers (Richard and Courtright, 1959; Schafroth, 1968; Hayes, 1970; Hayes and Drewe...
	The Fort Crittenden Formation in the Santa Rita Mountains represents the most well-studied formation of this group of sedimentary/volcaniclastic rocks in southern Arizona. The Fort Crittenden is composed of clastic rocks, the products of intermountain...
	Hayes (1986) describes several localities (after Hayes, 1970; Hayes and Drewes, 1978) in the region where sedimentary rocks occur that may be of similar age. These include the Cabullona Group in Sonora, Mexico, approximately 50 km southwest of the Hua...
	In some localities Fort Crittenden-type sedimentary rocks are deformed and folded, in other places these rocks are flat-lying. These differences indicate the degree of variability in the geographic depositional and structural settings in the region du...
	Richard and Courtright (1959) were among the first to note some of these important regional associations and commented that such relationships marked a "pronounced shift" in the regional geologic evolution, which had been dominated by sedimentation du...
	Volcanism was widespread across southwestern North America during the Laramide (Figure 3) and these volcanic rocks once may have spanned the whole of southern Arizona, largely removed by erosion in the western and central portions of the state. Andesi...
	Laramide volcanic rocks across southern Arizona have primarily been investigated on the local scale: case studies by Simons (1972), Lipman and Sawyer (1985), Lipman and Fridrich (1990), Hagstrum et al. (1994), and Vikre et al. (2014), expand the geolo...
	We present new U-Pb in zircon ages from rocks in key localities in southern Arizona where significant gaps of information have been identified through literature review, geologic mapping, and structural interpretations, while assessing the potential f...
	A few localities sharing similar geologic features to those investigated, but lacking sufficient access or geologic understanding, or are the focus of concurrent investigations by fellow researchers (i.e. Safford) are also presented in Appendix E. Dat...


	METHODS
	A combination of literature review, field, and analytical methods were employed to document early Laramide sedimentary and volcanic units in the region.
	Field studies:
	Reconnaissance mapping and field checking of published maps helped to establish structural, timing, and spatial relationships between intrusive and extrusive Laramide units and their relationship with underlying (mostly sedimentary) units. Mapping was...
	Laboratory methods:
	All samples collected for U-Pb dating belong to units that have critical depositional or cross-cutting relationships with nearby sedimentary, volcanic, or intrusive rocks. These samples were chosen based on mapping, descriptions by previous researcher...
	Zircon separates were sought in 52 samples from key units; 50 samples yielded useful zircons that were analyzed by the Laser-Ablation Multicollector Inductively Coupled Plasma Mass Spectrometry (LA-MC-ICP-MS) method at the Arizona LaserChron Center, U...


	U-PB GEOCHRONOLOGY
	Results
	New U-Pb in zircon ages on 47 samples are found in Table 1. U-Pb ages are supplemented with Ar-Ar and Re-Os ages to further refine mineralization at Copper Creek. The ages range from Precambrian to late Laramide, with a focus on those events originall...
	Andesitic rocks (Concentrator volcanics) were deposited at Ajo between 72.5 and 73.1 Ma, the Williamson Canyon volcanics at 73.9 ± 2.5 Ma, Bronco volcanics and dacite porphyry at Tombstone at 76.1 ± 3.8 Ma 75.0 ± 2.8 Ma, in the southern Winchester Mou...
	Intrusive rocks at some locations were shown to predate regional voluminous porphyry copper mineralization by several million years. These include the Rice Peak porphyry at 76.7 ± 1.4 Ma, the Uncle Sam tuff and Schieffelin granodiorite in the Tombston...
	The porphyry system at Chilito in the Banner district was emplaced around 64.0 ± 1.3 Ma, nearly 10 m.y. after the adjacent Williamson Canyon volcanics and mineralizing stocks were emplaced in the Rosemont district at 58.4 ± 0.7 Ma, 14 m.y. after the y...
	Only two districts in this investigation, San Manuel and Bunker Hill (Copper Creek), appear to have volcanic-intrusive relationships that suggest a genetic connection between the intrusive and volcanic rocks. Porphyry copper systems were emplaced pene...
	Inheritance: Many samples clearly display inherited zircon cores with new magmatic zircon overgrowth; the cores commonly being Proterozoic and/or Jurassic in age. Concordia plots display inherited zircons with ages of 1465 Ma and 1650-1700 Ma, correla...
	Regional Synthesis
	These data present a more tightly constrained picture of early Laramide sedimentation, compressional deformation, and magmatism. Stratigraphic columns are presented in Figure 5 to summarize geologic events at each location studied. Some expression has...
	Strong evidence of early Laramide (~80 – 75 Ma) compressional forces and deformation are supported by observations of the authors and previous researchers at several locations. Drewes (1972) and Ferguson et al. (2009) report folded Bisbee Group and Fo...
	Pre-Laramide sedimentary rocks (Bisbee Group?) at the southern end of the Winchester Mountains dip steeply (50-80 degrees) to the west-southwest, while overlying Laramide volcanic rocks dip only ~27 degrees to the west, adjacent to east-dipping rocks ...
	The U-Pb age on the Williamson Canyon volcanics (73.9 Ma), combined with U-Pb and K-Ar ages on rocks at Romero Wash (Favorito and Seedorff, 2017) constrain compressional forces and moderate folding of older units along the San Pedro River to between 7...
	Sediments derived from the Rice Peak porphyry at 76.7 Ma were deposited disconformably at the base of the American Flag Formation on Escabrosa limestone prior to local uplift and deformation. Syn-compressional deposition of the American Flag is sugges...



	DISCUSSION
	Interpretation of geochronology
	Jurassic magmatism
	Samples were collected and analyzed based on previous reports and stratigraphy on the premise they would yield early Laramide-age zircons, but some samples only presented Jurassic U-Pb in zircon ages. Jurassic magmatism was widespread in southern Ariz...
	Rhyolite tuff and dacite porphyry flows intercalated with and stratigraphically above Fort Crittenden sedimentary rocks in Montosa Canyon, respectively, were proposed to be early Laramide in age by Drewes (1972), but exclusively yielded Jurassic ages ...
	These data reinforce the complexity of the geology at some locations; units with Jurassic U-Pb ages from the Salero Formation (proposed to be Laramide in age) in the Santa Rita Mountains (Spencer et al., 2015), and units at Silver Bell with Jurassic a...

	Comparison of regional magmatism and mineralization
	The results of this investigation are consistent with case studies at other locations; mineralization occurred in the Silver Bell district around 65 Ma, at least 7 m.y. after the youngest early Laramide event in the district (Mizer and Barton, in prep...
	Porphyry copper mineralization in the region almost never accompanies early Laramide magmatic events. While porphyry copper mineralization occurred as early as 73 Ma along the western edge of the Laramide arc at Mineral Park and Bagdad, regional coppe...

	Evolving magma chambers:
	It can be common for an andesite flow to be succeeded by a more felsic dacite or rhyolite phase, but this trend does not hold true everywhere. Titley (1982) points out in the Pima district and other nearby ranges, especially the Silver Bell, Tucson, S...
	A rhyolitic facies of the Demetrie volcanics (dated to be 75.9 Ma (Spencer et al., 2015)) underlies the andesite facies, and rhyolite at Mt. Fagan in the Rosemont district (72.3 Ma (Spencer et al., 2015) overlies the andesite of Mt. Fagan. The Mount L...
	One exception, the Glory Hole volcanics, display an evolution from early basaltic andesite to late dacite and rhyodacite. Project geologists at Copper Creek have identified small enclaves of early diorite in the Copper Creek granodiorite. It is possib...

	Tectonics and regional structure
	The U-Pb age of 73.9 Ma on the Williamson Canyon volcanics in the Banner district, combined with observations by Willden (1964) and Banks and Krieger (1977) of minor folding in the volcanic units, suggests contemporaneous contraction and deposition of...
	Laramide volcaniclastic sediments in the West Silver Bell Mountains are folded and overlain by dacite porphyry at 74.9 Ma, constraining the timing of early Laramide compressional deformation in the district (Mizer and Barton, in prep.). U-Pb ages in t...

	Deposition of early Laramide volcanic and sedimentary rocks
	Large thrust sheets have been proposed at several locations by previous researchers (Willden 1964, Krieger, 1968, and Callender et al., 1978), placing early Laramide volcanic rocks below overthrust Paleozoic units. Drewes (1972) shows thrust faults wi...
	Willden (1964) reports several klippes of Permian carbonate rocks on Cretaceous volcanic and sedimentary rocks and Callender et al. (1978) report a thrust sheet of Mississippian Escabrosa limestone on top of Laramide Hunt Canyon andesite. Mapping and ...
	While local compressional forces folded some sedimentary and volcanic units regionally, Paleozoic rocks in contact with topographically lower early Laramide volcanic and sedimentary units likely do not represent large scale regional thrust sheets (thi...

	Comparison with previous results
	Previous researchers correlated early Laramide andesite occurrences in the region on the basis of similarities in color and composition. The widespread degree of alteration common in andesitic rocks, typically propylitic or intense calcic (epidote), a...
	Regional magmatism during Laramide time was prevalent as abundant large- and small-volume volcanic eruptions, plutons, stock, plugs, and dikes. These events are often accompanied by compounding zones hydrothermal alteration, and the movement of fluids...
	Understanding that ages of a unit may be underestimated by K-Ar dating methods due to the superimposition of several magmatic-hydrothermal events in one intrusive system is necessary when interpreting magmatism and crystallization ages of rocks on the...
	Cathles (1981, figure 6) and Norton (1982, figure 3.5) present models of varying cooling rates for plutons, depending on the permeability of the intrusion, with the cooling rate increasing with increasing permeability. Sillitoe and Perelló (2005) addr...
	It has been well established that intrusive systems are relatively short-lived, spanning only a few million years, at most. Numerical models for plutons of similar shape and size (1-2 km in diameter) to those in southwestern North America show that si...
	In the geologic corridor along the San Pedro River, previous geologists (Creasey 1967; Simons, 1964; Willden, 1964; Krieger, 1974) have attempted to correlate similar-looking volcanic rocks to the Williamson Canyon Volcanics in the Christmas quadrangl...
	Koski and others proposed the anomalously older K-Ar ages in the Banner district were the result of the incorporation of Ar from enriched late-stage magmatic fluids (leached from Precambrian basement rocks). Additionally, with the abundance of younger...
	In the Tombstone district early K-Ar ages display inconsistencies with new U-Pb ages, presenting disparities of several million years on the Schieffelin granodiorite and Uncle Sam tuff. Early K-Ar ages range between 71 and 76 Ma, likely the product of...
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	Previous works by the authors display the significance of employing robust and reliable dating methods in areas of widespread hydrothermal activity, such as those typically associated with porphyry copper systems. The accuracy and availability of U-Pb...


	CONCLUSIONS
	This study shows that most early Laramide events are largely volcanic (extrusive) in nature, and are sometimes accompanied by barren intrusive units. Andesitic rocks across the region display U-Pb in zircon ages unique to each location. These results ...
	Based on the displayed ages of these early Laramide volcanic units, it suggested here that no reference or correlation should be made between early Laramide volcanic units and the Silver Bell Formation except for those andesitic extrusive rocks in the...
	Several units in the Tucson basin share common features (lithic-rich, welded, and silicic rhyolite tuffs). The silicic tuff in the Roskruge Mts. should not be referred to as Tuff of Confidence Peak, given that it is 1.6 m.y. younger (73.3 Ma, Spencer ...
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	Wetter climate and associated regional sedimentation have been shown by previous researchers to closely pre-date the onset of Laramide magmatic activity and in some cases is likely contemporaneous. Propylitic alteration is present and sometimes pervas...
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	Suggestions for future work:
	Numerous Ag-base metal deposits occur in the Banner district and have been shown to be closely associated with Cenozoic (late Laramide) dikes by Banks and Krieger (1977). Detailed U-Pb analysis should be conducted in the Banner district, particularly ...
	Some rocks in the Tombstone district are early Laramide in age, but the age of mineralization for widespread Ag-Mn deposits in the Tombstone district is unknown. To date, no younger intrusive unit, has been identified at Tombstone or shown to be direc...
	The early Laramide granodiorite at Granite Peak is weakly mineralized and intruded by stronger mineralizing quartz monzonite and quartz latite dikes. The age of these dikes is unknown and more detailed U-Pb work may display temporal patterns similar t...
	Similarly, restricted access to granitic dikes and stocks in the western Dos Cabezas Mountains precluded investigation into the age and potential relationship of the Ag-base metal deposits located along Silver Camp Canyon. U-Pb in zircon ages on these...
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	7. Compares measured and known ratios for the three standards to determine fractionation factors for 206/238, 206/207, and 208/232. These correction factors are generally <5% for 206/238, <2% for 206/207, and <20% for 208/232.
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	16. Provides preliminary filters that highlight analyses with >20% discordance, >5% reverse discordance, or >10% internal (measurement) uncertainty.
	17. Creates a publication-ready datatable with concentrations, isotope ratios, and ages for unknowns.
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	Figure 27: Las Guijas andesite (Kal) – Representative samples of the variation in andesite flows in the Cerro Colorado district; A = flow breccia with epidote alteration, B = flow breccia with moderate clay/hematite alteration, C = flow breccia with m...
	Figure 28: Las Guijas andesite (Kal) – apparent bedding in flows south of Main Clark workings.
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	Figure 52: Varieties of Ag-base metal vein outcrops in the Cerro Colorado district. Hammer for scale, white board is 15 cm.
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