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ABSTRACT

Pyrometasomatic mineralization in the Washington Camp-Duquesne 

district occurs in Upper Paleozoic metasedimentary rocks which form the 

core of a north-plunging isoclinal anticline. Permian and Pennsylvanian 

rocks are represented by nearly 3000 ft of miogeosynclinal strata. 

Flanking and in fault contact with the Paleozoic rocks, are 6000-8000 ft 

of Jurassic-Triassic rhyolite to quartz-latite volcanic rocks.

Intrusive activity is represented by metamorphosed Early Meso

zoic dikes and sills and by a Laramide sequence consisting of early dio- 

rite, porphyritic andesite, and a stock of porphyritic granodiorite.

This activity culminated with the intrusion of granodiorite and alaskite 

sills, and the Patagonia granodiorite batholith. Sills associated with 

the Patagonia granodiorite intruded brittle, silica-rich Paleozoic and 

Mesozoic units. They were unable to penetrate the carbonate strata, 

suggesting that intrusion occurred while these rocks were buried at 

depths where the lithostatic pressure was nearly 2 kb.

Metamorphism of the stratigraphic section is spatially related 

to the Patagonia granodiorite and consists of a pyroxene hornfels facies 

1000-2000 ft wide in the sedimentary rocks and a few hundred feet wide 

in the volcanic rocks. The albite-epidote facies extends more than 

4000 ft from the granodiorite. Anhydrous and hydrous alteration occur 

in the sedimentary and igneous rocks adjacent to pyrometasomatic miner

alization. Garnet skarn bodies only occur within rocks metamorphosed to

xv



the pyroxene-hornfels facies; the skarn is restricted to contacts be

tween carbonate- and silica-rich rocks.

Two types of alteration developed exoskarns and endoskarns in 

the district. The dominant type is postmagmatic, which developed endo- 

skarns consisting of an early hydrous phase with veins of clay minerals, 

sericite, and secondary biotite, an intermediate anhydrous phase of 

secondary orthoclase, garnet, wollastonite, and diopside, and a late 

postmagmatic hydrous phase of alteration that affected both exoskarn 

and endoskarn rocks. A rare second type of alteration is magmatic in 

age, lacks the hydrous vein phases, and contains a narrow endoskarn 

that varies from a hornblende granodiorite to an augite-bearing granite; 

orthoclase and diopside were deposited at the endoskarn-exoskarn 

contact.

Garnet exoskarns lacking associated plutonic rocks occur within 

the Paleozoic metasedimentary rocks. They contain an early anhydrous 

phase of garnet, diopside, and wollastonite; an intermediate phase of 

either vesuvianite or epidote; and a late hydrothermal phase of hydrous 

magnesium silicate and clay minerals.

Volcanic units adjacent to pyrometasomatic mineralization were 

progressively altered from propylitic to potassic alteration; the width 

(up to 500 ft) and mineralogy of the alteration halo is dependent on 

the lithology of the volcanic units. The Washington Camp granodiorite 

contains concentric zones of alteration consisting of a central core, 

1200 ft in diameter, of phyllic alteration which is surrounded by ar- 

gillic and propylitic alteration.
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Sulfide mineralization, listed in order of decreasing volume, 

occurs as replacement deposits of: (1) iron, zinc, copper, lead, and

silver sulfides within carbonate rocks adjacent to skarn; (2) iron, zinc, 

copper, lead, and silver sulfides in carbonate rocks where skarn re

placement occurs nearby but is not in direct contact with base metal 

mineralization; (3) copper and iron sulfides within the garnet skarns; 

and (4) lead and silver sulfides isolated in Paleozoic carbonate rocks.

Five separate stages of mineralization are recognized. From 

oldest to youngest, they are: (1) a silicate stage, (2) an early oxide

stage, (3) a hypogene sulfide stage, (4) a late oxide stage, and (5) a 

supergene stage. Temperatures of deposition for the first four stages 

decreased from 600 to 250°C with attendant decrease in the fugacities 

of sulfur and oxygen of 10~^-10“*2 atm and 10“^®-10“^  atm, respectively. 

The fugacity of COg was less than 25 atm in the silicate stage.



INTRODUCTION

Location

The Washington Camp-Duquesne district is located in Santa Cruz 

County on the east flank of the Patagonia Mountains, 60 miles south of 

Tucson, Arizona and within 2 miles of the International border (Figure

1). Topography in the area is moderately rugged and varies from 5200 to 

6400 ft above sea level.

Statement of the Problems 
and Methods of Investigation

The geologic problems that were addressed by this study are 

three-fold:

1) The definition of the Paleozoic, Mesozoic, and Laramide litho

logic units in order to determine the stratigraphic, intrusive, 

and structural history of the area and to fit this history into 

the geologic framework of southern Arizona.

2) The determination of the distribution of contact metamorphic 

facies in order to compare and contrast the effects of metamor

phism on the wide compositional range of lithologic units.

3) The determination of variations in the mineralogy of the base 

metal deposits and their associated alteration zones in order to 

define the physical and chemical controls of pyrometasomatic 

mineralization and alteration.

1
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Figure 1. Location Map of the Washington Camp-Duquesne District.



oDetailed surface and underground geologic mapping of this 3 mi 

area were done on scales of 1:2400 and 1:120, respectively; reconnais

sance mapping on a scale of 1:24,000 was done in other selected areas 

on the eastern flank of the Patagonia Mountains. This mapping utilized 

aerial photographs, detailed topographic maps, and plane table and tran

sit surveys. Stratigraphic sections of the Paleozoic units were measured 

in this district and in the Mowry district 4 miles to the north. A de

tailed ground magnetometer survey of the district was made to aid in de

termining structural and lithologic elements.

The lithologic units were studied microscopically to determine 

their alteration and sulfide mineralogy and to determine the facies of 

contact metamorphism. More than 250 thin sections, polished sections, 

and polished thin sections were prepared for those purposes. X-ray dif

fraction techniques were also utilized to determine the mineralogy of 

these rocks. Quantitative petrographic studies were made to determine 

the mineralogy of these rocks. Quantitative petrographic studies were 

made to determine the details of mineral variations in the different al

teration and mineralization settings.

Previous Work

The earliest work published on this district was a description 

of the ore deposits by Crosby (1906). Schrader and Hill (1915) and 

Schrader (1915, 1917) briefly described the geology and ore deposits of 

the district in a study of the mineral deposits of the Patagonia and 

Santa Rita Mountains.

3
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The work by Baker (1961) was the first definitive study of the 

geology and ore deposits of the southeastern portion of the Patagonia 

Mountains, and his was the first detailed geologic map of the Washington 

Camp-Duquesne district to be published. He recognized major structural 

and metamorphic elements of the district and was the first to describe 

the Duquesne Volcanics.

Regional mapping and stratigraphic studies of the entire Pata

gonia Mountains were made by Simons (1972, 1974) at the same time this 

study was begun on the district. Simons was able to determine the geo

logic history and correlation of igneous events in the Nogales and 

Lochiel quadrangles using radiometric age dating.



STRATIGRAPHY

Correlation of the metasedimentary rocks in the Washington Camp* 

Duquesne district is based solely on lithology because the Paleozoic 

fossils there were destroyed by metamorphism. Utilizing the work of 

Lodewick (1970) and Simons (1974), the unmetamorphosed Upper Paleozoic 

section north of Howry and about 4 miles north of Washington Camp was 

mapped (Figure 2) and measured (Appendix A) to establish a lithologic 

correlation between the formations cropping out at Howry with those 

present in the Washington Camp district. Forty thin sections, stained 

for dolomite and calcite, were taken from the Howry section to aid in 

classification of these sedimentary rocks. With few exceptions, a good 

correlation of the Paleozoic units was made.

Pennsylvanian System

Horquilla Limestone (?)

The Horquilla Limestone was named by Gilluly, Cooper, and 

Williams (1954) for a series of thin-bedded, blue-gray limestones with 

interbedded red shale and shaly limestone. The top was arbitrarily 

placed where clastic rocks of the lower part of the Earp Formation be

come dominant over the massive limestone of the Horquilla.

Simons (1974) measured 275 ft of gray to pinkish gray, medium- 

bedded limestone with lesser amounts of dolomitic limestone interbedded 

with brown or maroon thin-bedded silty limestone in the Howry district.

5
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Distribution and Field Relationships. Medium- to thick-bedded 

wollastonite marbles, silty wollastonite marbles, and minor hornfels 

siltstones are poorly exposed in the core of the Washington Camp anti

cline on the northern, upthrown block of the Texas fault. These rocks 

underlie the lower hornfels siltstone member of the Earp Formation and 

are tentatively assigned to the Horquilla Limestone(?). The section was 

not measured, but probably represents several tens of feet of sedimentary 

rocks (Figure 3). Where observed, the contact between the Horquilla 

Limestone(?) and the Earp Formation is not as gradational as found in 

the Mowry district.

Pennsylvanian and Permian Systems

Earp Formation

The Earp Formation was named by Gilluly et al. (1954), who mea

sured nearly 600 ft of interbedded calcareous sandstone, shale, lime

stone, marl, and a few thin beds of dolomite at the type section in the 

Tombstone Hills. There, about half of the Earp Formation is composed of 

carbonates and half of clastic rocks. The upper and lower contacts are 

placed arbitrarily where the clastic:carbonate ratio is greater than one.

In the Washington Camp-Duquesne district, the Earp Formation con

sists of a lower hornfels siltstone member, about 180 ft thick, and an 

upper silty limestone member at least 457 ft thick (Figure 3). These 

two members are 212 and 420 ft thick, respectively, in the Mowry district 

(Lodewick, 1970).



THICK. MEMBER FORMATION AGE

:::: X:»v>v:: >•;: * *.: * >******** *r / f/t/* * V\
# • A W » « t » T * F T * * * k ̂  W ' ' l r *

Si*B@

' "* - « W ** t r
r » « *  i * » v # & m * w a i » * t «

# # #

(Feet)

1550 CONCHA
LIMESTONE

\ -75 Hornfels
SCHERRER
QUARTZITE

\ 60-120 Limestone
* 85-105 Quartzite

 ̂ 1145 Cherty
Limestone

EPITAPH
DOLOMITE

1
r
; --as

'

Silty
Limestone

Hornfels
Siltstone

*

' 1245 Dolomite

J
\
>
; 1465 COLWA

LIMESTONE

;
*

,
' =455 

2

Silty
Limestone

EARP
FORMATION

Hornfels
Siltstone

I00»
UMESTONE

T

I

Figure 3. Paleozoic Stratigraphy in the Washington Camp-Duquesne 
District.



9
Distribution and Field Relationships. The Earp Formation is the 

oldest sequence of rocks entirely exposed in the core of the Washington 

Camp anticline and is found only on the northern, upthrown side of the 

Texas fault between the Texas, Dudley-Standard, and Pride-of-the-West 

mines (Figure 4, in pocket). Exposures are excellent where the sequence 

is composed entirely of hornfels or marble and are poor where these 

lithologies are interbedded.

The southern exposures of the Earp Formation are bounded by the 

Texas fault, where the Colina Limestone and Epitaph Dolomite are in fault 

contact with the Earp Formation. Drag folding adjacent to the Texas 

fault brings hornfels of the Earp Formation into juxtaposition with the 

hornfels siltstone member of the Epitaph Dolomite on the west limb of 

the Washington Camp anticline. These hornfels siltstone members are of 

identical lithology, which was undoubtedly the reason Baker (1961) mis

takenly mapped both as the lower hornfels unit of the Horquilla 

Limestone(?).

At least 450 ft of the upper marble member crops out east of the 

California fault zone on the east flank of the Washington Camp anticline, 

though it is repeated by folding parallel to that anticline. Part of the 

Earp Formation was faulted out by the Pride fault, on the western flank 

of the Washington Camp anticline, placing the upper marble member of the 

Earp Formation into fault contact with the Epitaph Dolomite.

Detailed petrographic data for this formation are presented in

Appendix B.
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Permian System

Colina Limestone

The Colina Limestone was named by Gilluly et al. (1954) for 

600 ft of dark gray to black limestones lying between the Earp Formation 

and the Epitaph Dolomite at the type locality in the Tombstone Hills.

He noted that the limestone lacks the light gray or pink beds that are 

common in the Horquilla Limestone (?) and Earp Formation. The lower con

tact of the Colina Limestone with the Earp Formation is usually distinct 

in Arizona because of the transition from varicolored elastics of the 

Earp Formation to dark carbonates of the Colina Limestone. However, the 

position of the upper contact is variable, depending on the extent of 

dolomitization in the Colina Limestone (Bryant, 1968).

Distribution and Field Relationships. The Colina Limestone crops 

out in the core of the Washington Camp anticline south of the Texas fault 

(Figure 4). North of the Texas fault, the Colina Limestone overlies the 

Earp Formation on both limbs of the overturned Washington Camp anticline 

and is in fault contact with the Epitaph Dolomite and the Earp Formation 

along the Pride and California faults. The Colina Limestone also crops 

out in the core of the Pluto anticline, southeast of the Washington Camp . 

granodiorite. The Colina Limestone forms a topographic low between the 

flanking ridges of Epitaph Dolomite hornfels siltstones south of the 

Texas fault.

The Colina Limestone was measured on the east flank of the Pluto 

anticline, north of the Texas fault, where it occurs between the basal
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dolomite member of the Epitaph Dolomite and the upper marble member of 

the Earp Formation. Baker (1961) mapped the Colina Limestone as Hor- 

quilla Limestone north of the Texas fault and as Escabrosa Limestone 

south of this fault.

Epitaph Dolomite

The Epitaph Dolomite was named by Gilluly et al. (1954) for 780 

ft of dolomite, sandy to shaly limestone, red shale, and calcareous sand

stones that are unconformably overlain by the Bisbee Group of Early Cre

taceous age in the Tombstone Hills.

The massive basal dolomite member was not recognized west of the 

Whetstone Mountains (Bryant, 1968). Finnell (1971) recognized 200-400 ft 

of basal dolomite in the Empire Mountains, and Simons (1974) and the 

author (this report) show its existence in the Patagonia Mountains.

Distribution and Field Relationships. From oldest to youngest, 

stratigraphic members of the Epitaph Dolomite locally consist of a basal 

dolomite member, a homfels siltstone member, a silty marble member, and 

an upper cherty marble member. The Epitaph Dolomite varies in thickness 

from 900-975 ft in the Patagonia Mountains. Detailed petrologic data 

for these members are presented in Appendix B.

Excepting the basal dolomite member, individual outcrops of the 

other members of the Epitaph Dolomite can be mistaken easily for differ

ent stratigraphic units in the Washington Camp-Duquesne district. Por

tions of the hornfels siltstone member greatly resemble hornfels 

siltstone belonging to the Earp Formation. The silty marble member also
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resembles portions of the Earp Formation, especially where the silty 

marble member contains abundant hornfels siltstone interbeds (Figure 5). 

Isolated outcrops of the upper cherty marble member are identical in ap

pearance to the Concha Limestone and the middle carbonate member of the 

Scherrer Quartzite. With only a few exceptions, however, good exposures 

allow separation of the Epitaph members from other stratigraphic units 

in the district, though much field work was required to make the 

distinctions.

Distinguishing these members of the Epitaph Dolomite from other 

Paleozoic units is dependent on the lithologies of the overlying and 

underlying sedimentary units. The hornfels siltstones of the Epitaph 

Dolomite overlie dolomite and underlie marbles that contain numerous 

laminae of hornfels siltstone, whereas the hornfels siltstone member of 

the Earp Formation overlies massive, coarsely crystalline, calcareous 

marble and underlies silty marble that contains 2-13 ft-thick hornfels 

siltstone interbeds. The upper cherty marble member of the Epitaph Dolo

mite is much thicker than the middle carbonate member of the Scherrer 

Quartzite and does not occur between two clastic units, as does the car

bonate member of the Scherrer Quartzite. The Concha Limestone always 

occupies an interval between the Scherrer Quartzite and the Duquesne 

Volcanics, and this limestone is much thicker than the cherty marble mem

ber of the Epitaph Dolomite.

Except for faulted-out portions of the basal dolomite member 

along the Pride fault, the entire stratigraphic section of the Epitaph 

Dolomite is present along the west limb of the Washington Camp anticline.
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Figure 5. The Silty Limestone Member of the Epitaph Dolomite.
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An Incomplete section of the Epitaph Dolomite crops out north of the 

Texas fault on the east limb of the Washington Camp anticline. The 

lower three members crop out in the north-plunging Pluto anticline, and 

the upper cherty marble member is poorly exposed in the vicinity of the 

Pocahontas Mine east of the Washington Camp stock. The best exposures 

of the basal dolomite member crop out north of the Arroyo shaft on both 

limbs of the Pluto anticline where 246 ft of section were measured (Ap

pendix A). Thin fault slivers of the hornfels siltstone and cherty mar

ble members occur along the Washington Camp-Duquesne road where the cherty 

marble member is in fault contact with diorite and the Duquesne Volcanics 

along the Bonanza fault.

The Epitaph Dolomite crops out in the South Belmont mining area 

at the southern edge of the district. There, the cherty marble member 

underlies the Scherrer Quartzite west of the South Belmont mine. Marble 

and hornfels siltstone within the South Belmont fault zone are tenta

tively assigned to the silty marble and hornfels siltstone members of 

the Epitaph Dolomite; however, this designation is open to question be

cause of poor exposures. Much of the Epitaph Dolomite was replaced by 

garnet in this area and is the host for sulfide mineralization in the 

Silver Bill and South Belmont mines.

A rapid facies change occurs within the dolomite member in the 

Washington Camp-Duquesne district. Outcrops on the east flank of the 

Washington Camp anticline, north of the Texas fault, and within the 

horst block north of Washington Camp, consist of dolomite. Elsewhere in 

the district, the member consists of medium- to thick-bedded, light gray,
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wavy-bedded carbonates containing lesser amounts of dolomite and more 

calcite. The occurrence of brucite, talc, forsterite, periclase, and 

enstatite in the pyroxene-hornfels facies suggests that much primary 

dolomite occurred in these beds. Weathered outcrops of this lithology 

are slabby and appear porous. They contain circular, flat concretions 

that measure up to 8 inches in diameter and bear a resemblance to flat 

algal masses. The upper fourth of the dolomite member exposed on the 

northwest flank of the Pluto anticline contains many interbeds marking 

the facies change. This is the only area in the district where the fa

cies change is seen. Rapid facies changed from dolomite to calcite 

limestone are common near the Epitaph-Colina contact (Bryant, 1968).

Scherrer Quartzite

The Scherrer Quartzite was named (Gilluly et al., 1954) for 

625 ft of quartzite, red siltstone, dolomitic limestone, and sandstone 

sedimentary rocks in the Gunnison Hills. There, the sequence consists 

of 65 ft of red siltstone at the base overlain by 300 ft of sandstone, 

160 ft of limestone and dolomitic limestone, and an upper unit of 

sandstone, 160 feet thick. A tripartite division of the Scherrer 

Quartzite can be seen at Washington Camp, consisting of a lower quartz

ite and hornfels siltstone member, a middle carbonate member, and an 

upper hornfels siltstone member.

Distribution and Field Relationships. Faulted segments of the 

Scherrer Quartzite crop out continuously from the northern edge of the 

mapped area, along the western flank of the Washington Camp anticline,
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to the South Belmont mine at the southern end of the Washington Camp- 

Duquesne district. Fault slivers of Scherrer Quartzite(?) occur along 

the Bonanza fault between massive garnet skarn and the Duquesne Vol- 

canics east of the Empire and Duquesne mines. The quartzite and carbon

ate members of the Scherrer Quartzite crop out between the Duquesne and 

Louise mines where they are in fault contact with the Colina Limestone 

and the Epitaph Dolomite to the west. West of the Estella mine, the 

Scherrer Quartzite is faulted out by the Bonanza fault. The lower quartz 

ite member reappears to the north between the Bonanza and Arroyo mines 

where it is in fault contact with the Duquesne Volcanics along the Bo
nanza fault.

The Scherrer Quartzite is present in the Pocahontas mine area 

east of the Washington Camp granodiorite. There, it occurs as a massive 

quartz breccia; however, the easily identifiable middle carbonate member 

of the Scherrer Quartzite crops out in the center of the breccia where 

the carbonates are relatively undeformed. Similar "crackle breccias" 

within the Scherrer Quartzite were found in the Holland, South Belmont, 

Empire-Duquesne, and Bonanza mining areas in the Washington Camp- 

Duquesne district as well as in the Mowry district.

The basal contact of the Scherrer Quartzite with the Epitaph Do

lomite acted as an important locus for sulfide mineralization at the 

Holland and Bonanza mines and at numerous prospects. The Scherrer 

Quartzite is a ridge-forming unit whose outcrops were very useful in 

determining the location and magnitude of faulting in the Washington 

Camp-Duquesne district. Neither Baker (1961) nor Simons (1974)
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recognized the Scherrer Quartzite south of the Texas fault or in the 

Pocahontas area.

The Scherrer Quartzite was divided into three members that total 

215-315 ft in thickness in the district. The lower unit consists of 

0-37 ft of hornfels and interbedded silty dolomitic marble overlain by 

84 ft of cross-bedded quartzite. The middle member consists of 60-121 

ft of carbonate beds, and the upper hornfels siltstone member is 75 ft 

thick. Both contacts of the middle carbonate member are poorly exposed. 

The Scherrer Quartzite was measured on the southeast slope of Lime Peak 

west of the Pride-of-the-West mine (Appendix A). Petrologic descriptions 

of the three members are given in Appendix B.

Concha Limestone

The Concha Limestone was named (Gilluly et al., 1954) from its 

outcrops of highly fossiliferous, cherty limestone in the Gunnison Hills. 

Unless faulted-out or eroded, the formation maintains a thickness of 

nearly 500 ft throughout southeastern Arizona (Bryant, 1968).

Distribution and Field Relationships. The massive-bedded, cliff

forming Concha Limestone crops out for more than 7500 ft on the west 

flank of the Washington Camp anticline. It is locally almost totally 

replaced by massive garnet west of the Holland mine where the Concha was 

intruded by the Patagonia granodiorite. The best exposures occur at 

Lime Peak where they form bold cliffs. The Concha crops out continuously 

to a point 1500 ft north of the mapped area in a horst between the Kansas 

and Pride faults where it is in fault contact with the Duquesne Volcanics



and diorite. On the east flank of the Washington Camp anticline, the 

Concha Limestone was identified west of the Bonanza fault between the 

Estella and Louise mines where it dips vertically or steeply to the east. 

An isolated outcrop overlying the brecciated Scherrer Quartzite east of 

the Pocahontas mine is tentatively assigned to the Concha Limestone be

cause of its stratigraphic position and lithology.

Excepting exposures 1500 ft north of the Kansas mine, bedding in 

the Concha is parallel to foliation of the overlying Duquesne Volcanics. 

Where exposed, the contact between the Concha Limestone and the Duquesne 

Volcanics is sheared and commonly replaced by garnet skarn.. From north 

to south, this contact gradually transects the Concha Limestone; at least 

550 ft of Concha Limestone is estimated to be present near the Indiana 

mine, but this thickness is reduced to 350 ft in Bonanza Gulch south of 

Lime Peak. Because of the brecciation, a bedding-plane fault (the Lime 

Peak fault) is placed at the contact between the volcanic rocks and the 

Concha Limestone. This contact could also be explained by a prevolcanic 

unconformity of slight relief that was brecciated during the formation of 

the Washington Camp anticline when the Concha strata underwent plastic 

deformation. At this time, the brittle volcanic rocks failed by frac

turing, and a bedding-plane fault with minor stratigraphic throw formed 

at the contact. Permissive points of evidence for this are the very 

poorly exposed outcrops and float of sandstone found at the Concha- 

volcanic contact east of the Simplot shaft. This sandstone may possibly 

be a remnant of the Rainvalley Formation that overlies the Concha Lime

stone elsewhere in southeastern Arizona (Bryant, 1968).

18
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Jurassic and Triassic Systems

Duquesne Volcanics

The Duquesne Volcanics were named by Baker (1961) for a thick 

sequence of continental pyroclastics and flows that contain minor inter

calated quartzites and conglomerates that contain volcanic clasts. The 

sequence crops out west of the Harshaw Creek fault between the Interna

tional boundary and the Bagby Ranch two miles northwest of the settlement 

of Washington Camp. The basal contact of this volcanic pile is in fault 

contact with Permian sedimentary rocks. The upper contact disconform- 

ably underlies Mesozoic sedimentary rocks of the Early Cretaceous Bisbee 

Group near Bagby Ranch and is covered by younger valley-fill sedimentary 

rocks southeast of the Washington Camp-Duquesne district.

The true thickness of the Duquesne Volcanics is unknown but is at 

least 6000 ft and is probably greater than 7500 ft. The Duquesne Vol

canics probably represent the lower part of a Jurassic-Triassic sequence 

of silicic volcanic rocks and subordinate clastic rocks that are at 

least 10,000 ft and are probably 15,000 ft thick in the Patagonia Moun

tains (Simons, 1972).

The Duquesne Volcanics were subjected to various degrees of meta

morphism as a result of the emplacement of the Patagonia granodiorite 

and to a lesser degree by the Washington Camp granodiorite, so conclusive 

evidence for the correlation of the Duquesne Volcanics is absent in the 

Washington Camp-Duquesne district.

The sequence of Duquesne Volcanics in the southeastern part of 

the Washington Camp-Duquesne district is not traceable into the volcanic
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sequence in the northwest part of the district. A screen in the form 

of the Washington Camp granodiorite and diorite occurs between these two 

sequences. Lithologically, however, a correlation exists between these 

rocks (Figure 6). Petrologic and petrographic data for the various units 

within the Duquesne Volcanics are presented in Appendix B.

Rhyolite Tuff and Flow Unit. Rhyolite tuff and flows are here 

assigned as the basal stratigraphic unit of the Duquesne Volcanics and 

are only exposed on the northwest side of the Washington Camp-Duquesne 

district. The contact of this unit with underlying Permian metasedimen

tary rocks is interpreted as a bedding-plane fault, the Lime Peak-Kansas 

fault. The rhyolite is in fault contact with the Concha Limestone except 

at the northern edge of the mapped area where the rhyolite is in fault 

contact with the upper hornfels member of the Scherrer Quartzite. Be

tween the northern edge of the mapped area and the Simplot shaft, the 

rhyolite unit is conformably overlain by welded tuffs of the lower quartz 

latite unit. A "Turkey Track" appearing andesite porphyry sill, similar 

to that described by Cooper (1961), occurs at the contact of these two 

units.

Lower Quartz Latite Unit. Welded tuff and flows (?) of quartz la

tite composition overlie the basal rhyolite unit in the northwestern 

corner of the mapped area (Figure 4) and continue northeast to Finley 

and Adams Canyon 4000 ft northeast of the Kansas mine. Although it does 

not crop out on the east side of the district, this unit may exist below 

the rhyolite and trachyte tuff unit along the Bonanza fault. The lower
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quartz latite unit, estimated to be 600 ft thick south of the Nogales 

road, may be as much as 1000 ft thick near the Harshaw Creek fault im

mediately north of the mapped area. The lower 400 ft of these beds ex

posed along the Washington Camp-Nogales road is composed of quartz latite 

welded tuff. Texturally, the welded tuff is identical in appearance to 

the lower rhyolite welded tuff in the Duquesne area. The texture is 

clearly eutaxitic with quartz laminae representing recrystallized shards; 

minor pumice lenses are present.

Near the Harshaw Creek fault in Finley and Adams Canyon, a por- 

phyritic andesite flow occurs at the base of the lower quartz latite 

unit. The andesite pinches out 1000 ft south of the canyon, but is prob

ably equivalent to a porphyritic andesite flow north of the canyon that 

attains a thickness of 200 ft and is overlain by tuff breccia, welded 

tuff, and quartz porphyry.

The upper portion of the unit consists of quartz latite tuff and 

flows west of the Kansas mine. Ten to forty percent of the rock consists 

of subhedral phenocrysts of albitized plagioclase and potassium feldspar 

that show subparallel alignment. These rocks are not as strongly foli

ated nor as welded as the lower beds. Beds of spherulitic rhyolite, 

spotted andalusite-bearing tuffs, and an andalusite-bearing quartzite 

bed occur in the upper part of the unit.

Flow-contorted Rhyolite Unit. Overlying the lower quartz latite 

unit in the extreme northwestern corner of the mapped area is a rhyolite 

with highly contorted flow layering. The unit is 150 ft thick where
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exposed on the Nogales road, but may be as thick as 400 ft just 2000 ft 

to the north. The flow is light gray to white and contains sparse pla- 

gioclase phenocrysts in a glassy matrix. Attitudes of recumbent and 

symmetrical flow folding (Figure 7) suggest that the lava came from the 

north and northwest.

Massive quartzose rock that overlies the flow unit north of the 

mapped area contains no stratification or texture to indicate its origin. 

Simons (1972, 1974) called this rock quartzite. A breccia zone up to 15 

ft thick occurs locally at the base of the quartz along the full length 

of its outcrop to the Harshaw Creek fault. Where the rhyolite lava 

wedges out, the breccia zone is 15 ft thick and contains unrotated angu

lar blocks of flow-contorted rhyolite 2-10 ft long which are surrounded 

by massive quartz and thumbnail-sized, subrounded fragments of the rhyo

lite flow. A few hundred feet north of this point, small angular frag

ments of flow-contorted rhyolite h inch to 2 feet long are closely packed 

and were rotated. The contact between the border breccia and massive 

quartz is very sharp. Where the massive quartz overlies the quartz la- 

tite unit, fragments of the latter are included in the breccia, although 

fragments of the rhyolite flow occur at the base of the massive quartz 

north of Finley and Adams Canyon. The breccia at the base of the mas

sive quartz may represent eroded clasts of underlying rocks incorporated 

in a sandstone lense whose internal structure was completely destroyed by 

silicification, or the massive quartz may represent intense silicifica- 

tion of the flow-contorted rhyolite.
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Figure 7. The Flow-contorted Rhyolite Unit of the Duquesne Volcanics.
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Unconformity at Top of Flow-contorted Rhyolite. Near Duquesne 

the lower portion of the Duquesne Volcanics consists of the basal rhyo

lite and trachyte tuff unit overlain sequentially by the lower rhyolite 

welded tuff unit, the upper quartz latite flow unit, and the upper welded 

tuff unit. The latter contains an interbed of volcanic conglomerate.

In Finley and Adams Canyon, 1000 ft north of the northwest corner 

of the mapped area, the rhyolite and trachyte tuff unit and the lower 

welded tuff unit are absent. There a quartz latite flow, similar to that 

found at Duquesne, overlies the flow-contorted rhyolite unit and in turn 

is sequentially overlain by rhyolite welded tuff that contains an inter- 

bedded porphyritic rhyolite flow overlain by a thin tuffaceous sandstone.

Near the site of Shaffer Ranch, about 1 mile due north of the 

Washington Camp settlement, the upper quartz latite flow unit is absent, 

and welded rhyolite tuff containing a porphyritic rhyolite flow overlies 

rhyolite tuff breccia. The tuff breccia is separated from the basal 

rhyolite tuff and flow unit by an andesite flow. Either the units crop

ping out at Duquesne pinch out to the north, or an unconformity exists at 

the top of the flow-contorted rhyolite and the quartzite was deposited on 

the unconformity surface, as is schematically shown in Figure 6.

At least 1000 ft of Jurassic-Triassic volcanic rocks (the flow- 

contorted rhyolite and lower quartz latite units) are not exposed near 

Duquesne. Utilizing data from the Nogales road, from Finley and Adams 

Canyon, from exposures 4000 ft northeast of the Nogales road, and from 

the Duquesne area, a three-point solution on the unconformity surface 

suggests that the surface had a dip of 10°S. This dip must be
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considered a maximum, since the unconformity is not exposed east of the 

Bonanza fault.

Rhyolite and Trachyte Tuff Unit. Metamorphosed rhyolite and 

trachyte tuffs 'form the oldest exposed portion of the Duquesne Volcanic 

sequence on the east side of the Washington Camp-Duquesne district where 

it has a northerly strike and dips 75-80°E. This unit is in fault con

tact with the upper Paleozoic sedimentary rocks along the eastern, down- 

thrown side of the Bonanza fault; the base of this unit is not exposed.

The rhyolite and trachyte tuff unit is separated from the overlying rhyo

lite welded tuff unit by a sill of andesite porphyry. The rhyolite and 

trachyte tuff unit is at least 400 ft thick. The upper portion of this 

unit is composed of recrystallized rhyolite tuff that can be distinguished 

from the overlying welded tuff unit by its general lack of welded tex

ture. Exposures of trachyte tuff occur along the Bonanza fault north of 

the Silver Bill mine and north of the Bonanza shaft.

The rhyolite-trachyte tuff is not present north of Finley and 

Adams Canyon above the flow-contorted rhyolite and massive quartz. How

ever, a sequence of slightly welded to non-welded crystal tuffs crop out 

stratigraphically above the flow-contorted rhyolite on the Nogales- 

Washing ton Camp road. These crystal tuffs may be correlative with the 

rhyolite-trachyte tuffs at Duquesne, as both are overlain by welded tuff 

units.

Lower Rhyolite Welded Tuff Unit. The northernmost exposures of 

the lower rhyolite welded tuff unit are found in road cuts near the
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former site of the Duquesne school in Washington Gulch east of the Ar

royo mine. The base of this unit is marked by a sill of andesite por

phyry; a thick sill of diorite occurs at the top of the unit. The welded 

tuff is about 450 ft thick at Duquesne.

The lower rhyolite welded tuff unit is intruded by granodiorite 

and diorite dikes south of Duquesne. There, the welded tuff is coarsely 

recrystallized and contains a granitic texture. Northwest of the mapped 

area and west of Finley and Adams Canyon, rhyolite welded tuff occurs 

above massive quartz and crystal tuff. The unit is at least 520 ft 

thick, contains a few spherulitic zones, and is completely welded. The 

welded tuff is overlain by a massive porphyritic quartz latite flow(?) 

similar to that found above the lower rhyolite welded tuff unit at 

Duquesne.

Upper Quartz Latite Flow Unit. The best exposures of this unit 

are found on the west-facing hillslope 200 ft east of Duquesne and for a 

distance of 1200 ft north, to a point opposite the Bonanza mine. In 

places, it forms a ledge 150 ft wide adjacent to the more easily weath

ered diorite sill that occurs at its lower contact. The quartz latite 

flow member attains thicknesses of up to 250 ft, but is generally 130 ft 

thick. The unit pinches out on the south side of Washington Gulch, but 

thickens over short distances to the north. The quartz latite is in

truded by a granodiorite dike 1500 ft south of Duquesne where the quartz 

latite is converted to a friable quartz-rich rock. South of the Silver 

Bill mine, the quartz latite occurs at the contact with the Patagonia 

granodiorite where it was silicified to a fine-grained homfels.
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The upper quartz latite flow unit crops out on the Washington 

Camp-Nogales road one-half mile west of the Kansas mine where it overlies 

the flow-contorted rhyolite unit and is overlain by the upper rhyolite 

welded tuff. The unit is at least 500 ft thick where it crops out 1000 

ft north of the Nogales road. The quartz latite unit overlies welded 

tuffs of the lower welded tuff unit(?) one-half mile further north, sug

gesting that an unconformity occurs at the base of the quartz latite flow 

unit. If so, at least 500 ft of welded tuffs were eroded within a dis

tance of 4000 ft prior to the deposition of the quartz latite flows.

Upper Rhyolite Welded Tuff Unit. The upper rhyolite welded tuff 

unit lies stratigraphically above the quartz latite flow unit and below 

the rhyolite tuff member; both contacts appear conformable, although 

Baker (1961) suggested that an unconformity exists at the base of this 

unit. The rhyolite welded tuff unit varies in thickness from 300 ft near 

Duquesne to 850 ft at the southern border of the mapped area. Near that 

border a volcanic conglomerate occurs in the center of the welded tuff 

unit. . The conglomerate is about 180 ft thick at the south end of the 

mapped area. The conglomerate pinches out and becomes sandy 1600 ft to 

the north; it contains rounded to subangular cobbles as much as 3 ft in 

length. These clasts consist of andesite porphyry, diorite, and rhyo

lite welded tuff which are set in an indurated matrix of massive arkosic 

sandstone and minor fine-grained, thin-bedded standstones that are con

formable with the underlying and overlying welded tuff.

Northwest of the mapped area, in Finley and Adams Canyon, the 

upper rhyolite welded tuff unit is less metamorphosed and is represented
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by 800 ft of rhyolite welded tuff, a porphyritic rhyolite flow, and tuf- 

faceous sandstone. The unit overlies the quartz latite flow unit and 

underlies the rhyolite tuff and tuff breccia unit. The porphyritic rhyo

lite flow is at least 100 ft thick, occurs 350 ft below the rhyolite 

tuff and tuff breccia unit, and is overlain by 50 ft of tuffaceous 

sandstone.

Near Shaffer Ranch, 1 mile north of Washington Camp, the upper 

rhyolite welded tuff unit is 280 ft thick. There, it overlies a rhyo

lite tuff breccia and is overlain by at least 400 ft of porphyritic 

rhyolite flows that are tentatively correlated to the flow found in 

Finley and Adams Canyon (Figure 6). The flows are in fault contact with 

Lower Paleozoic strata along the Harshaw Creek fault.

Rhyolite Tuff and Tuff Breccia Unit. The rhyolite tuff unit 

crops out on the extreme eastern margin of the mapped area. The top of 

the unit is exposed about 200 ft outside the mapped area where it is over- 

lain by rhyolite welded tuff similar to the upper rhyolite welded tuff 

unit described above. The unit is estimated to be at least 500 ft thick 

and appears to thicken to the south. It is about 650 ft thick north of 

Finley and Adams Canyon where it is overlain by about 350 ft of volcanic 

conglomerate (Figure 6).

Duquesne Volcanics East of the Washington Camp-Duquesne District. 

Other Duquesne Volcanics crop out from east of the mapped area to the 

Trask Ranch. A brief examination of these rocks in Duquesne Wash shows
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a section that strikes north and dips 40-70°E. Immediately overlying 

the rhyolite tuff and tuff breccia unit are 100 ft of rhyolite welded 

tuff identical in hand specimen to the upper welded tuff unit in the 

mapped area. Overlying the welded tuffs are about 280 ft of spherulitic 

rhyolite. Ellipsoidal spherulites are closely packed and range in size 

from 0.2-2 inches long set in a darker gray aphanitic groundmass; spher

ulites compose as much as 80% of the rock.

Stratigraphically above the spherulite zone are about 1300 ft of 

rhyolite welded tuff that resemble the lower rhyolite welded tuff unit 

in the mapped area. A zone of spherulites 200 ft-thick occurs about 300 

ft below the top of this unit. Overlying the welded tuff are about 250 

ft of rhyolite crystal vitric tuff. Stratigraphically, the highest ex

posed portion of the Duquesne Volcanics consists of about 1100 ft of 

massive rhyolite welded tuff that is overlain by valley-fill sedimentary 

rocks. The total thickness of the Duquesne Volcanics exposed on the 

east side of the district is estimated to be at least 5000 ft.

Age and Correlation of the Duquesne Volcanics. The occurrence 

of a thick sequence of post-Paleozoic and pre-Bisbee Group silicic pyro

clastic rocks and flows containing very minor intercalated, lenticular 

quartzites is reported by various geologists of the U. S. Geological 

Survey and other geologists in various mountain ranges north, northwest, 

and west of the Patagonia Mountains. Before publication of the geologic 

map of Arizona by Wilson, Moore, and Cooper (1969), these rocks were 

thought to be Cretaceous and Tertiary volcanic rocks (Wilson, 1920).



Geologic mapping and isotopic dating of rocks in the Santa Rita Moun

tains and the Canelo Hills that are lithologically similar to the 

Duquesne Volcanics indicate a Triassic or Jurassic age for these rocks.

Figure 8 (in pocket) summarizes the suggested tentative correla

tion of the Duquesne Volcanics with Mesozoic volcanism found elsewhere 

in southern Arizona. Outside Arizona, the nearest known volcanic rocks 

of Late Permian to Jurassic age occur in San Bernardino County, Califor

nia, 400 miles northwest of the Washington Camp-Duquesne district (Hayes, 

Simons, and Raup, 1965).' Correlative rocks will undoubtedly be recog

nized in northern Sonora, Mexico.

In the Santa Rita Mountains, 20 miles north of the Washington 

Camp-Duquesne district, Drewes (1968, 1971) recognized more than 12,500 

ft of post-Paleozoic and pre-Bisbee Group volcanic and sedimentary rocks 

that he subdivided into three formations of Triassic and Jurassic age 

and two formations of Early Cretaceous age. In ascending order, he 

designated them the Mount Wrightson and Gardner Canyon Formations, the 

Canelo Hills (?) Volcanics, and the Temporal and Bathtub Formations.

Drewes (1971) notes that the contact between Triassic strata 

and the underlying Paleozoic strata is nowhere present in the Santa Rita 

Mountains, but the sharp change from Permian marine deposition to a 

continental sequence implies a sub-Triassic unconformity. The basal 

Mount Wrightson Formation consists of a lower member, at least 1500 ft- 

thick, of dacitic or andesitic volcanic flows with lesser amounts of 

latitic to rhyolitic volcanic rocks, a coarsely porphyritic andesite 

resembling the "Turkey-Track porphyry" of Cooper (1961) and lenses of
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sandstone and quartzite. The middle member is a 5000 ft-thick sequence 

of rhyolitic and latitic flows and welded tuff with less than 1% sand

stone, quartzite, and conglomerate. Much flow breccia and some tuff 

breccia occur in this member in the southern part of the range. The 

upper member of the Mount Wrightson Formation consists of 2000 ft of 

dacitic and andesitic volcanic rocks (40%) and cross-bedded eolian 

sandstone (50%).

The Mount Wrightson Formation is intruded by plutons dated at 

184 + 20 m.y. (Drewes, 1971), and detritus from the formation is incor

porated in the overlying Gardner Canyon Formation dated at 192 + 20 m.y. 

(Drewes, 1971). A lead-alpha isotopic age date of 220 + 30 m.y. was 

determined from a zircon concentrate taken from welded tuff in the mid

dle member of the Mount Wrightson Formation (Drewes, 1968).

The Mount Wrightson Formation is unconformably overlain by at 

least 1000 ft of red clastic and volcaniclastic rocks that compose the 

Triassic Gardner Canyon Formation in the Santa Rita Mountains. At least 

600 ft of sedimentary and rhyolitic volcanic rocks dieconformably over- 

lie the Gardner Canyon Formation. Drewes:(1971) tentatively correlated 

these volcanic rocks to the Canelo Hills Volcanics.

In the Canelo Hills and Huachuca Mountains 10-15 miles northeast 

and east of the Washington Camp-Duquesne district, Feth (1948), Hayes 

et al. (1965), and Hayes (1970) described at least 9400 ft of rhyolitic 

tuffs and lavas and interbedded sedimentary rocks which were designated 

the Canelo Hills Volcanics. Hayes et al. (1965) subdivided the forma

tion into a basal red bed clastic unit with intercalated silicic flows
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and tuffs (2000 ft thick), a middle rhyolitic lava unit greater than 

1000 ft thick, and an upper welded tuff unit at least 6400 ft thick.

A potassium-argon radiometric age determination of biotite from the 

upper welded tuff unit yielded a Late Triassic or Early Jurassic age 

of 173 + 7 m.y. (Hayes et al., 1965). These units lie either unconform- 

ably on Paleozoic strata, with apparent conformity on lower units of the 

Canelo Hills Volcanics, or unconformably on the volcanic rocks where 

present. Conglomerates of the Early Cretaceous Bisbee Group and younger 

rocks overlie the upper welded tuff member.

Hayes and Drewes (1968), Hayes (1970), and Drewes (1971) corre

late the lower member of the Canelo Hills Volcanics with the Gardner 

Canyon Formation in the Santa Rita Mountains. If this correlation is 

correct, the Mount Wrightson Formation is probably not present in the 

Canelo Hills. Red volcaniclastic rocks similar to those of the Gardner 

Canyon Formation occur in fault contact with Permian and Pennsylvanian 

strata in the upper reaches of Corral Canyon one mile north of Mowry. 

These rocks were described by Baker (1961) as the Corral Canyon Forma

tion, which he considered to represent the lowest exposed portion of 

the Patagonia Group. He correlated the overlying silicic flows and tuffs 

with the basal units of the Duquesne Volcanics which are there overlain 

by the trachyandesites of Meadow Valley radiometrically dated at 72.1 + 

2.2 m.y. (Simons, 1974). Assuming the volcaniclastic rocks of Corral 

Canyon are correlative with the Gardner Canyon Formation, as suggested 

by Simons (1972), either the fault contact separating these rocks from 

Paleozoic units is of sufficient magnitude to fault out at least 6000 ft



of the Duquesne Volcanics or the volcanic unit is not as thick east of 

the Harshaw Creek as it is west of the fault.

Simons (1972) noted that lithologically and chemically the Du

quesne Volcanics resemble both the Canelo Hills Volcanics and the middle 

member of the Mount Wrightson Formation. The occurrence of lenticular 

quartzites, dominant rhyolitic and latitic flow rocks, welded tuff and 

breccias in the Duquesne Volcanics suggests a tentative correlation be

tween the Duquesne Volcanics and the Mount Wrightson Formation (Simons, 

1972). Such a correlation imposes structural complexities related to the 

Harshaw Creek fault and the American Peak fault near Mowry. East of the 

faults, equivalents of the Gardner Canyon Formation and the Canelo Hills 

Volcanics are unconformably overlain by the Late Cretaceous trachyande- 

site of Meadow Valley. Drilling by ASARCO did not intercept any recog

nizable Bisbee Group strata below the trachyandesite in the Hardshell 

mine area to the north (Steven Davis, personal communication, 1976). 

Equivalents of the Mount Wrightson Formation are disconformably overlain 

by strata of the Bisbee Group west of the Harshaw Creek fault.

Thoms (1966) and Cooper (1971) recognized terrestrial sedimen

tary and volcanic rocks, radiometrically dated as Triassic and Jurassic 

in age, in the Sierrita Mountains 50 miles northwest of the Washington 

Camp-Duquesne district. The stratigraphic sequence there consists of a 

basal 5000 ft-thick sequence of rhyolitic flows, rhyolitic and rhyo- 

dacitic tuffs and tuff breccias, norphyritic andesite flows, and rhyolit

ic welded tuffs containing intercalated lenses of quartzite, volcanic 

sandstone, and conglomerate (Ox Frame Volcanics). These rocks lie
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unconformably on Paleozoic rocks and were intruded by plutons as old 

as 190 + 20 m.y. (Cooper, 1971). Cooper (1971) and Drewes (1971) corre

late the Ox Frame Volcanics with the Mount Wrightson Formation in the 

Santa Rita Mountains; both are probably equivalent to the Duquesne 

Volcanics.

Disconformably overlying the Ox Frame Volcanics are at least 

2000 ft of red bed clastic rocks, the Tascuela Redbeds, which in turn 

are conformably overlain by at least 2000 ft of terrestrial clastic 

sedimentary rocks, rhyolitic crystal tuffs, welded tuffs, and flows of 

the Stevens Mountain Rhyolite.

Cooper (1971) has suggested that correlative rock units found in 

the Sierrita Mountains, Santa Rita Mountains, Canelo Hills, and Tucson 

Mountains consist of the Tascuela Redbeds, the Gardner Canyon Formation, 

the lower clastic member of the Canelo Hills Volcanics, and the Recrea

tion Red Beds, respectively. These units probably are equivalent to 

the Corral Canyon Formation of Baker (1961) found at Mowry. Cooper 

(1971) correlates the Stevens Mountain Rhyolite to the upper rhyolite 

members of the Canelo Hills Volcanics. These formation are unconform

ably overlain by Upper Cretaceous andesitic and dacitic breccias and 

flows that Drewes (1971) correlated with the Salero Formation of the 

Santa Rita Mountains, the Silver Bell Formation in the Silver Bell Moun

tains, and the trachyandesite of Meadow Valley in the Patagonia 

Mountains.

Difficulties in correlating various Mesozoic sequences across 

major northwest-trending tectonic structures exist in the Sierrita,



Patagonia, and Santa Rita Mountains. Cooper (1971) postulated such a 

structure in the Sierrita Mountains where the Ox Frame Volcanics occur 

on the southwest side of the structure but are absent on the northeast 

side, whereas the Angelica Arkose occurs on the northeast side of the 

structure but is absent on the southwest side. The structure was the 

site of later Laramide intrusive activity. In the Patagonia Mountains, 

the Bisbee Group is present on the southwestern side of the Barshaw 

Creek fault but is absent on the northeastern side, while the trachy- 

andesite of Meadow Valley and the Canelo Hills Volcanics occur north

east of that fault but are absent on its southeastern side. Similar 

disparities in correlation involving Mesozoic sequences occur across 

the Sawmill Canyon fault in the Santa Rita Mountains. These disparities 

in correlation can be resolved by inferring local basins of Mesozoic 

deposition or by considerable left-lateral strike-slip or major dip-slip 

and erosion on these northwest-trending structures.

Knight (1970) recognized at least 12,000 ft of rhyolite tuffs 

and welded tuffs containing intercalated sandstones in the Oro Blanco 

and Guijas Mountains, located 35 miles west of the Washington Camp- 

Duquesne district. These rocks, the Cobre Ridge Tuffs, are overlain by 

at least 6000 ft of clastic sediments, including some red beds of the 

Oro Blanco Formation. The Cobre Ridge Tuffs may correlate either to 

the Canelo Hills Volcanics or the Gardner Canyon Formation, whereas the 

Oro Blanco Formation may correlate either to the Bisbee Group or the 

Gardner Canyon Formation. A similar sequence of rocks was described by
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Heindl and Fair (1965) in the Baboquivari Mountains 60 miles west of 

the Washington Camp-Duquesne district.

Triassic or Jurassic 
Dikes, Sills, and Plugs

Meta-andesite to meta-quartz latite rocks intrude Paleozoic rocks 

in the following ways: (1) as sills at lithologic contacts, (2) as sills

in steeply-dipping massive marble, (3) along north- and east-trending 

premineral faults, and (4) as northwest-trending dikes cross-cutting the 

metasedimentary rocks (Figure 4). Their presence was noted at one local

ity within the Duquesne Volcanics adjacent to the Kansas fault. All 

have been metamorphosed and structurally deformed by the intrusion of 

the Patagonia granodiorite.

The abundance of these dikes is probably greater than shown on 

Figure 4. Feeder dikes from the metamorphosed quartz latite plug, south

east of the Deerwater incline, do not crop out at the surface but were 

detected in the underground workings and in diamond drill core. Many of 

these dikes and sills were too thin to show on the map.

On the surface and underground, these rocks appear very similar 

to homfels siltstone. Megascopically, the dikes and sills are fine

grained, intensely iron-stained zones 1-15 ft wide with strike lengths 

of 100-700 ft. Strike lengths of less than 10 ft occur where the dikes 

were boudinaged.
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Cretaceous and Tertiary Systems

Diorite Sills, Plugs, and 
Diorite Intrusive (?) Breccia

Several masses of diorite crop out in the Washington Camp- 

Duquesne district. They were metamorphosed and intruded by the Washing

ton Camp and Patagonia granodiorites or by dikes and sills related to 

the Pagagonia granodiorite. The diorites intrude the Duquesne Volcanics 

and the Paleozoic column, and thus may be as old as Late Jurassic or as 

young as Early Tertiary.

Field Relationships. The largest masses of diorite occur as 

plugs north and southeast of the Washington Camp stock. A plug south

east of the granodiorite intruded along the Bonanza fault at the former 

Paleozoic-volcanic fault contact. Intrusive (?) diorite breccia occurs 

at the southern end of this plug and is surrounded by the plug. Be

cause of poor outcrops, the nature of the contact between the diorite 

and diorite breccia could not be determined. The diorite breccia is 

composed of angular fragments of diorite, up to one foot in length, set 

in a dioritic igneous matrix. The western contact of the diorite plug 

with the Epitaph Dolomite is believed to be intrusive because a thin 

reactive zone occurs between the two rock types, resulting in a spotted 

texture caused by the growth of unidentified reaction minerals. Another 

small diorite plug intruded the contact between the Scherrer Quartzite 

and Concha Limestone southeast of the Kansas mine.

Several diorite sills intruded the Duquesne Volcanics. The 

largest sill is 100 ft thick and intruded along the contact between the



upper quartz latite and lower rhyolite welded tuff members of the vol

canic pile. Outcrops of the sill extend for nearly one mile on the 

east side of the district. It bifurcates and cross-cuts the welded tuff 

at the southern end of the outcrops where it was in turn intruded by 

granodiorite dikes and sills related to the Patagonia granodiorite. 

Smaller bodies of diorite intrude the upper rhyolite welded tuff unit 

and within the basal rhyolite flow and tuff unit as sills and"dikes.

The tuff unit was also intruded by the Patagonia granodiorite north of 

the Texas fault.

Porphyritic Andesite Sills

Porphyritic andesite occurs in the Duquesne Volcanics. Locally 

a chilled border facies is present at both the upper and lower contacts 

of the andesite, supporting Baker's (1961) suggestion that they are 

sills. Xenoliths of porphyritic andesite are found in the Patagonia 

granodiorite; rounded cobbles of porphyritic andesite and diorite occur 

in the volcanic conglomerate bed in the upper rhyolite welded tuff unit, 

suggesting that at least two epidoses of porphyritic andesite emplace

ment occurred in the region. The porphyritic andesite sills may be re

lated to the Early Cretaceous trachyandesite of Meadow Valley that crops 

out north of Mowry (Simons, 1972, 1974). The fact that the sills in

trude volcanic rocks that are correlated with Jurassic or Triassic vol- 

canism and that they are in turn intruded and metamorphosed by the 

Laramide Patagonia granodiorite suggests that the sills may be as old 

as Late Jurassic or as young as Early Tertiary.

39



40

Distribution and Field Relationships. Porphyritic andesite 

sills intrude the Duquesne Volcanics on both flanks of the Washington 

Camp anticline. Two sills crop out in the northwestern portion of the 

district (Figure 4). Stratigraphically, the lowest sill intrudes the 

basal rhyolite flow and tuff unit. The other sill intrudes the contact 

between the basal rhyolite flow and tuff unit and the lower quartz la- 

tite unit. A sill identical in mineralogy and texture to the above 

intrudes the contact between the rhyolite and trachyte tuff unit and the 

lower rhyolite welded tuff on the east side of the district.

Washington Camp Granodiorite

The Washington Camp granodiorite is a mass 4000 ft long and 

2000 ft wide that intruded Paleozoic sedimentary rocks and diorite in 

the northeastern part of the district (Figure 4). Minor dikes project 

tens of feet into the sedimentary wall rocks on the western contact of 

the stock. Where exposed, this contact dips 60-70°W, approximately 

parallel to bedding in the intruded sedimentary rocks. The contact be

tween the granodiorite and sedimentary rocks on the southeastern side 

of the stock appears to dip steeply to the east. The contact between 

the granodiorite and the quartz-sericite-tourmaline breccia is covered 

on the east side of the stock, but is presumed to dip to the east. On 

the southwest side of the stock, the granodiorite is in fault contact 

with the homfels silts tone member of the Epitaph Dolomite along the

California fault.
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Direct evidence showing the age relationship between the Wash

ington Camp granodiorite and the Patagonia granodiorite is lacking. In

direct structural evidence indicates that the Washington Camp 

granodiorite is older, as first suggested by Baker (1961).

Patagonia Granodiorite

The Patagonia granodiorite is one of several intrusive rocks 

that compose the Patagonia batholith. The batholith is aligned in a 

northwest direction and its exposures occur in an area 16 miles long 

and 2-4 miles wide in Arizona and Sonora, Mexico. Simons (1974) also 

found biotite quartz monzonite, biotite-augite quartz diorite, and syeno- 

diorite bodies within the batholith in the Nogales and Lochiel quad

rangles . The bulk of the batholith is composed of biotite-hornblende 

granodiorite. Two radiometric dates for the granodiorite are 58 and 64 

m.y. (Mauger and Damon, 1965; Simons, 1974). The petrology and petrog

raphy of the Patagonia granodiorite are described in Appendix B.

Dikes and Sills Associated with the Patagonia Granodiorite. Five 

north-trending belts contain Laramide granodiorite to granite sills and 

dikes that were intruded within, or adjacent to, silica-rich clastic 

and volcanic rocks; they rarely intruded the Paleozoic carbonate rocks. 

These zones also contain the majority of the diorite and porphyritic 

andesite sills and plugs described before. From west to east these in

trusive belts are: (1) in the basal rhyolite flow and tuff unit of the

Duquesne Volcanics, (2) within or adjacent to the Scherrer Quartzite,
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(3) within or adjacent to the homfels siltstone member of the Epitaph 

Dolomite, (4) in the center of a large skam mass in the core of the 

Washington Camp anticline east of the Empire mine, and (5) in the 

Duquesne Volcanics east of the Bonanza fault, primarily in the lower 

rhyolite welded tuff unit. Only one dike, west of Washington Camp, oc

curs entirely within marble and cross-cuts the bedding.

Sills in belts 1, 3, and 4 are equigranular to porphyritic 

homblende-biotite granodiorites, although zone 3, the Pride dike, also 

contains considerable aplitic granite at the border of the dike. The 

sill intruding the middle carbonate member of the Scherrer Quartzite is 

a graphic granite. Alaskitic, tourmaline-bearing granite occurs on the 

Bonanza fault between the Estella and Louise mines. Granodiorite was 

found on the Bonanza dumps; old maps show dikes are present between the 

200 and 500 foot levels. Other sills and dikes from zone 5 show a 

great variation in composition. The cores of these sills consist of 

granodiorite identical to the Patagonia granodiorite. Near the margins, 

however, the sills are greatly enriched in orthoclase, and andalusite 

is a common constituent. In several places the intruded volcanic rocks 

were recrystallized and the contact with granodiorite is indefinite.



STRUCTURAL GEOLOGY

Faulting

Four periods of faulting are recognized in the district. Listed 

from oldest to youngest, they are:

1) North-trending normal and reverse faults that postdate the 

Washington Camp granodiorite and were intruded by the Patagonia 

granodiorite; several of these faults contain base metal miner

alization. These longitudinal faults are parallel to the axis 

of the Washington Camp anticline and they commonly are parallel 

to the bedding of the rocks they displace.

2) East-trending normal and reverse faults that postdate folding, 

granodioritic intrusion, and mineralization.

3) Low-angle, east-trending normal faults.

4) High-angle, east-trending, normal and reverse faults that dis

place all rock units of the district, except the alluvium and 

valley-fill sedimentary rocks.

North-trending Longitudinal Faults

The four major longitudinal faults in the district consist of, 

from west to east, the Kansas-Lime Peak, Pride, California, and Bonanza 

Faults (Figure 4, in pocket). Longitudinal faults west of the Washing

ton Camp anticlinal axis show normal displacements whose western hanging 

walls were downdropped 400-700 ft. The California fault, located east 

of that anticlinal axis, is a reverse fault where it dips west. It
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splits into two or more fault surfaces west of the Washington Camp 

granodiorite, forming horst and graben structures that parallel the 

Washington Camp anticline. Displacements on individual fault surfaces 

range from 100-800 ft. The Bonanza fault is generally a normal, east

dipping structure except at the Bonanza mine where the fault dips west 

near the location of base metal mineralization.

Early High-angle 
East-west Faults

The majority of the east-trending faults in the Washington Camp- 

Duquesne district clearly postdate the Mesozoic and Tertiary intrusive 

and extrusive rocks. Evidence exists which indicates that some of these 

faults are older than that igneous activity. For this reason, faulting 

transverse to the Washington Camp anticline is subdivided into early 

high-angle faults, low-angle faults, and late high-angle faults.

Metamorphosed dikes that intruded underground exposures of the 

Concha Limestone near the Simplot shaft may have intruded along early 

east-trending faults. The dikes are offset by flat faults. Another 

metamorphosed dike intruded an east-trending fault structure in the 

central part of the district. The westward extension of that fault off

set the Pride sill and a diorite sill that intruded the basal rhyolite 

unit of the Duquesne Volcanics. The fault did not offset the contact 

between the rhyolite and the Patagonia granodiorite, suggesting that 

the fault is older than the granodiorite and younger than the sills.

A 10-ft wide zone of garnet skam occurs along a fault located 700 ft

due west of the Pride-of-the-West shaft. Minor sulfide mineralization



occurs for 250 ft along the trace of this fault, suggesting that the 

fault preceded ore deposition.

The intrusive contact between the Patagonia granodiorite and the 

Duquesne Volcanics strikes east, parallel to the South Belmont fault 

zone in the southern part of the district. This strike suggests that 

the granodiorite intruded up to a pre-existing fault plane that was re

juvenated after crystallization of the granodiorite. Further to the 

east, a small body of diorite intruded along this fault.

Low-angle East-west Faults

Low-angle normal faulting was first recognized while conducting 

exploration on the 200 level of the Simplot mine. Surface drilling 

near that mine suggests the presence of several low-angle normal faults 

between the Kansas and Maine mines. Because the faults are postore in 

age, recognition and delineation of these faults is one of the most im

portant items in evaluating ore reserves and mining methods for the 

small high-grade ore bodies of the district.

Faults included in this system strike N60°W to N60°E and dip 

5-45° to the north and south. Viewed in cross-sections, the faults are 

spaced at 50-100 ft intervals and their dip-slip, normal displacement 

varies from tens of feet to possibly as much as 200 ft. The fault sur

face is never planar; fold axes of small amplitude occur on the surface 

of the fault and parallel the direction of movement.

The existence of these low-angle faults is important to the 

economics of the district. Schrader (1915) noted that a number of the
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important ore zones flatten or apparently pinch out with depth. Few of 

the mines in the district were developed to depths greater than 300 ft. 

The last important discovery on the 325 level of the Bonanza mine 

(Elayer ore body) consisted of massive chalcopyrite assaying 12-30% 

copper in a zone 25 ft wide; the mineralization showed a flat bottom. 

Because marble has a tendency to heal along these fault zones, recogni

tion of a fault plane is difficult, especially where underhand stoping 

mining methods were employed. Non-recognition of these flat faults may 

be the primary reason why mines of the district were never developed at 

greater depth.

Late High-angle 
East-west Faults

The late high-angle east-trending faults display postbre move

ment. The trend of these faults varies from N60°E to N60°W. They are 

normal faults which dip 50-90°north or south; some are scissors faults. 

The outcrop trace of faults with small displacement can be followed for 

several hundreds of feet while faults of greater displacement can be 

traced across the entire district. The faults merge with one another 

and occasionally display a horsetailing pattern. All rock units of the 

district, except the alluvium, are displaced by these faults.

Several crudely-defined zones of east-trending faults occur 

within the district. These zones range from 500-1200 ft in width and 

consist of from a few to as many as 9 individual, subparallel fault 

surfaces spaced 50-400 ft apart. Dip-slip displacements on these faults 

range from tens of feet to 300 ft. From north to south, in the district.



these fault zones are named the Washington Pass, New York, Central,

Burnt Knob, Texas, Estella-Duquesne, and South Belmont fault zones 

(Figure 4).

Washington Pass and New York Fault Zones. The Washington Pass 

and New York fault zones are part of a major zone of structural dis

turbance that can be traced from the western side of the Patagonia Moun

tains and through the Four Metals mine. Besides faulting, this zone 

contains east-trending quartz-sericite-limonite veins associated with 

disseminated copper mineralization at the Four Metals mine (Graybeal, 

1972) and east-trending Mesozoic dikes and sulfide mineralization in 

parts of the Simplot mine.

The Washington Camp granodiorite was emplaced on the eastern end 

of this structural zone. Phyllic alteration of that granodiorite oc

curs in the center of the disturbed structural zone (Figure 4). Further, 

this zone appears to be related in some way to the massive recrystalli

zation and brecciation of the Scherrer Quartzite near the Pocahontas 

mine. This area of intrusion and structural intersection is located im

mediately west of the projected intersection between the east-trending 

Washington Pass and New York fault zones and the northwest-trending 

Harshaw Creek structure. The spatial coincidence of intrusion and brec

ciation with the intersection of two major structures in the district 

suggests that these features are related genetically.

The Central Fault Zone. The central fault zone is defined by 

a group of east-trending faults spaced 100-400 ft apart beginning 200 ft
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north and ending 1000 ft south of the crest of Lime Peak. Sulfide min

eralization at the Pride-of-the-West mine and west of Lime Peak are 

offset by faults in this zone. Dip-slip displacement along these faults 

ranges from 10 to 200 ft.

The Burnt Knob Fault Zone. The Burnt Knob fault zone is defined 

by a group of closely spaced east-trending normal faults that occur 

north of the Texas fault in the western part of the district. The zone 

contains antithetic faults that dip north and horsetail toward the south 

from the footwall side of the primary fault of the zone. The primary 

fault, at the north end of the zone, dips south and can be traced for 

at least 2000 ft terminating against the Texas fault at its eastern end.

The Texas Fault Zone. The Texas reverse fault can be traced 

for at least 6000 ft across the district. It places rhyolite and skarn 

into fault contact with the Patagonia granodiorite at the western side 

of the district where one exposure indicates that the fault dips 61°N. 

The north side of this fault is upthrown 1000-1500 ft relative to the 

south side. Bedding in the Paleozoic strata commonly swings sharply to 

a direction parallel to the Texas fault as these beds are traced toward 

the fault plane. An anticlinal and synclinal fold axis, parallel to 

and south of the fault, developed between the Texas and Holland mines. 

These axes may reflect that drag folding developed during the formation 

of the fault.

The location of the Texas fault east of the Bonanza fault zone 

was not determined from this study. A dip-slip displacement of 1000 ft
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is estimated for the Texas fault west of the Bonanza fault zone, but 

displacements of that magnitude do not occur in the Duquesne Volcanics 

east of the Bonanza fault zone. Three possibilities for the disappear

ance of the Texas fault east of the Bonanza fault zone can be considered: 

(1) the Texas fault is older than the Duquesne Volcanics on the east side 

of the district and was covered by these rocks, (2) the Texas fault is 

older than the Bonanza fault zone and was offset by it to the north 

where its eastern extension is hidden beneath Quaternary and Tertiary 

gravels, and (3) the Texas fault is younger than the Bonanza fault zone, 

but the Texas fault turned sharply to the north at the volcanic

sedimentary contact where its movement consisted of rejuvenated movement 

along the older Bonanza fault planes. The author prefers the interpre

tation that the Texas fault turned sharply north when it encountered 

the older Bonanza fault zone. The sharp turn may have caused breccia— 

tion at the intersection of the faults and structurally prepared this 

area for the intrusion of diorite and diorite breccia.

Massive Bull Quartz 
and Silicified Breccia

t

Baker (1961) described the silicified breccias of the Patagonia 

Mountains in considerable detail. He concluded that they were structural 

in origin but not intrusive, and he demonstrated their occurrence along 

or at the intersection of faults. Lithic fragments in the breccias, 

when identifiable, are identical in lithology to the adjacent unbrec- 

ciated wall rock, suggesting that little or no vertical movement occurred 

during brecciation. Results of this study concur with his conclusions.
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Simons (1972, 197A) mapped and described some of the silicified zones 

as sedimentary quartzite. The silicified zones have two modes of oc

currence in the Washington Camp-Duquesne district, massive bull quartz 

and silicified breccia.

Massive Bull Quartz

The massive bull quartz bodies do not contain breccia fragments, 

but commonly contain large quartz crystals. In plan view.they are 

smaller than the bodies of silicified breccia. The massive bull quartz 

bodies range in size and shape from tabular masses 15 ft wide and 80 ft 

long to oval masses 200 ft wide and 300 ft long. These bodies occur 

within the Patagonia granodiorite or at the granodiorite intrusive con

tact. Bull quartz also occurs within the garnet skarn zones in the 

southern and southwestern part of the district where the skarn is in 

contact with the Scherrer Quartzite. In these instances, there is a 

spatial sequence of rock types consisting of granodiorite, then massive 

garnet skarn, then bull quartz, and finally Scherrer Quartzite.

A nearly circular body of massive white bull quartz occurs 1500 

ft southeast of Duquesne and east of the mapped area. This mass is at 

least 300 ft in diameter and contains a prong that crosses the Duquesne 

Wash to the east. The bull quartz occurs at the intersection of a 

transverse high-angle fault with the northward projection of a unit of 

spherulitic rhyolite. The author’s interpretation suggests that the 

bull quartz formed by recrystallization and silica replacement of the 

spherulitic rhyolite where the fault crosses the rhyolite.
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Silicifled Breccia

Silicified quartz breccias occur in the Duquesne Volcanics and 

in the Scherrer Quartzite. Breccias associated with the Scherrer Quartz

ite are tabular to oval in shape and grade into quartzite; this grada

tion is best seen in the bodies north of the Bonanza shaft and west of 

the South Belmont incline. Silicified breccia within the Bonanza fault 

zone, south of the Duquesne mines, is 400 ft long and 100 ft wide. The 

breccia grades into massive bull quartz and silicified quartzite and is 

adjacent to brecciated volcanic rocks.

Pocahontas Breccia. A large area of brecciation occurs east of 

the Washington Camp granodiorite near the Pocahontas and Tibbetts mines. 

The total area of brecciation is unknown because it is covered by 

Tertiary-Quaternary sedimentary rocks to the east. Brecciation affects 

the Scherrer Quartzite, parts of the Epitaph Dolomite, the diorite, and 

the Duquesne Volcanics as well as the quartz-sericite-tourmaline breccia. 

The brecciated area is at least 2000 ft long in a north-south direction 

and 1400 ft wide in an east-west direction.

The southern part of the Pocahontas breccia consists of sub- 

angular fragments of quartzite set in a matrix of microcrystalline silica 

and jasper and is coated with manganese oxides. A thin zone of unbrec- 

ciated silicified quartzite overlies the Epitaph Dolomite on the north

west side of the breccia, which is interpreted as the lower quartzite 

member of the Scherrer Quartzite. Cherty marble, identical in appearance 

to the middle carbonate member of the Scherrer Quartzite, crops out in 

the central part of the quartz breccia. There, a very sharp contact
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occurs between the cherty marble and the surrounding quartz breccia.

The contact and the cherty marble appear undeformed by brecciation. If 

this marble is correctly interpreted as the middle carbonate member of 

the Scherrer Quartzite, it can be concluded that vertical movement dur

ing brecciation was minimal. Volcanic rocks that crop out in the drain

age east of the main breccia mass are also brecciated.

The northern part of the Pocahontas breccia consists of a quartz- 

sericite-tourmaline breccia which may be interpreted as a hydrothermally 

altered portion of the Washington Camp granodiorite, or it may represent 

altered Duquesne Volcanics. This rock resembles phyllic-altered grano

diorite, although the rocks of the phyllic zone are not brecciated and 

contain less tourmaline.

The occurrence and genesis of the Pocahontas breccia may be the 

result of the following: (1) the breccia lies between the Washington

Camp granodiorite and the inferred northern extension of the Bonanza 

fault zone and may represent a "crackle breccia" formed as a result of 

intrusion of the Patagonia granodiorite which displaced the Washington 

Camp anticline and Washington Camp granodiorite to the east; (2) the 

breccia may represent silicification along the crest of the Pluto anti

cline, although the exact position of the axial trace of this fold is 

unknown in the Pocahontas area; or (3) the breccia developed at the pro

jected intersection of the north-trending Bonanza fault zone, the 

northwest-trending Harshaw Creek fault, and the east-trending New York 

and Washington Pass fault zones. One or all of these processes could 

be involved in the development of the breccia.
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A silicified quartzite breccia on the south slope of American 

Peak in the Mowry district is very similar to those cropping out in the 

Washington Camp-Duqueisne district. The breccia also occurs in the 

Scherrer Quartzite and shows gradation into unbrecciated quartzite.

Known plutonic rocks nearest this breccia consist of small outcrops of 

Cretaceous pyroxene monzonite located 4000 ft to the northeast (Simons, 

1974) and the Patatonia granodiorite located 2 miles to the southwest.

Volcanic Breccia. Volcanic breccia crops out close to and east 

of a silicified quartzite breccia on the east side of the Bonanza fault 

zone. The breccia occurs in the rhyolite and trachyte tuff unit of the 

Duquesne Volcanics. The area of brecciation is 400 ft long and up to 

200 ft wide with the long dimension parallel to the Bonanza fault zone. 

It contains rounded to angular fragments of recrystallized rhyolite tuff 

up to 1.5 ft long set in a matrix of rounded quartz grains. A thin epi- 

dote skara zone occurs at the contact between the volcanic breccia and 

the rhyolite and trachyte tuff unit.

Folding

The Washington Camp anticline is the major fold structure in the 

Washington Camp-Duquesne district. Upper Paleozoic strata compose the 

core of this north-trending fold for a distance of 2 miles. The meta

sedimentary rocks are overlain by the Duquesne Volcanics. The axis of 

this fold plunges 30-50°N and the geometry of the fold varies from a 

slightly asymmetric fold with a steeper-dipping east limb, south of the 

Washington Camp stock, to a west-dipping isoclinal fold west of that



granodiorite (Figure 9, in pocket). Minor parasitic folds, parallel to 

the Washington Camp anticline, occur on the flanks of the major fold. 

These parasitic folds influenced the localization of sulfide deposition.

Another north-trending fold, the Pluto anticline, occurs south

east of the Washington Camp stock. The geometry of this fold changes 

from an asymmetrical fold with a steeper east limb, south of the stock, 

to an omega fold east of the stock.

The Washington Camp anticline terminates against the northwest

trending Harshaw Creek fault immediately north of the district. Another 

major fold in the Patagonia Mountains, the Mowry anticline, occurs on 

the opposite, upthrown side of the Harshaw Creek fault. The strike and 

plunge of the Mowry anticline is similar to the Washington Camp anti

cline, and the Mowry fold is also asymmetric with a steeply-dipping to 

locally overturned eastern limb and a flatter west limb. There is no 

compelling evidence to prove that the Mowry and Washington Camp anti

clines are offset segments of the same fold structure. Mapping by 

Baker (1961) and Simons (1974) suggest Mesozoic volcanic stratigraphy, 

at Mowry, differs from the Mesozoic volcanic stratigraphy in the 

Washington Camp-Duquesne district, indicating that the two fold axes 

were always separate structures.

Structural Relationship between 
Folding and Intrusion of the 
Washington Camp Stock

The structural setting of the Washington Camp granodiorite is 

unusual because the granodiorite is situated in a synclinal position 

between the flanking Washington Camp and Pluto anticlines (Figure 9).
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The change in geometry of the folds from nearly symmetrical structures, 

south of the granodiorite, to concordant, isoclinal folds adjacent to 

the granodiorite, may be due to refolding that occurred during the em

placement of the Patagonia granodiorite.

Baker (1961) first recognized this structural situation and con

cluded that an eastward-oriented compression applied during emplacement 

of the Patagonia granodiorite plastically deformed the Paleozoic sedi

mentary rocks around the Washington Camp stock, suggesting to him that 

the stock is older than the Patagonia granodiorite. Longitudinal faults 

which offset a portion of the western contact of the Washington Camp 

stock are parallel to longitudinal faults that were intruded by the 

Patagonia granodiorite. If these parallel fault zones are identical in 

age, it is highly probable that the Patagonia granodiorite is younger 

than the Washington Camp stock.

Using Baker's interpretation. Figure 10 schematically shows the 

development and later deformation of the Washington Camp anticline. The 

vertical emplacement of the Washington Camp granodiorite domed Paleozoic 

and Mesozoic rocks. That event formed the original anticline (Figure 

10A) and the north-trending longitudinal faults on the flanks of that 

fold (Figure 10B). During the emplacement of the Patagonia granodio

rite, the Washington Camp stock acted as a buttress to compression asso

ciated with this emplacement such that the Upper Paleozoic sedimentary 

rocks were rammed against the Washington Camp stock, forming reverse 

faults adjacent to the stock, and the original symmetrical fold was 

deformed to its present isoclinal geometry (Figure 10C). With this
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A. Intrusion of Washington Camp granodiorite into Paleozoic and Meso
zoic rocks and formation of the Washington Camp anticline.

B. Formation of longitudinal faults on the flanks of the fold.

C. Intrusion of the Patagonia granodiorite and deformation of 
the Washington Camp anticline.

Figure 10. Development and Deformation of the Washington Camp 
Anticline.
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interpretation, the rocks in the Pluto anticline represent the deformed 

eastern limb of the original fold, while rocks in the Washington Camp 

anticline represent the deformed western limb of the original fold.

Relationship between Folding and 
the Localization of Skam and 
Sulfide Mineralization

Detailed mapping in the mineralized areas of the district shows 

that the larger ore deposits often occur near the axial planes of folds 

which are parasitic to, or at the crest of, the Washington Camp anti

cline. A few examples of mineralization associated with minor cross

folds also occur, but this relationship is more subtle.

A granodiorite dike intruded the core of the Washington Camp 

anticline in the southern part of the district and a skam zone 300-400 

ft wide occurs adjacent to that dike. Sulfides occur within and on the 

outer edges of the skam body. Ores of this type were mined from the 

Duquesne, California, and Empire mines. Only a few outcrops of the 

dike are exposed in the center of the skam (Figure 4); however, magne

tometer data indicate that the granodiorite occurs beneath the skam 

(Figure 11, in pocket).

Surface and underground mapping and drilling between the Indiana 

and Kansas mines defined several folds that plunge steeply to the north

west. There, the ore zones noticeably thicken at the axes of the folds. 

Two zones of sulfide mineralization, each at least 5 ft thick, are sepa

rated by 10-25 ft of barren limestone on the west flank of one anticline. 

The ore zones gradually increase in thickness toward the anticlinal axis
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and merge into a single ore zone 10-20 ft thick at the crest of the fold 

axis. Mineralization in the Deerwater mine occurs near a synclinal axis. 

Maps of underground workings in the inaccessible Kansas and New York 

mines suggest that localization of the thickest ore deposition occurs 

near the crest of anticlinal structures.

Minor deflections in the strike of the metamorphosed sediments 

indicate the presence of secondary cross-folds adjacent to several areas 

of sulfide deposition in the district. Mapping and drilling south of 

the Empire shaft defined several zones of sulfide and skam mineraliza

tion that occur where the host rocks are slightly arched, convex to the 

east, by secondary cross-folding perpendicular to the axis of the 

Washington Camp anticline. Mineralization at the Holland mine occurs 

where the strike of the host rocks was deflected from a north to a north

west direction. Also, the larger orebodies in that mine occur where the 

host rock dips less than 50°; the thickness of the ore is diminished by 

one-third to one-half when the host rock dips greater than 80°, suggest

ing a preference of ore deposition in the less attenuated portions of 

the folds. Baker (1961) pointed out that many pipe-like ore shoots in 

the Holland mine occur where the host rocks show a slight deflection in

strike.
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Structures Related to Igneous Rocks

Relationship of Igneous Activity 
to the Regional Structural Framework

The Southwest Arizona Belt. The Patagonia batholith lies in a 

northwest-trending zone of Laramide plutonic rocks which can be traced 

from the Nacozari district, in Sonora, Mesico, to the Silver Bell Moun

tains, west of Tucson, Arizona, a distance of nearly 200 miles. These 

intrusions range in age from 58 to 67 m.y., B.P. (Mauger and Damon,

1965). The Laramide intrusions range in composition from diorite to 

quartz monzonite and are predominantly granodioritic in composition.

This zone was recognized and named the Southwest Arizona belt by Mayo 

(1958) and is expressed, geophysically, by a magnetic high 200-500 

gammas greater than the areas flanking the belt in Arizona (Sauck and 
Sumner, 1970).

Paleogeographic data indicate that the Southwest Arizona belt 

is adjacent to areas of maximum deposition in sedimentary basins which 

developed during the Paleozoic (Peirce, Keith, and Wilt, 1970). The 

belt is parallel to isopachs which define a north- to northwest-trending 

Lower Paleozoic basin whose axis occurs west of the Southwest Arizona 

belt. The axis of a basin of sedimentary deposition developed during 

Upper Paleozoic time occurs east of the Southwest Arizona belt (Peirce 

et al., 1970; Butler, 1971).

Intrusive and extrusive igneous activity was localized within 

the Southwest Arizona belt during Early Mesozoic and Laramide times. 

Jurassic and Triassic plutonic rocks invaded the belt 140-210 m.y. ago



(Cooper, 1971; Simons, 1974; Drewes, 1974). These rocks vary in compo

sition from syenite to monzonite with porphyritic granite predominating. 

Some are interpreted as remobilized and remelted Precambrian plutonic 

rocks (Drewes, 1974). Eruption of rhyolite welded tuff and flows oc

curred prior to the emplacement of the Early Mesozoic plutons forming 

the Canelo Hills Volcanics northeast of the Washington Camp-Duquesne 

district, the Duquesne Volcanics and the Mount Wrightson Volcanics in 

the northern Patagonia Mountains, and in the Santa Rita Mountains. 

Clastic units are interbedded with some of these units.

The Southwest Arizona belt marks a transition that separates 

marine sedimentation east of the belt from continental sedimentation 

west of the belt during the Cretaceous, although local continental depo

sition of the Temporal and Bathtub Formations occurred east of the belt 

in Lower Cretaceous time (Drewes, 1971). Only isolated outcrops of 

Paleozoic rocks are now preserved west of the belt; they are common east 

of the belt.

Regional Northwest Structural Elements. Titley (1972) and 

Drewes (1972) suggested that the Sawmill Canyon fault, in the northern 

part of the Santa Rita Mountains, could represent a major basement break 

in southern Arizona; the fault trends N40-50°W. Southeast of the Santa 

Rita Mountains, parallel fault structures occur in the Canelo Hills and 

along the southwest flank of the Huachuca Mountains (Hayes and Raup, 

1968). Satellite photos and photos taken from the Gemini spacecraft 

suggest that these structures may continue into Mexico (Titley, 1968a).
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A northwest continuation of the Sawmill Canyon fault zone would 

project through the pediment area on the northern flank of the Sierrita 

Mountains, cross-cutting the Southwest Arizona belt, and would continue 

towards the Slate Mountains, passing between the Roskruge and Silver Bell 

Bell Mountains. A further extension of this fault zone, or a parallel 

zone to the northwest, is suggested by the following data: (1) a N50°W-

trending Laramide dike, measuring less than 1 mile wide and at least 16 

miles long, crops out in the Eagle Tail Mountains, 48 miles northwest of 

Gila Bend, Arizona; (2) the southern ends of three transverse mountain 

ranges, the Harquahala, Harcuvar, and Buckskin Mountains, are truncated 

by a northwest projection of the Sawmill Canyon fault zone; (3) the 

Colorado River bends from a northeast to a northwest trend where the 

projection of this fault zone crosses the Arizona-Califomia border; 

and (4) a linear magnetic low anomaly occurs along the suspected trace 

of the Sawmill Canyon fault zone in southern Arizona (Sauck and Sumner, 

1970). Other northwest-trending structures can be inferred from struc

tural, petrologic, isotopic, and paleogeographic data gathered in south

ern Arizona. In the author's opinion, future work will recognize these 

features as major basement breaks which are involved in processes of 

global tectonics.

Regional East-west Structural Elements. The importance of 

nearly east- to east-northeast trending structures in southern Arizona 

is discussed in detail elsewhere (Schmitt, 1966; Mayo, 1958; Schmidt, 

1971; Rehrig and Heidrick, 1972). These structures are mineralized and
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intruded extensional fractures which are probably minimum stress struc

tures developed in response to a regional stress field active during 

Laramide time. They are elements of the Texas Zone which Schmitt (1966) 

believes to be a zone of structural disturbance of global proportions.

The Nature of Igneous Contacts in 
and Adjacent to the Washington 
Camp-Duquesne District

Mapping near the northern margin of the Patagonia batholith by 

Simons (1974) indicates that the western intrusive contact between the 

Patagonia granodiorite and either Jurassic or Precambrian rocks dips 

45°W. There, the eastern intrusive contact between the granodiorite and 

Jurassic-Triassic rocks dips 60-65°E. Further south, the eastern con

tact of the granodiorite dips 50-70°NE near the Four Metals mine (F. 

Graybeal, personal communication, 1977). The trace of this intrusive 

contact, as mapped by Simons (1974), suggests that the contact dips 

10-30°NE in the area between the Four Metals mine and the Washington 

Camp-Duquesne district.

The granodiorite contact steepens sharply within the district 

and flattens south of the district where the contact dips 20-40°E be

neath outcrops of the Duquesne Volcanics. The granodiorite-wall rock 

contact within the district swings from a northwest strike, 1000 ft west 

of the mapped area, to a north-trending strike near the Indiana mine.

The eastern dip of this contact changes from 20 to 60° in this area and 

gradually steepens to the south until it dips to the west adjacent to 

Lime Peak. The contact is nearly vertical where exposed in the southwest
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part of the district and parallels foliation and bedding in the volcanic 

and sedimentary rocks. The Patagonia granodiorite embays Paleozoic and 

Mesozoic rocks where the granodiorite magma encountered and intruded the 

pregranodiorite Lime Peak and Bonanza fault zones. Dikes and sills in

truded the wall rocks north of those reentrants.

The granodiorite and granitic sills and dikes in the district 

intruded within or adjacent to silica-rich rocks and rarely intruded the 

carbonate rocks. In contrast to these intrusions, older dikes and 

sills that were metamorphosed and boudinaged during the emplacement of 

the Patagonia granodiorite were able to intrude and cross-cut the car

bonate rocks. This suggests that the carbonate rocks responded in a 

ductile manner to the tectonic forces accompanying granodioritic intru

sion such that fractures to allow ingress of the melt were unable to 

form; whereas, the silica-rich rocks responded in a brittle manner to 

allow access for the intruding melt. Evidently the carbonate rocks were 

able to be fractured when the older dikes and sills were intruded.

Experiments by Griggs, Turner, and Heard (1960) on the Yule mar

ble and by Heard (1960) on the Solenhofen Limestone show that these rocks 

become ductile when heated above 500°C (the minimum estimated tempera

ture required to form the pyroxene-homfels facies in the district) 

when the lithostatic load pressure exceeds 2 kb. At 600°C ductile be

havior occurred in the Solenhofen Limestone when the pressure exceeded 

2 kb (Heard, 1960). If these experiments can be applied to the Paleo

zoic carbonate rocks in the Washington Camp-Duquesne district, the maxi

mum lithostatic pressure on these carbonate rocks during granodioritic
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intrusion is equivalent to their burial beneath 16,000-28,000 ft of 

post-Paleozoic rocks. These figures closely coincide with Simons'

(1972) estimate that at least 12,000 and possibly 20,000 ft of Mesozoic 

rocks were deposited on the Paleozoic section in this area.

The inference from these data is that the Washington Camp- 

Duquesne district was deeply buried during the Laramide. The district 

is unique to southern Arizona in its widespread and high-grade metamor

phism, in the presence of plastic deformation, and apparent in the duc

tile response of the carbonate rocks to Laramide intrusion. It offers 

one of the best exposures of a deeply buried and intruded geologic en

vironment involving Paleozoic rocks in southern Arizona. The zoning of 

base and precious metals in the Patagonia Mountains, as described by 

Graybeal (1975) also suggests that the Washington Camp-Duquesne district 

lies adjacent to the deeper portions of the Patagonia granodiorite.

Processes of assimilation and metasomatism may be responsible for 

the formation of the alaskite border phase of the Pride granodiorite 

sill where the sill intruded the homfels siltstone member of the Epi

taph Dolomite. That member of the Epitaph Dolomite contains secondary 

biotite and muscovite east of the North Belmont mine, where textures in 

the homfels siltstone almost appear igneous. The contacts between 

granodiorite sills and the Duquesne Volcanics are not always sharp. The 

volcanic rocks become recrystallized to a coarse-grained granitic tex

ture, forming a hybrid rock in the lower rhyolite welded tuff unit south 

of Duquesne.
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Xenoliths, Foliation, and Jointing in Patagonia Granodiorite.

The few xenoliths found in the Patagonia granodiorite consist of rhyo

lite, andesite porphyry, and diorite; the majority of these xenoliths 

occur within 200 ft of the granodiorite-wall rock contact. Elongation 

of the xenoliths is usually parallel to the granodiorite contact. The 

xenoliths range in length from a few inches to more than 100 ft. The 

lengthiwidth ratio of the larger xenoliths usually exceeds 3:1. Xeno

liths of andesite porphyry and diorite are also present within the 

granodiorite sills on the east side of the district. At one locality, 

abundant rounded xenoliths of andesite porphyry up to one foot in di

ameter are surrounded by a matrix of granodiorite.

Foliation within the granodiorite is weakly developed and is 

shown by orientations of ellipsoidally-shaped mafic xenoliths and by 

preferred orientation of biotite; schlierren structures are rare. West 

of the Indiana mine, foliation of biotite dips gently to the northeast. 

The foliation dips moderately and steeply to the south and east in the 

southern portion of the mapped area. Foliation of biotite near Lime 

Peak dips steeply west, parallel to the contact between the granodiorite 

and the intruded volcanics.

The predominant joint sets in the Patagonia granodiorite strike 

N70°W to N70°E and are steeply dipping. The frequency of this jointing 

differs from place to place and closely-spaced joints often occur in 

zones 50 to 200 ft wide. These intensely jointed zones are spaced at 

intervals of several hundreds of feet. Individual joint planes occur 

5-50 ft apart in the areas between the intensely jointed zones. The
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east-trending joints occur to within tens of feet of the granodiorite- 

volcanic contact on the west side of the district. There, the east-west 

set terminates against a N20-30°E joint set which forms an acute angle 

with the granodiorite-volcanic contact.

Flat, east- and south-dipping lager joints occur throughout the 

Patagonia granodiorite. They are coated with quartz, sericite, and 

limonite east of the South Belmont mine. Movement on these structures 

was noted southwest of the district by T. Heidrick (personal communica

tion, 1975) where they show normal offsets of aplites and the high-angle 

joint sets. North- to northwest-trending joint sets are least common 

and are seldom mineralized, but occasionally were filled with aplite.



METAMORPHISM

Metamorphism of sedimentary and volcanic rocks in the Washington 

Camp-Duquesne district is of the contact type related to the Patagonia 

and Washington Camp granodiorites and their associated sills and dikes. 

Metamorphism ranges from minor recrystallization of the limestones and 

loss of fissility of siltstones to the development of the pyroxene- 

homfels facies as defined by Turner and Verhoogen (1960) .

At the level exposed, the width of the pyroxene-homfels facies 

adjacent to the Patagonia granodiorite is ten times the width of this 

facies adjacent to the Washington Camp granodiorite. This width ratio 

corresponds closely to the ratio of the outcrop width of the two grano

diorite masses; the Patagonia granodiorite outcrops for a width of 

18,000 ft, and the Washington Camp granodiorite is 1500-2000 ft in out

crop width. Since the chemical composition of these granodiorites is 

similar, it appears that the extent of metamorphism of their wall rocks 

is at least influenced by the volume of the intruded magma and the heat 

available from that magma.

In order to define the various metamorphic facies, the first 

appearance of the following index minerals was used:

1) pyroxene-homfels facies

A. garnet and wollastonite for the sedimentary rocks

B. diopside, andalusite, and enstatite for the volcanic rocks
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2) homblende-homfels facies

A. tremolite, diopside, and olivine for the sedimentary rocks

B. hornblende for the volcanic rocks

3) albite-epidote-homfels facies (II)

A. tremolite for the sedimentary rocks

B. biotite for the volcanic rocks

4) albite-epidote-homfels facies (I)

A. talc and the absence of tremolite for the sedimentary rocks

B. chlorite for the volcanic rocks

A list of the mineralogy for these metamorphic facies is shown on 
Table I.

Retrograde metamorphism is most common near areas of sulfide 

mineralization where its presence is attributed in part to hydrothermal 

alteration. Talc, epidote, biotite, chlorite, and muscovite are the 

most common products of retrograde metamorphism; considerable brucite 

occurs in dolomites within the pyroxene-homfels and homblende-homfels 

facies replacing periclase, pyroxenes, and forsterite.

Distribution of Metamorphic Facies

Albite-epidote-homfels Facies

The outermost facies of metamorphism is the albite-epidote- 

homfels facies. This facies is divided into two subfacies; the appear

ance of biotite in the volcanic rocks and actinolite in the sedimentary 

rocks marks the division of the subfacies, which belong to the albite- 

epidote-homfels (II) subfacies (Figure 12, in pocket). The lower grade



Table I. Mineralogy^- of Metamorphic Facies in the Washington Camp-Duquesne District.
Metamorphic 
• Facies Limestone Dolomite Clastic Volcanic

Albite-epidote 
Hornfels (I)

rx cal-chl-c rx dol-chl-c rx qtz-c qtz-ser-musc
qtz-chl
qtz-ab-ser

Albite-epidote 
Hornfels (II)

cal-trem-tlc
cal-trem-musc

dol-trem-tlc-phlog trem-ep-bio-musc qtz-bio
bio-trem-zois-musc
phlog-trem-zois
qtz-ab-musc-bio

Hornblende
Hornfels

cal-dol-diop
cal-diop-trem
cal-trem-horn

dol-en
dol-en-per
cal-dol-en-per-br
dol-for-br-per

horn-ab-ksp
qtz-horn-biop-bio
qtz-horn

horn-ksp-bio
bio-hom-clzo-ab-ksp
horn-plag-bio

Pyroxene
Hornfels

cal-woll-diop-gr
cal-woll-diop
cal-gr-woll-vesuv
woll-diop

dol-for-en-woll
dol-br-woll-per

diop-ab-ksp en-musc
diop-hed-plag
microcl-and-musc

lab = albite, and = andalusite, bio = biotite, br = brucite, c = carbon, cal = calcite, chi = 
chlorite, clzo = clinozolsite, diop = diopside, dol - dolomite, en = enstatite, ep ~ epidote, for = 
forsterlte, gr = garnet, hed = hedenberglte, horn = hornblende, ksp = orthoclase, micro = microcline, 
muse = muscovite, per = periclase, phlog = phlogopite, plag = plagioclase, qtz = quartz, rx = recrys
tallized, ser = sericite, trem = tremolite, tic = talc, vesuv = vesuvianite, woll = wollastonite, 
zois = zoisite.
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albite-epidote-homfels (I) subfacies occurs at least 5000 and possibly 

as much as 10,000 ft from the contact of the Patagonia granodiorite 

where exposed north and south of the mapped area. The inner albite- 

epidote-homfels (II) subfacies occurs within 1000-3000 ft of the Pata

gonia granodiorite attaining a maximum width within the Paleozoic 

sedimentary rocks (Figure 12). This subfacies is roughly parallel to 

the granodiorite contact. The albite-epidote-homfels (II) subfacies 

is developed 200-800 ft from the contact of the Washington Camp grano

diorite within the surrounding wall rocks. The smaller width along the 

western and southern margins of this granodiorite is due, in part, to 

the impingement of the younger thermal event caused by the emplacement 

of the Patagonia granodiorite. The total width of the albite-epidote- 

homfels facies varies from 300 to 1200 ft.

Hornblende-hornfels Facies

The hornblende-hornfels is 100-500 ft wide and occurs 200-2000 

ft from the contact of the Patagonia granodiorite, it being less exten

sive within the metavolcanic sequence (Figure 12). The distribution of 

the facies is roughly parallel to the contact of the Patagonia granodi

orite. In the metasedimentary rocks, this facies is offset 2500 ft to 

the north by the Bonanza fault zone. The hornblende-hornfels facies 

was not distinguished separately from the pyroxene-homfels facies adja

cent to the Washington Camp granodiorite where the facies both occur 

within 200 ft of the granodiorite-wall rock contact.
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Pyroxene-homf els Facies

The pyroxene-horhfels facies occurs 1500-2000 ft from the con

tact of the Patagonia granodiorite within the Paleozoic sedimentary 

rocks. This facies is also offset by the Bonanza fault zone; 

wollastonite-bearing carbonate rocks occur at least 1000 ft north of the 

Bonanza shaft on the east side of the western Bonanza fault segment.

The presence or lack of wollastonite in carbonate rocks of the Washing

ton Camp-Duquesne district is highly dependent upon the original compo

sition of the rock. Beds of massive wollastonite and diopside are 

interbedded with pure marble containing no wollastonite in the Epitaph 

Dolomite on the west edge of the district.

Metamorphism of Limestone

Albite-epidote-hornfels Facies

Limestone rocks containing no tremolite are included in the 

albite-epidote-homfels (I) subfacies. This subfacies is present in the 

Epitaph Dolomite west of the Bonanza fault and on the east flank of the 

Pluto anticline. There, the limestones show only minor recrystallization 

of calcite. Carbonaceous material is still present in the rock, and 

outcrops of the Epitaph Dolomite are very similar in color to those 

found in the unmetamorphosed section at Howry. Chert nodules in this 

subfacies are black.

The higher grade albite-epidote-homfels (II) subfacies occurs 

between the development of tremolite and the first appearance of diop

side or forsterite involving all of the Paleozoic formations that occur
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in the Washington Camp-Duquesne district. The greatest abundance of 

tremolite occurs in the limestone members of the Epitaph Dolomite and 

surrounds dolomitic intraclasts within the upper portions of the Colina 

Formation. Most, though not all, of the original carbonaceous material 

was driven from the rock, resulting in lighter colored rocks than their 

equivalents at Mowry. Talc, commonly present in this zone, was never 

found to exceed 1% of the rock.

Homblende-homfels Facies

The hornblende-homfels facies is defined as the zone between 

the first appearance of diopside or forsterite and the first appearance 

of wollastonite (Figure 12). This facies involves all of the Paleozoic 

formations in the district. Limestone in this facies is recrystallized 

to medium— or coarse-grained marbles. Unmetamorphosed Colina Limestone 

consisting of medium to dark gray micrites and sparite in the Mowry dis

trict is bleached to a light to medium gray rock in the homblende- 

homfels facies at Washington Camp. Mineral associations in this facies 

consist of calcite-dolomite-diopside, calcite-diopside-tremolite, and 

calcite-tremolite-homblende. In. more dolomitic rocks, forsterite and 

enstatite also appear.

Pyroxene-hornfels Facies

The outer edge of the pyroxene-hornfels facies is defined by 

the first occurrence of wollastonite in the Paleozoic limestones. Wol

lastonite becomes more abundant toward the contact of the Patagonia 

granodiorite. Individual beds within the silty limestone member of the
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Epitaph Dolomite are replaced almost totally by wollastonite and diop- 

side within 1200 ft of the Patagonia granodiorite. Chert nodules within 

the Epitaph Dolomite and the Concha Limestone indicate increasing wol

lastonite replacement toward the granodiorite contact; they become re

placed entirely near the contact of the Concha Limestone and the 

metavolcanic sequence on the western side of the district.

The mineralogy in the marbles consists of wollastonite-diopside- 

calcite, wollastonite-forsterite-calcite, and wollastonite-grossularite- 

calcite. Baker (1961) noted that hauyne and sphene occur in the 

wollastonite rims of chert nodules from the Concha Limestone. He also 

noted the appearance of vesuvianite within fault zones. Parawollasto- 

nite, akermanite(?), and monticellite(?) occur northwest of the Holland 

mine adjacent to the Patagonia granodiorite, suggesting the partial de

velopment of the sanidine facies within the district. Retrograde meta

morphism in the pyroxene-homfels facies consists of individual grains 

of muscovite and brucite. Brucite has replaced diopside.

Metamorphism of Dolomite 

Albite-epidote-hornfels Facies

Dolomite in the lower grade albite-epidote-hornfels (I) sub

facies occurs in the core of the Washington Camp anticline, west of the 

Washington Camp granodiorite, and in the Pluto anticline. The dolomite 

member of the Epitaph Dolomite retains the same dark gray color as cor

relative rocks in the unmetamorphosed section at Mowry. Interbedded 

dolomites in the horhfels siltstone member of the Epitaph Dolomite are
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bleached but contain no tremolite. All dolomites are recrystallized to 

textures that are coarser grained than those found at Howry.

Tremolite, minor talc, and phlogopite are present in rocks of 

the higher grade albite-epidote-homfels (II) sub facies. Tremolite is 

especially abundant where the dolomite member of the Epitaph Dolomite 

changes lithologically to a dolomitic limestone, suggesting that the rock 

originally contained a higher percentage of silt. Carbonaceous matter 

is still present in dolomites of this subfacies.

Homblende-homfels Facies

Dolomites in the homblende-homf els facies are light gray in 

color and coarse-grained. Enstatite is the dominant pyroxene, although 

diopside is not uncommon. One specimen collected from the gulch south 

of the Texas mine contains enstatite and a trace amount of periclase.

The enstatite occurs as small subrounded grains; several adjacent ensta— 

tite grains are in optical continuity enclosed in a mesostasis of dolo

mite. Much of the enstatite and periclase from this specimen was 

altered to brucite. Phlogopite replaces both brucite and enstatite, 

suggesting that phlogopite is also a product of retrograde metamorphism 

or that phlogopite represents potassic alteration in a high-magnesium 

environment.

Pyroxene-homfels Facies

Dolomitic limestones of the Epitaph Dolomite commonly were 

metamorphosed to a predazzite rock in the pyroxene-homfels facies.

These rocks are generally coarse-grained and very light gray to white in
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color. The mineralogy of the predazzite rock consists of dolomite, 

secondary calcite, forsterite, enstatite, brucite, minor wollastonite, 

and phlogopite. Closer to the igneous contact the mineralogy consists 

of dolomite, secondary calcite, brucite, wollastonite, and periclase. 

Wollastonite most commonly occurs as short lath-shaped crystals or elon

gated sheaths, although in one instance it occurs as short sheaths within 

round to subrounded aggregates. It is not known whether the wollastonite 

has replaced rounded quartz grains or if the grain shape is a relict from 

forsterite.

Metamorphism of Clastic Rocks 

Albite-epidote-homfels Facies

Sandstones and siltstones of the Epitaph Dolomite and the Scher- 

rer Quartzite were metamorphosed, in this facies, to a dense homfels 

rock that breaks with a conchoidal fracture. The red- and brown-colored 

unmetamorphosed rocks at Howry become brownish gray to light gray in 

color when they are metamorphosed in the Washington Camp-Duquesne 

district.

The boundaries of the quartz grains are sutured and the grains 

are strained. A considerable portion of the homfels siltstones con

sists of carbonaceous material in the albite-epidote-homfels (I) sub

facies, but is absent in the albite-epidote-homfels (II) subfacies. 

Tremolite and occasional biotite or muscovite occur only in the latter 

of these two subfacies. When tremolite is absent, the homfels silt- 

stone is almost white on fresh surfaces. Tourmaline is present in the



Scherrer Quartzite adjacent to the Bonanza fault. Epidote is common 

in sedimentary rocks of the facies, but not so abundant as it is in 

metavolcanic rocks.

Homblende-homfels and 
Pyroxene-homfels Facies

A field determination of the separation of the homblende- 

homfels facies from the pyroxene-homfels facies is megascopically im

possible in the Paleozoic clastic rocks, owing to their very fine-grained 

nature. Wollastonite cannot be distinguished from tremolite. Fresh 

surfaces of these rocks are greenish gray in color. Microscopic studies 

of thin sections from rocks of these facies show that hornblende or di- 

opside occur with albite and orthoclase.

Metamorphism of 
Extrusive Volcanic Rocks

Albite-epidote-homfels facies

Flows and pyroclastic rocks of the Duquesne Volcanics in Finley 

and Adams Canyon, north of the mapped area, were silicified and contain 

chlorite, sericite, and muscovite; they are included in the albite- 

epidote-homfels (I) subfacies. Where biotite occurs, the rock is in

cluded in the albite-epidote-homfels (II) subfacies. The first 

appearance of biotite in the district occurs between 1000 and 2000 ft 

from the contact of the Duquesne Volcanics and the Patagonia granodio- 

rite. Either muscovite or chlorite or both are present in these vol

canic rocks east of the biotite isograd shown on Figure 12 in the 

albite-epidote-homfels (II) subfacies.
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Rhyolites are recrystallized to a dense homfelsed texture in 

this subfacies. Rhyolite welded tuff contains slightly strained quartz 

and can contain minor tremolite as far as 700 ft beyond the biotite iso

grad. The welded tuff is intensely silicified adjacent to the granodio- 

rite contact. Rhyolitic welded tuff may contain as much as 21% 

muscovite, lesser biotite and tremolite, and minor epidote in the 

albite-epidote-homfels (II) subfacies. The muscovite occurs as por- 

phyroblasts enclosing quartz and feldspars. The porphyroblasts impart 

a spotted texture to the outcrops. Zoisite poikilitically encloses 

quartz grains or occurs as discrete grains. Thin sections show that the 

quartz-latite units contain up to 5% biotite with lesser muscovite and 

tremolite. Epidote may constitute more than 2% of the rock.

Homblende-hornfels Facies

Rhyolitic welded tuff in the homblende-homfels facies contains 

as much as 15% hornblende with orthoclase, biotite, and more magnetite 

and apatite than the average welded tuff. The rock has a recrystallized 

granoblastic texture. Some of this material may have been derived from 

the intrusion of diorite dikes and sills south of Duquesne.

The quartz-latite unit in the northwestern part of the district 

can contain nearly 2% biotite and slightly less hornblende with greater 

amounts of clinzoisite, albite, and orthoclase. Both biotite and horn

blende are replaced by chlorite, and hornblende replaces clinozoisite.

A welded tuff xenolith included within the granodiorite sill 

south of Duquesne contains abundant labradorite (An^) occurring as very 

elongate laths oriented parallel to the granodiorite-xenolith contact.
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Very little orthoclase remains in the rock. Biotite and hornblende in

crease in amount toward the contact. The hornblende poikilitically en

closes plagioclase and quartz.

Pyroxene-homfels Facies

Rhyolite and rhyolitic welded tuff within the pyroxene-homfels 

facies contain up to 10% enstatite or andalusite. Andalusite is sepa

rated from quartz by a reaction rim of muscovite. In some instances, 

the andalusite was almost completely replaced by muscovite. The pyrox

ene species present in the rhyolite-trachyte unit are diopside, ensta

tite, and hedenbergite that poikilitically enclose quartz and feldspar 

or occur as small subrounded granules. Other minerals present in this 

facies include biotite, epidote, chlorite, sericite, tourmaline, and 

microcline. All but microcline replace the pyroxene and are considered 

to be either products of retrograde metamorphism or of hydrothermal 

alteration.

Microcline is present in the quartz-poor trachytic rocks within 

the pyroxene facies and pyroxene is absent. The subhedral potassium 

feldspars contain very little alteration products. It is the author’s 

opinion that most of this potassium feldspar is a product of potassium 

metasomatism derived from the intrusion of the Patagonia granodiorite 

and probably does not represent the original composition of the rock. 

Potassium feldspar flooding of the Duquesne Volcanics occurs within 300 

ft of the Patagonia granodiorite within the volcanic rocks south of

Duquesne.
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Metamorphism of Intrusive Rocks 

The designation of the facies in which the various dikes and 

sills described below are placed is based on the metamorphic mineralogy 

of the intruded sedimentary or volcanic sequence regardless of the meta

morphic mineralogy of the individual dike or sill.

Albite-epidote-homfels Facies

Mesozoic andesite dikes and sills were metamorphosed to tremo- 

lite, phlogopite, chlorite, epidote, and zoisite. Primary hornblende is 

replaced by tremolite or a biotite having brownish-green pleochroism.

The original outline of the hornblende is marked by a fringe of magne

tite. Where it replaces hornblende, the biotite is intergrown with 

quartz, suggesting the following reaction:

Hornblende -*■ Fe-poor biotite + quartz + magnetite

Tremolite, epidote, biotite, muscovite, and chlorite replace the feld

spar and quartz matrix and phenocrysts. Several specimens examined by 

thin section were almost totally replaced by tremolite and phlogopite; 

in one, nepheline.is the only original mineral remaining. Fine-grained 

zoisite is present in most specimens.

The intrusive diorite north of the Washington Camp granodiorite 

in the albite-epidote-homfels facies contains tremolite and chlorite in 

the groundmass. The feldspar phenocrysts are altered slightly to seri- 

cite. Hornblende is altered to a strongly pleochroic chlorite.
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Homblende-homfels Facies

An andesitic sill, 500 ft southwest of the Texas shaft, was the 

only Triassic-Jurassic(?) sill studied that intruded Paleozoic sedimen

tary rocks that were metamorphosed to this facies. In this rock, the 

plagioclase was completely destroyed and replaced by clay, tremolite, 

and phlogopite. The finer grained matrix consists of phlogopite with 

minor sphene. Abundant pyrite in the rock is replaced by tremolite, 

suggesting that the pyrite was an original constituent of the andesite 

sill.

The diorite and andesite porphyry sills occurring in the south

eastern portion of the district contain subhedral to anhedral stubby 

grains of green hornblende that replace plagioclase phenocrysts and the 

groundmass. The plagioclase phenocrysts in the andesite porphyry were 

albitized. Minor clinozoisite and biotite replace the hornblende and 

are considered to be products of retrograde metamorphism.

A thin section showing the contact between the diorite sill and 

the intruding granodiorite sills south of Duquesne (48,300N x 50,800E) 

reveals a thin zone of recrystallization of the diorite at the contact. 

The contact zone contains considerable magnetite and sphene. The horn

blende within the diorite occurs as small, unaltered subhedral grains. 

Plagioclase within the diorite is also unaltered and is oligoclase in 

composition. Because of the fresh character of the intruded diorite, 

the writer concludes that the hornblende and plagioclase are metamorphic 

in origin since the diorite is altered to tremolite, biotite, chlorite,

v



muscovite, and secondary hornblende in the less intense zones of 

metamorphism.

Thin sections of the diorite adjacent to the north and northwest 

contact of the Washington Camp granodiorite contain metamorphic horn

blende as far as 500 ft from the granodiorite contact. The width of the 

homblende-homfels facies in this diorite is twice the width of the 

facies development in the Paleozoic strata. Biotite, actinolite, musco

vite, chlorite, and minor clinozoisite also occur within these rocks. 

Hornblende and micas replaced the original hornblende constituents of 

the diorite, as evidenced by the ghost outline of the relict crystals 

which is marked by a thin shell of magnetite. Pyrite, occurring as 

discrete euhedral to anhedral grains, can constitute 10% of the rock; 

pyrite is replaced by hornblende.

One brecciated diorite specimen from 60 ft north of the grano

diorite contact (50,750E x 56,SOON) contains andalusite and cordierite. 

These minerals occur in a vein structure where they are surrounded and 

replaced by muscovite and biotite. The andalusite and cordierite may 

represent metamorphism of a vein that contained clays of the kaolinite 

group.

Pyroxene-homfels Facies

The diorite and andesite porphyry sills in the pyroxene-homfels 

facies south of Duquesne were metamorphosed to an equigranular texture. 

The grain size of these rocks within the pyroxene-homfels facies is 

five times greater than the grain size found in the albite-epidote fa

cies. The porphyritic texture of the andesite sill is gradually replaced
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by an equigranular texture in the pyroxene-homfels facies as the 

granodiorite contact is approached.

Plagioclase and biotite in the sills appear unaltered within the 

pyroxene-homfels facies, contrasting sharply with the character of the 

sills in the metamorphic facies of lesser intensity. As much as 10% of 

the sills consist of diopside. A small portion of the diopside shows 

retrograde metamorphism to hornblende and chlorite except in narrow 

cross-cutting veinlets where hornblende has almost completely replaced 

diopside.

Orthoclase and microcline may be major constituents of the dio- 

rite sill, especially near the contact with the intruded welded tuff. 

Undoubtedly, much of the potassium feldspar present in the diorite is 

due to assimilation of the welded tuff during emplacement of the sill. 

Some orthoclase, however, may have been introduced by potassium metaso

matism during intrusion of the Patagonia granodiorite as suggested by 

the abundant potassium feldspar present in the rhyolite-trachyte tuff 

that occurs near the granodiorite contact.

Dikes and sills that intrude Paleozoic sedimentary rocks within 

the pyroxene-homfels facies most commonly contain tremolite or actino- 

lite and biotite, with lesser amounts of clinozoisite, chlorite, and 

sphene. One sill contains diopside. Andesite and dacite porphyry dikes 

encountered underground at the Simplot and Kansas mines contain a total 

of 20-30% biotite and amphiboles. The biotite is unaltered and occurs 

in veinlets as well as a replacement of amphiboles. Sericite, chlorite,
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and muscovite are also present. Biotite, pleochroic from colorless to 

orange-brown colors, and actinolite occur in andesite dikes on the 200 

level of the Simplot mine.



ALTERATION

Alteration of Metasedimentary Rocks

The most obvious form of alteration in the Paleozoic metasedi

mentary rocks is the development of garnet exoskam. The term exoskam 

refers to rocks formed by calc-silicate replacement on the sediment side 

of an igneous-sedimentary contact, and the term endoskam refers to al

teration occurring within the intruding rocks at the time of exoskam 

development. The endoskams are described in the section dealing with 

alteration of igneous rocks.

Metasomatic processes that resulted in the formation of pyro- 

metasomatic skara deposits in the district are of two types— infiltra

tion and diffusion. An infiltration metasomatic process is one that 

clearly utilized fractures and interstices within the rocks for the 

transportation of solutions and ions that were involved in the formation 

of the skam deposits. The diffusion metasomatic process is one of 

two-way diffusion of elements in a geologic system that is relatively 

impermeable because of the lack of fractures in the rock.

Three types of exoskams occur in the district. The most abun

dant type occurs at a contact between metasedimentary rocks and an in

trusive rock where veinlets of garnet clearly cross-cut the endoskam 

products found in associated granodiorite. This type is a postmagmatic 

exoskam formed by the infiltration metasomatic process within a chem

ically open geologic system containing mobile constituents. The least 

abundant type of exoskam formed in the presence of an igneous melt, or
84
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hot rock, is contemporaneous with a magmatic endoskam and appears to 

be produced solely by the process of ionic diffusion. The third type of 

exoskam is one lacking an associated endoskam or intrusive body that 

either occurs within metasedimentary rocks, at a reactive (limestone)- 

nonreactive (homfels siltstone or quartzite) contact, or at the contact 

between metasedimentary and metavolcanic rocks. Textural and mineralog- 

ical criteria suggest the presence of both metasomatic infiltration and 

diffusion processes occurring at and across the reactive-nonreactive 

contact.

All these garnet exoskams only occur in rocks metamorphosed to 

the pyroxene-homfels facies. Disseminated calc-silicate minerals, of 

the same species found in the exoskams, are present throughout the meta

sedimentary rocks of that facies. The constituents necessary to form 

these calc-silicate minerals occur in thin sections of unmetamorphosed 

equivalents of the host rocks, suggesting that they were formed by meta- 

morphic rather than metasomatic processes. With the appearance of iden

tical mineral species formed by metamorphic and metasomatic processes, 

distinction between these processes becomes impossible.

Where disseminated calc-silicate minerals make up a minor frac

tion of a rock, there is a tendency to call upon metamorphic processes 

to account for their presence. Where calc-silicates are a major con

stituent, or if their occurrence is demonstrably fracture-controlled, 

most geologists would ascribe a metasomatic origin to the calc-silicates. 

The classification of situations intermediate to the above-described 

conditions is difficult if observational data is lacking or if one
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process is overprinted by the other, as is the case in the Washington 

Camp-Duquesne district. Pyrometasomatic alteration of sedimentary and 

igneous rocks in the district refers to replacement of the host rocks by 

the addition of elements whose origin was outside the host rock. Meta

morphism did not allow wholesale reorganization of the mineral phases 

into massive exoskam, while metasomatism not only reorganized the 

phases but, through diffusive processes, allowed chemical homogenization 

to occur between chemically dissimilar rocks.

Structurally-controlled Exoskarns

Skam mineralization adjacent to north-trending fault zones only 

occurs where one wall of the fault is a relatively nonreactive lithology 

and the other wall is relatively reactive. Skam is absent when both 

walls are reactive lithologies. Because of this relationship, it is 

concluded that skam mineralization can occur only where a source of 

silica was immediately adjacent to the area of skam replacement. This 

conclusion is supported by similar characteristics of stratigraphically- 

controlled exoskarns.

Not all the chemical elements present in the exoskam phases 

were derived from the adjacent wall rocks. The bulk of the metallic 

elements and sulfur may require a source foreign to the reactive- 

nonreactive lithologic system to account for their abundance, presumably 

an igneous source whose emanations also utilized the north-trending 

fault structures.

Examples of skam localization along north-trending fault zones 

include: (1) the nearly continuous zone of skam 5500 ft long and
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5-200 ft wide at the western fault contact between the Concha Limestone 

and Mesozoic volcanic rocks; (2) skam zones adjacent to the Bonanza 

fault at the eastern contact between Paleozoic carbonates and Mesozoic 

volcanic rocks; and (3) along the footwall-side of the Pride fault, 

northeast of the North Belmont shaft in the southwestern part of the 

district.

Examples of skam localization along east- or northwest-trending 

faults include: (1) a skam zone 250 ft long and 5-10 ft wide located

in a fault zone west of the Pride-of-the-West shaft, and (2) skam min

eralization that is parallel to a northwest-trending fault and a Mesozoic 

dike on the 200 level of the Simplot mine; this fault had preskam and 
postskam movement.

Stratigraphically- 
controlled Exoskams

The importance of stratigraphic control to skam localization is 

especially evident in the Kansas, Simplot, Indiana, Holland, Belmont, 

and Empire mine areas and is probably important in the Bonanza and 

Duquesne mines. These mines contributed the bulk of pyrometasomatic 

ore production from the district. The more favorable contacts for skam 

and sulfide replacement occur at the contact between the Colina Lime

stone and Scherrer Quartzite (Holland Bonanza mines), at the contacts 

between homfels and marble units in the Concha Limestone (Kansas, Sim

plot, and Indiana mines), and at similar homfels-marble contacts within 

the Colina Limestone (Empire, South Belmont, and Duquesne mines). The 

strike and dip of these skam zones and their associated sulfide bodies
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parallel the strike and dip of the enclosing metasedimentary rocks. The 

skarn zones vary in width from 5 to 200 ft and in length from 200 to 

1000 ft.

Exoskams Localized at 
Granodiorite-carbonate Contacts

The contact between the Patagonia granodiorite, or its related 

dikes, and the Paleozoic metasedimentary rocks is the location of the 

largest skarn bodies in the district. Skarn replacement adjacent to 

the Washington Camp stock is weakly developed. Development of known 

ore bodies of these skams was of lesser importance than in the types 

described above. The Pride-of-the-West mine was the only area to pro

duce more than 50,000 tons of ore from a granodiorite-carbonate intru

sive contact. Two zones of garnet skarn 400 ft wide are found in the 

South Belmont mining area. The eastern zone occurs adjacent to the 

southern extension of the Bonanza fault replacing marbles of the Colina 

Limestone, while the western zone replaced the Concha Limestone and 

converted parts of the Scherrer Quartzite to massive quartz or quartz 

and diopside.

In the Empire area, massive garnet skarn crops out in a body 

800 ft wide and 1500 ft long. A positive magnetic anomaly occurs along 

the axis of the skarn zone (Figure 11, in pocket) and outcrops of grano

diorite occur at the crest of the anomaly, suggesting that the skarn is 

related to a sill. This skarn zone occurs in the axis of the Washington

Camp anticline.



Alteration Associated with 
Sulfide Deposition in Paleozoic 
Metasedimentary Rocks

In order to compare and contrast hydrous and anhydrous altera

tion adjacent to massive sulfide deposition to the type of sediment host 

rocks, the author chose two types of relationships between sulfides, 

calc-silicates, and sedimentary rocks for detailed petrographic study.

At one extreme is an example of polymetallic sulfide deposition com

pletely enclosed by Paleozoic carbonate rocks that lack exoskaro forma

tion. This example is typified by the ore intercept in diamond drill 

hole DDH-3, described later. At the other extreme is the almost exclu

sive deposition of chalcopyrite that impregnates garnet exoskam devel

oped at a hornfels siltstone-carbonate interface. This example is 

typified by the ore intercepts in diamond drill hole BDH-8, described 

later. Intermediate to these extremes are the bulk of the 

stratigraphically-controlled ore bodies of the district; crudely zoned 

polymetallic sulfide deposition confined to the exoskam-carbonate con

tact. Mapping and drilling data show gradations between these three 

types.

Direct and indirect evidence shows the same general paragenetic 

sequence of alteration for each type. Anhydrous alteration, as defined 

here, consists of garnet, diopside, and wollastonite as early products. 

The hydroxyl-bearing minerals, vesuvianite and epidote, are intermediate 

and the hydrous sheet silicates are always late in the paragenetic se

quence. Economic sulfide deposition accompanied the intermediate and 

possibly the late phases of this sequence.

89
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Alteration Adjacent to Sulfide Mineralization Encased in Marble, 

Diamond drill hole D-3, a surface angle hole, intersected two ore zones 

within the upper part of the Concha Limestone southwest of the Simplot 

shaft. The drill hole penetrated 40 ft of the lower rhyolite unit of 

the Duquesne Volcanics and about 60 ft of the Concha Limestone before 

intersecting a 7.5 ft-thick zone of massive sulfides that assay 24% of 

combined copper, lead, and zinc. Fifteen thin sections were studied to 

determine the spatial distribution of alteration minerals relative to 

sulfide deposition (Figure 13).

Massive garnet skam is not present. Calc-silicate minerals 

comprise 5-20% of the volume of the marble, but there is no marked in

crease in calc-silicates towards the sulfides. Minor ferroan calcite 

occurs at the sulfide-carbonate contact. Calcite in the wall rock is 

equigranular ranging from 0.4-2.0 mm in width; dolomite is extremely 

rare. Sulfides, other than pyrite, rarely occur at a distance greater 

than 2.0 cm from the sulfide-carbonate contact. Pyrite is evenly dis

tributed as disseminated grains, never in veinlets, throughout all the 

drill core length studied. It sometimes appears on calcite-calcite 

boundaries.

An alteration envelope extends beyond the sulfide-carbonate con

tact in relatively pure Concha Limestone, but its products can be seen 

megascopically only within 4 ft of that contact. The intermediate 

hydroxyl-bearing alteration stage consists of small equant grains of 

vesuvianite that are sparsely disseminated in a zone extending 4 ft from 

the sulfide-carbonate contact. Further from that contact, vesuvianite
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displays a radiating prismatic habit replacing the calc-silicate miner

als. Vesuvianite also occurs massively in veins associated with chal

cedony at distances greater than 12 ft from the sulfides.

Alteration of the silicates and calcite by montmorillonite and 

the hydrous magnesium silicates, chlorite, talc, and antigorite, is ob

vious in thin section. However, except for the.massive replacement of 

wollastonite by talc and antigorite, this alteration is difficult to 

see in hand specimens. Hydrothermal dolomite and silicification of the 

marble are extremely rare and cannot be used as criteria for the proxim

ity of ore values.

The detection of montmorillonite replacing calcite, of hydrous 

magnesium silicates, especially at'calcite-calcite grain boundaries, and 

the prismatic habit of vesuvianite appear to be the only clues of hydro- 

thermal processes related to sulfide deposition as they are seldom seen 

away from the ore-bearing areas of the district. These effects can be 

seen well in petrographic thin sections. Petrographic descriptions of 

this alteration are presented in Appendix C.

Exoskarn Alteration at a Reactive-nonreactive Contact. Effects 

of hydrothermal alteration on interbedded silty marble and homfels silt- 

stones were studied with petrographic thin sections from diamond drill 

hole RDH-8, located 80 ft northeast of the Deerwater shaft in the north

ern part of the district. The hole was collared in the lower beds of 

the west-dipping Concha Limestone that contain interbeds of homfels 

siltstone marking the transition from the underlying Scherrer Quartzite.
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The alteration and ore lie at the top of a homfels siltstone unit that 

occurs in a very tight synclinal fold.

The drill hole intersected 3 sulfide zones that dip about 70°W. 

True thickness of the sulfide zones ranges from 5-12 ft, and these zones 

assay 1-2.5 oz/ton silver, 0.05% lead, 5-8% copper, and 0.2-2% zinc. 

Thirty thin sections, polished thin sections, and polished sections were 

utilized to study the central and lower ore zones and their wall rock 

alteration.

Figure 14 summarizes mineralogical and assay data from drill 

hole RDH-8. The original marble-homfels contact is represented by the 

sulfide-wollastonite contact, although minor thin interbeds of homfels 

in marble or marble in homfels occur stratigraphically above and below 

that contact. The reactive (marble)-nonreactive (homfels) contact was 

the approximate midpoint of counter-moving diffusion fronts of calcium, 

from marble, into the homfels and of silica and iron, from homfels, 

into the marble. These fronts were responsible for forming early an

hydrous alteration that converted the rock units to massive garnet and 

wollastonite for 20 ft on either side of the contact.

The intermediate hydroxyl-bearing alteration stage was formed by 

the partial destruction of the calc-silicates by the reaction:

3 grossularite + wollastonite + diopside + TCOg +

2H+ 7 calcite + 6 quartz + 2 zoisite + Mg+^

The epidote minerals, zoisite and clinozoisite, compose as much as 20% 

of unmineralized homfels siltstone adjacent to the ore zones and occur



9 4

Quartz (%)

Hydrous 
Magnesium (%) 
Si Iicates LXVCsX \ \

Garnet (%)

Calci»e(%)

Drill
Depth (ft.)

Lithology
True

Thickness

m —

Copper (%) o I

Zinc (%)
r> -

Lead (%)
O -

Silver(oz.)
m—

Figure 14. Exoskarn Mineralization and Alteration, Drill Hole RDH-8, Deerwater Area.

Epi
dot

e 
Dio

psi
de 

Thi
n S

ect
i



95

in veinlets within the footwall homfels siltstone as much as 40 ft 

from sulfide mineralization. Because the epidote minerals replace min

erals of the early anhydrous phase and are replaced by hydrous magnesium 

silicates and montmorillonite, they are placed in an intermediate stage 

of alteration. The occurrence of epidote in veins with pyrite and minor 

chalcopyrite suggests that epidote and sulfide deposition were 

contemporaneous.

The late hydrothermal phase of alteration involved the deposi

tion of hydrous magnesium silicates and montmorillonite which replace 

the earlier alteration minerals. The hydrous magnesium silicates con

sist of chlorite, talc, and antigorite. Neither the type of these sili

cates nor the amount present can be correlated with volume base metal 

mineralization within the confines of the sulfide zone; however, these 

minerals are most abundant near zones of massive pyrite (Figure 14).

The amount present within the metasedimentary wall rocks decreases rap

idly away from the sulfide zone. At least 10% of the ore-zone volume 

consists of hydrous magnesium silicates. Stratigraphically, within 

5 ft of the ore, these minerals compose less than 1% of the total miner

alogy. An envelope of chlorite development extends at least 40 ft, 

stratigraphically, from the ore zone within the underlying homfels 

siltstones. Montmorillonite varies in amount from 0-25% of the total 

rock volume, being most abundant within the altered homfels siltstones. 

Petrographic descriptions of these alteration stages are presented in 

Appendix C.
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Summary. Primary differences in the alteration products formed 

in relatively pure marble (drill hole D-3) and those formed in impure 

marbles and homfels siltstones (drill hole RDH-8) are the simple miner

alogy of the former, with relatively few phases, and the complex mineral

ogy of the latter. Textural and mineralogical differences also are 

present in the ores associated with these different environments; mas

sive, coarse-grained polymetallic sulfide deposition replaces limestone 

in the former while chalcopyrite, pyrite, and pyrrhotite are the domi

nant sulfide minerals which replace exoskam in the latter. Sulfide 

mineralization, other than pyrite, pyrrhotite, and molybdenite, is rare 

within the Washington Camp-Duquesne exoskams but is common in other 

pyrometasomatic districts of the southwest; notably, at Christmas (Perry, 

1968, 1969), Hission-Pima (Gale, 1965), and Johnson Camp (Cooper, 1957).

The impure marbles and homfels siltstones contain greater abun

dances and varieties of the silicate, hydrous magnesium silicate, and 

clay minerals than are found in the pure marble wall rocks. Vesuvianite 

apparently is unstable or was not deposited in the impure environment, 

but does occur in the purer limestone environment that lacks exoskams. 

The epidote minerals formed in the impure limestone-homfels environment 

but not in the purer limestone environment.

Hydrothermal Alteration 
of Igneous Rocks

Alteration of the 
Washington Camp Stock

Hydrothermal alteration minerals account for 1-70% by volume 

of the Washington Camp granodiorite. Alteration of the granodiorite
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to quartz-sericite-tourmaline affects an area 1500 ft in diameter in 

the core of the stock (Figure 4, in pocket). Argillic and propylitic 

alteration surrounds this central core, becoming weaker with increased 

distance from the phyllic core. Potassium feldspar and epidote in

crease sharply at the contact of the stock with its surrounding wall 

rocks. Both minerals occur as veinlets and may represent products of 

the reaction between the intrusive and carbonate wall rocks.

A north-south cross-section across the stock showing mineral 

distributions in the alteration zones is presented in Figure 15. Each 

data point presents results from a point count survey of one thin sec

tion; at least 800 points were counted for each of 30 thin sections.

Baker (1961) mapped the western portion of quartz-sericite rock 

that composes the phyllic zone as a separate monzonite intrusion and 

Simons (1974) mapped the phyllic zone as a pendant of Duquesne Volcan- 

ics(?). Textural changes, due to alteration, can be traced from the 

outer portion of the stock toward the phyllic alteration zone. Progres

sive mineralogic changes caused by destruction of the original silicate 

minerals are obvious (Figure 15). Relict porphyritic textures identical 

to less altered portions of the stock occur within the phyllic zone; 

therefore, this zone represents intense hydrothermal alteration within 

the Washington Camp granodiorite.

Petrography of Fresh Granodiorite. The least altered sample of 

Washington Camp granodiorite was found in a mine adit adjacent to the 

granodiorite-Epitaph Dolomite contact located 100 ft north of the 

Washington Camp-Duquesne road at the southeast end of the granodiorite
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outcrops. The granodiorite at this location is a porphyritic 

hypidiomorphic-granular rock with 1-3 inch-long phenocrysts of 

orthoclase occurring with smaller phenocrysts of plagioclase, quartz, 

hornblende, and biotite set in a groundmass of fine-grained oligoclase- 

andesine with lesser amounts of quartz and mafic minerals. Fresh por

phyritic granodiorite contains 35-55% oligoclase-andesine, 15-25% 

orthoclase, 10-20% quartz, and 5-15% mafics (Figure 16A).

Alteration of Granodiorite. Most exposures of the Washington 

Camp granodiorite are hydrothermally altered. Within the zones of por- 

pylitic and argillic alteration, hornblende and biotite are replaced by 

chlorite (Figure 16B). Chlorite composes 1-8% of the mineral volume in 

these zones. Clinozoisite irregularly replaces or veins plagioclase and 

the mafic minerals; it seldom accounts for more than 2% of the rock vol

ume. The amount of clay minerals varies from 1 to nearly 20%, by volume, 

of the granodiorite, increasing towards the zone of phyllic alteration. 

Less than 25% of the clays occur along fractures; the bulk of these min

erals occur as pervasive destruction of individual plagioclase grains.

The appearance of fine-grained sericite is very abrupt and, with 

a two-fold increase of quartz, defines the central core of phyllic al

teration (Figure 17). Chlorite, epidote, and the clay minerals are ab

sent or nearly so. Tourmaline locally can compose as much as 20% of 

the granodiorite volume in the phyllic zone; it also occurs with quartz 

and sericite in veins within the outer zones of alteration. Secondary 

orthoclase is present in small amounts within the phyllic zone, occurring 

interstitial to quartz and sericite. Sulfides are rare but limonite,



100

Figure 16. Unaltered Washington Camp Granodiorite. —  Twinned plagio- 
clase (P) phenocryst is about 1.7 mm long; Q ■ quartz, K ■ 
orthoclase, B - biotite; crossed nicols.
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Figure 17. Phyllic Alteration of the Washington Camp Granodiorite. —  
The groundmass and the plagioclase and orthoclase pheno- 
crysts are totally replaced by quartz (Q), sericite (S), 
and minor tourmaline (T); embayed quartz grain (Q) is about 
1 mm in diameter; crossed nicols.



after pyrite, composes 2-5% of the rock volume. A discussion of the 

petrography of these alteration zones is presented in Appendix D.

Textural Changes during Progressive Hydrothermal Alteration. 

Quartz phenocrysts undergo textural changes upon approaching the phyllic 

alteration zone. In the outer portions of the propylitic zone, rounded, 

partically resorbed quartz phenocrysts average 0.4 mm in diameter and 

attain a maximum diameter of 9 mm. Upon approaching the phyllic zone, 

the original quartz grains retain this size; however, fine-grained 

quartz gradually surrounds the original nucleus forming quartz eyes 

0.25-1 cm in diameter within the phyllic zone. The fine-grained quartz 

is in optical continuity with the original phenocryst nucleus. Many 

quartz crystals occur singly or are associated with tourmaline veinlets 

in the core of the argillic zone.

Alteration in the Quartz-sericite-tourmaline Breccia. Viewed 

microscopically, the quartz-sericite-tourmaline breccia consists of 

rounded and embayed quartz phenocrysts set in a groundmass of quartz, 

coarse-grained sericite, and tourmaline. Thin section studies show that 

the main portion of the breccia contains 50% quartz, 27% sericite, 13% 

tourmaline, 8% orthoclase, and 2% hematite. Brecciated fragments of 

massive tourmaline are most common along the western contact of the 

breccia. Elsewhere, massive tourmaline occurs as sunbursts in north- 

to northwest-trending veins 1-6 inches thick that dip moderately to the
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east.
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Relict textural features within the breccia are identical to 

the porphyritic texture of the granodiorite, suggesting that the breccia 

represents the apical portion of the Washington Camp granodiorite that 

was later downthrown to the east along a line coinciding generally with 

the Bonanza fault. Diagnostic criteria that show the relationship of 

the breccia to the granodiorite are lacking, and the possibility exists 

that the breccia represents an alteration zone spatially unrelated to 

phyllic alteration within the core of the Washington Camp granodiorite.

Discussion. Figures 15 and 18 show striking similarities of al

teration of the Washington Camp stock to hydrothermal alteration pat

terns encountered around many porphyry copper deposits of the southwest 

(Creasey, 1966; Lowell and Guilbert, 1970). The paucity of limonite 

lessens the possibility that the alteration in the granodiorite is 

supergene, as there was little pyrite available to form sulfuric acid to 

cause supergene destruction of the silicates. Alteration in the grano

diorite has not been tested enough by drilling to determine changes in 

alteration or mineralization at depth.

Element redistributions and additions during hydrothermal alter

ation of the Washington Camp granodiorite are shown in Figure 18. This 

generalized figure was derived by averaging oxide values from a point- 

count mode of several samples taken at varying distances from the 

argillic-phyllic contact; oxide values are based on theoretical chemical 

compositions of the minerals involved. The potassium-rich samples from 

the contact zone of the granodiorite were not included in the average 

for fresh granodiorite.
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The central phyllic core shows an increase in Si02> AlgOg, 

Fe^o^ai* KgO, and H 2 O while the alkalies MgO, CaO, and NagO are depleted 

in the phyllic zone relative to fresh granodiorite. The variation dia

gram suggests that Si0 2  may have been leached from the surrounding pro- 

pylitic and argillic zone and migrated inward towards the central 

phyllic core.

Losses of KgO and from the propylitic and argillic zones

are less pronounced than the Si02 losses. This suggests some lateral 

migration of these elements into the phyllic zone but not enough to ac

count for their abundances in the phyllic zone. A portion of the KgO 

and AI2 O2  was probably introduced into the system as mobile components. 

Some of the Fetot;â  and most of the H 2 O also originated outside the in

trusive level studied; however, the representation of the F^total con

centration shown for fresh granodiorite is probably lower than actual.

Nockolds' (1954) average Fet:ot:â , expressed in g/cm^, for 

granodiorite is 0.1058, significantly higher than the 0.0628 g/cm^ com

puted for the Washington Camp granodiorite. If the Fet:ot:â  computed for 

fresh granodiorite in the Washington Camp stock is less than actual, the 

increase in Fetotai near the argillic-phyllic contact also may owe its 

origin to destruction of mafic minerals in the propylitic and argillic 

zones with vertical and lateral transfer of iron and its redeposition at 

the argillic-phyllic interface. The alkalies MgO, CaO, and Na^O were 

swept out of the phyllic alteration environment. Some of these oxides 

were transferred into the argillic and propylitic zones, forming chlor

ite, epidote, clays, calcite, and albite.
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The central phyllic core shows an Increase In SIO2 , A^Og, 

Fetotal’ ^2°’ an<̂  ^2° *hile the alkalies HgO, CaO, and NagO are depleted 
in the phyllic zone relative to fresh granodiorite. The variation dia

gram suggests that SiOg may have been leached from the surrounding pro- 

pylitic and argillic zone and migrated inward towards the central 

phyllic core.

Losses of KgO and AlgOg from the propylitic and argillic zones 

are less pronounced than the Si02 losses. This suggests some lateral 

migration of these elements into the phyllic zone but not enough to ac

count for their abundances in the phyllic zone. A portion of the KgO 

and A^Og was probably introduced into the system as mobile components. 

Some of the Fetot:ai and most of the H2 O also originated outside the in

trusive level studied; however, the representation of the Fe^Q^i con

centration shown for fresh granodiorite is probably lower than actual.

Nockolds* (1954) average Fet;ot;â , expressed in g/crn̂ , for 

granodiorite is 0.1058, significantly higher than the 0.0628 g/crn̂  com

puted for the Washington Camp granodiorite. If the Fe^Qtal computed for 

fresh granodiorite in the Washington Camp stock is less than actual, the 

increase in Fe(.Qtai near the argillic-phyllic contact also may owe its 

origin to destruction of mafic minerals in the propylitic and argillic 

zones with vertical and lateral transfer of iron and its redeposition at 

the argillic-phyllic interface. The alkalies HgO, CaO, and Na20 were 

swept out of the phyllic alteration environment. Some of these oxides 

were transferred into the argillic and propylitic zones, forming chlor

ite, epidote, clays, calcite, and albite.



Alteration of Volcanic Units 
and Dikes Adjacent to Pyrometa- 
sooatic Sulfide Deposits

The Duquesne Volcanics and their related dikes contain altera

tion products caused/ by the fluids that accompanied pyrometasomatic sul

fide deposition in the carbonate rocks. Dikes, cogenetic to the 

Patagonia granodiorite, also display hydrothermal alteration. These 

rocks are sparsely mineralized, but the intensity of sulfide mineraliza

tion was not sufficient to form mineable deposits.

From the meager data at hand, based primarily on studies of 20 

thin sections, the relative proximity of a sample to sulfide deposition 

in these rocks can be determined by noting the alteration textures and 

products present. It is necessary, however, to distinguish alteration 

patterns developed in the rhyolites from those in the intermediate da- 

cite to quartz latite dike rocks.

Rhyolite tuff, quartz latite, and dacite dikes that occur adja

cent to pyrometasomatic ore deposition developed three assemblages of 

alteration minerals which were used to define the inner, intermediate, 

and outer zones of alteration. The alteration products increase toward 

the zones of base metal mineralization.

These mineral assemblages are summarized in Table II, in which 

the most abundant species in an assemblage is listed first and the 

least abundant is listed last.

The relative abundances of chlorite, phlogopite, sericite, and 

the epidote minerals must be gauged against the rock type examined to 

properly evaluate the predicted distance separating that sample from

106
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Table II. Alteration Zones and Mineral Assemblages^ in Mesozoic Vol-
canic Rocks Associated with Pyrometasomatic Ore Deposition.

Rock Type Inner Zone
Intermediate

Zone Outer Zone
Quartz latite- 
dacite dikes

chl-tlc-phlog-
clinoz-ser-py

chl-mont-cal-
clinoz-py

trem-clinoz-
py-mont-(chl)

Distance from 
ore (feet)

0-100 100-200 More than 200

Rhyolite phlog-ser-zois-
kspar-py-(chl)

chl-phlog-
zois-ser-py

chl-clinoz-py-
mont-(phlog)

Distance from 
ore (feet) 0-50 50-200 200-500

leal = calcite, chi = chlorite, clinoz = clinozoisite, kspar = ortho- 
clase, mont = montmorillonite, phlog = phlogopite, py = pyrite,. ser = 
sericite, tic = talc, trem = tremolite, zois = zoisite
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Endoskara Alteration

When massive garnet skarn is developed adjacent to intrusive 

granodiorite in the district, the igneous rock contains a zone of alter

ation, the endoskarn, that separates massive calc-silicate rocks (exo- 

skarn) from fresh granodiorite. Relict igneous textures occur in the 

endoskarn.

Two types of endoskams occur in the district, and their differ

ent characteristics suggest genetic and temporal differences between the 

endoskams and the associated intrusive rocks. The more common type is 

postmagmatic in age occurring where the intruding magma was crystallized 

and later fractured and altered by upward-moving(?), hydrothermal post

magmatic solutions. Undoubtedly, the endoskarn formed during the mag

matic phase was destroyed and overprinted by this postmagmatic event.

The less common type of endoskarn is magmatic in age, was developed in 

the presence of a liquid melt, and was not overprinted by postmagmatic 

alteration. This process of skam development involves metasomatic 

transfer of material by pore percolation and ionic diffusion in the ab

sence of fractures. Such rocks are called diffusion endoskams.

Characteristics of Endoskams. Postmagmatic endoskams are 

characterized by: (1) widths of nearly 10 ft where endoskarn veins

cross-cut fresh granodiorite as much as 30 ft from the granodiorite- 

endoskam contact; (2) diffuse transition zones within the endoskarn

sulfide mineralization. Petrographic descriptions that determined these

alteration zones are given in Appendix E.
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that encroach upon neighboring zones by veining; (3) the presence of 

cross-cutting veins of exoskarn products; (4) ambiguous age relation

ships of the various zones making up the endoskam envelope; (5) tex

tural and mineralogical disequilibria; (6) introduction of mobile 

elements from outside the immediate endoskam-exoskam system; and (7) 

a late-stage event of hydrogen metasomatism in the endoskam and asso

ciated exoskarn.

Magmatic diffusion endoskams are characterized by: (1) narrow,

very irregular development with widths seldom exceeding 2 ft; (2) well- 

developed mineralogical zoning within the endoskam envelope and chem

ical zoning of some calc-silicate minerals; (3) the lack of pervasive 

veining of adjacent zones within the endoskam envelope or by exoskarn 

products; (4) age relationships of the zones within the endoskam en

velope are easier to demonstrate than in the postmagmatic endoskams;

(5) better defined textural and mineralogical equilibria; (6) a lack of 

mobile elements from outside the immediate endoskam-exoskam system;

(7) a lack of a late hydrogen metasomatic event; and (8) visible tex

tural and mineralogical changes within the intruding igneous melt.

Postmagmatic Infiltration Endoskams. Drill core from a post

magmatic infiltration endoskam envelope associated with a granodiorite 

dike near the Silver Bill mine, in the southern part of the district was 

studied petrographically. Alteration of this dike was studied with the 

use of 20 thin sections representing fresh granodiorite, a 7 ft-thick 

endoskam zone, and massive exoskarn that replaced the Colina Limestone.
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The thin sections were stained for potassium feldspar and 800 grains 

per thin sections were counted to obtain the mineral distribution plot 

displayed in Figure 19. The dike is at least 100 ft thick and the asso

ciated exoskam is at least 50 ft thick.

Weak propylitic alteration affects the dike between 10 and 30 ft 

from the exoskam-endoskam contact (Figure 20A) with the formation of 

chlorite, clinozoisite, calcite, montmorillonite, and veinlets and dis

seminated grains of pyrite and chalcopyrite. Sericite fringes the 

thicker sulfide veinlets and veinlets of pyrite-pyrophyHite(?)- 

orthoclase cross-cut propylitic alteration near the granodiorite- 

endoskam contact. A sharp mineralogic and textural change occurs about 

7 ft from the "exoskam-endoskam contact which marks the beginning of 

endoskam alteration (Figure 20B). There, secondary biotite imparts a 

distinct foliation to the rock that is parallel to the attitude of the 

exoskam-endoskam contact. Chlorite replaces igneous hornblende and 

biotite. Epidote and montmorillonite replace plagioclase, and secondary 

quartz occurs as large, rounded, embayed phenocrysts. Veinlets consist 

of quartz-pyrite-orthoclase-biotite.

The progressive alteration of granodiorite to endoskam is char-
X  Xacterized by an increasing K /H ratio and increasing temperature or 

both, culminating in the development of secondary orthoclase that ac

counts for more than 70% of the endoskam adjacent to the endoskam- 

exoskarn contact (Figure 21A). Grossularite garnet begins to appear 

0.6 ft from that contact (Figure 21B) in veinlets and as individual, 

very irregular, scalloped grains, suggesting that the garnet was unstable.



Figure 19. 
Mineral Distribution in the Endoskarn Associated with 
a Granodiorite Dike from Drill Hole P-9, Silver Bill
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B. Endoskarn specimen obtained 8 ft from endoskarn-exoskarn contact. 
The matrix and relict plagioclase phenocrysts (P) were replaced by 
secondary biotite (B); 2 x 3 mm field of view; crossed nicols.

Figure 20. Granodiorite Dike Intersected in Drill Hole P-9.
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A. Specimen obtained 2 ft from endoskarn-exoskarn contact. Granodio- 
rite replaced by secondary orthoclase (K), secondary biotite (B), 
quartz (Q), and pyrite (PY); 2 x 3 mm field of view; plain light.

B. A veinlet of montmorillonite (M) and epidote (E) cross-cutting sec
ondary orthoclase (K), biotite (B). Specimen obtained 2 ft from 
endoskarn-exoskarn contact; 2 x 3 mm field of view; plain light.

Figure 21. Endoskarn from Drill Hole P-9.
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Clinozoisite also has very irregular and scalloped grain boundaries. 

Deposition of anhydrous minerals (orthoclase, calcite, and garnet) vis

ibly dominates the endoskam mineralogy near the endoskam-exoskam con

tact, suggesting that the pH or the rat^° was highest in this

part of the endoskam system. Veining of the igneous endoskam by garnet 

and calcite establishes exoskam development as postmagmatic, occurring 

after solidification and fracturing of the chilled portion of the in

truding melt.

The alteration products within the endoskam were affected by a
+ +later alteration stage characterized by a lower K /H ratio and lower 

temperatures, or both, allowing hydrous alteration products to overprint 

and replace the earlier alteration minerals. This later alteration 

stage affected both the exoskam and the endoskam and probably over

lapped, in time, sulfide deposition at the limestone-garnet interface.

The later alteration stage is marked in the exoskam by the replacement 

of grossularite by talc, chlorite, montmorillonite, and palygorskite.

In the endoskam, chlorite and talc replace garnet and secondary biotite, 

while sericite replaces secondary orthoclase within 0.5 ft of the 

exoskarn-endoskam contact. Kaolinite, montmorillonite, and epidote 

replace secondary orthoclase between 1 and 4 ft from that contact (Fig

ure 22).

Magmatic Diffusion Endoskam. The best example of a preserved 

skam system that formed in the presence of a hot rock (diffusion skam) 

occurs adjacent to the Pride-of-the-West ore body in the central part 

of the district. Briefly, the geology consists of a multiple intrusive
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Figure 22. Endoskarn Adjacent to the Endoskarn-exoskarn Contact in 
Hole P-9. —  Garnet (G) replaced the matrix of secondary 
orthoclase (K); both minerals were replaced by montmoril- 
lonite (M), pyrophyllite(?) (P), and chlorite (C); 2 x 3  
mm field of view; plain light.
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(the Pride dike) that consists of an early alaskite phase and a later 

granodiorite phase that intrudes and cross-cuts the homfels siltstone 

of the Epitaph Dolomite. The dike intruded the Pride fault contact be

tween the Epitaph homfels siltstone and the Colina Limestone. Sulfide 

and skam deposition occurred at the granodiorite-limestone contact.

Figure 23 summarizes the mineral zoning of the magmatic 

exoskam-endoskam system. Compositional variations occur in the sill 

adjacent to the skam zone. The sill consists of hornblende granodio

rite within 5 ft of the exoskam (Figure 24A), at which point the compo

sition of the sill changes to a quartz monzonite that is 2.5 ft thick.

The composition of the sill becomes an augite-bearing granite within 

1.5 ft of the exoskam-endoskam contact where orthoclase composes 40% 

of the dike volume and displays graphic texture with quartz (Figure 24B).

The endoskam-exoskam contact is marked by a band of diopside 

with minor orthoclase, plagioclase, and quartz that measures 3-6 inches 

in width. Andradite garnet selectively replaces thin laminae of diop- 

side in this zone. Hedenbergite replaces magnetite and is intergrown 

with quartz and minor orthoclase in a zone 4 mm thick that forms the 

exoskarn zone immediately adjacent to the endoskam. The remainder of 

the exoskam consists of massive garnet with minor quartz, calcite, and 

wollastonite that ranges in thickness from 4-6 ft; An irregular band of 

orthoclase and garnet cross-cuts the exoskam-endoskam contact (Figure 

25). A massive sulfide zone, 6 ft thick, separates the exoskarn from 

wollastonite marble. Trace amounts of chlorite and montmorillonite oc

cur in the surface exposures of the pyrometasomatic alteration at the
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A. Hornblende granodiorite specimen obtained 7 ft from endoskarn- 
exoskarn contact; P=plagioclase, K=orthoclase, Q=quartz, H= 
hornblende; 2 x 3 mm field of view; crossed nicols.

B. Pyroxene granite specimen obtained 1 ft from endoskarn-exoskarn 
contact; quartz (Q) and orthoclase (K) form graphic texture; PX= 
pyroxene; P=plagioclase; 2 x 3 mm field of view; crossed nicols,

Figure 24. Alteration in the Pride-of-the-West Dike.
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Figure 25. Garnet (G) and Secondary Orthoclase (K) that Occur at the 
Endoskarn-exoskarn Contact at the Pride-of-the-West Mine. 
2 x 3 mm field of view; plain light.
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Pride-of-the-West mine. The granodiorite sill displays very weak hy

drothermal alteration, indicating that late-stage hydrogen metasomatism 

was nearly nonexistent in the magmatic skam system. (The paragenetic 

sequence of the zone-rforming phases shows highest silica activity during 

formation of the endoskam (Figure 26).) The process for forming skam 

at the granodiorite-limestone interface may involve the following type 

of reaction:

Marble +

calcite
wollastonite
spinel
hematite

Granodiorite

plagioclase
orthoclase
quartz
biotite
hornblende
water

-*■ Exoskara

grossularite
andradite
diopside

+ Endoskam

orthoclase
augite
epidote
CO,
H+2

Petrographic data involving endoskam alteration are presented in Ap

pendix F.

Summary. These two examples of endoskam development represent 

two extremes, one magmatic and the other postmagmatic. Both examples 

have zones containing more than 50% orthoclase near the exoskam- 

endoskam contact. Orthoclase occurs with brown garnet and appears to 

be contemporaneous with the garnet in the magmatic skam, while ortho

clase is veined by garnet in the postmagmatic skam.

Cooper (1957) suggests that grossularite may have formed in the 

Johnson Camp pyrometasomatic deposits by a reaction between orthoclase 

and calcite, resulting in the formation of a solution rich in K^O and 

CO2 . This reaction, he suggests, might be a source of potassic altera

tion in the hydrothermal system.
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(4) = Marble 
(2)-(0) = Exoskarn 
(0)-(03) * Endoskarn

(04) = Granodiorite SI

Augite
^ 0 3 X  OrthoclaseHedenbergite

Dlopslde (0) (04)0 Plagloclase

Wollastonlte

Trend of Phase Compositions in Magmatic Skarn Relative to 
Activities of Calcium, Silica, and Alumina; Pride-of-the- 
West Mine.

Figure 26.
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Zharikov (1972) noted that orthoclase is a common constituent 

for calcium endoskarns, but it is seldom present in magnesian postmag- 

matic endoskarns and is very rare in magnesian magmatic endoskarns. 

Similarly, metasomatism between quartz monzonite and dolomite at Bold 

Head, Australia (Large, 1971) also resulted in a decrease in the amount 

of orthoclase present in the magnesian endoskam and an increase in 

plagioclase.

Orthoclase occurs in calcium endoskarns at Silver Bell and 

Christmas, Arizona (J. Guilbert, personal communication, 1976), but was 

not noted in the magnesian endoskarns at Christmas (Perry, 1969). Only 

calcium skam occurs adjacent to the potassic alteration zone of the 

mineralized intrusive at Silver Bell (F. Graybeal, personal communica

tion, 1972). There, rare and poorly developed magnesian skarns only 

occur at the calcium skarn-Paleozoic limestone contact. Massive ortho

clase deposition is an interstitial component in the garnet exoskam at 

the Mission porphyry copper deposit in Arizona (L. Jansen, personal com

munication, 1976) . These exoskams may occur as much as 3$ mile from 

porphyry copper mineralization and are associated with arkosic sedimen

tary rocks where no intrusives crop out. Possibly this example repre

sents bimetasomatic diffusion between arkose and limestone. No 

orthoclase was noted in the magnesian skarns from the Mission deposit 

(J. King, personal communication, 1976).

These examples support Cooper’s (1957) suggestion that potassium 

is released into the hydrothermal system when an igneous melt containing 

orthoclase encounters limestone and develops a calcium "Skam at that
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contact. Orthoclase does not form in magnesian endoskams because it 

reacts to form phlogopite. Orthoclase forms in calcium endoskams be

cause there is no calcium mica that can incorporate the available potas

sium. The chronologic alteration sequence in the postmagmatic endoskam 

at the Silver Bill mine from propylitic to argillic to potassic to gar

net exoskam suggests that garnet exoskarn development occurs during or 

slightly later than potassic alteration.

When magnesian and calcium skams occur together, the calcium 

skams almost always are younger (Zharikov, 1972). When they develop 

simultaneously, as at Linchburg, New Mexico (Titley, 1961), the magne

sian skams form the advancing metasomatic front while the calcium 

skams develop closer to the energy source or the source of access 

utilized by the metasomatic fluids and then encroach on the magnesian 

skam. Because of this temporal and spatial relationship between cal

cium and magnesian skams, thermodynamic as well as wall rock composi

tional factors must dictate exoskam zoning in the same manner as zones 

of alteration are developed in the hydrothermal environment. It seems 

possible that potassic alteration in the hydrothermal environment is 

the. analog to calcium skam alteration in the anhydrous environment.. 

Either magnesian skam alteration is less intense than calcium skam al

teration and is the analog to argillic alteration in the hydrothermal 

environment, or the magnesian minerals are less stable in an anhydrous 

environment. These possible analogs require further study relating the 

hydrothermal and anhydrous environments before they can be justified.
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Also to be considered is the possibility that calcium-magnesian 

exoskam zoning is caused by sulfidation reactions during ore deposi

tion. Burt (1972) found that the correlation between the various sul

fide species and their coexisting calc-silicate minerals was probably 

dependent on the relative oxygen and sulfur fugacities of the system.

His theoretical and experimental data strongly suggest that sulfidation 

reactions are the cause of the replacement of magnesian exoskams by 

calcium exoskams. With this data, Burt was able to explain the asso

ciation of hedenbergite with sphalerite and other sulfide-silicate as

sociations seen in many skam deposits.

Titley (1961, 1968b, 1973) further suggested that the quantity 

of sulfur present dictates whether or not any calc-silicate minerals 

would be stable during ore deposition. He states that the pressure- 

temperature conditions in the pyrometasomatic environment are probably 

similar to those occurring with massive sulfide deposition in carbonate 

rocks containing carbonate and jasperoid gangue instead of calc-silicate 

gangue. He concluded that pyrometasomatic deposition formed in a 

sulfur-poor environment while sulfide-carbonate-j asperoid deposition 

formed in a sulfur-rich environment.

The timing of base metal mineralization in the Washington Camp- 

Duquesne district differed from the timing of mineralization at Linch- 

burg, New Mexico (Titley, 1961) and that" described by Burt (1972). 

Sulfide deposition at Washington Camp-Duquesne was later than calc- 

silicate deposition and the sulfides did not regulate the skam
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mineralogy. Sulfide deposition described by Burt and Titley was con

temporaneous with calc-silicate deposition and the sulfides could regu

late the skam mineralogy.



MINERALIZATION

Predominant sulfide mineralization in the district occurs at 

the contact between garnet skam and carbonate units where the skam 

separates the carbonates from plutonic, volcanic, or clastic sedimentary 

rocks. The mineralization may occur at depositional, intrusive, or 

fault contacts. The bulk of the sulfide mineralization rarely occurs 

more than 2500 ft from the contacts between the Patagonia granodiorite 

and Paleozoic metasedimentary rocks or between that granodiorite and the 

Duquesne Volcanics. Production of all ores in the district has been 

from the Paleozoic metasedimentary rocks.

Past Production

Since the first discovery of the San Antonio ore body by white 

settlers in 1862, the Washington Camp-Duquesne district has yielded an 

estimated production of 400,000 tons of ore. Estimates based on old 

mining records of various operating mining companies, data from the 

ASARCO, Inc. mills at Trench Camp, Arizona and Deming, New Mexico, and 

statistics from the U. S. Bureau of Mines show that the ores mined be

tween 1940 and 1957 averaged 8.6% zinc, 2.9% lead, 1.9% copper, and 

4.4 oz/ton silver. Known and estimated production from individual mines 

are shown in Table III. The bulk of mineral production from the larger 

mines occurred before 1920, and actual production and ore grades of . 

those mines are not available in the literature.

1 2 6
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Table III. Mining Production and Assays for the Washington Camp
Duquesne District, 1872-1959.a

Mine Year Tons
Ag
(oz)

Pb
(%)

Cu
(%)

Zn
(%)

Annie 1951-1952 240 4.59 2.57 0.52 8.36
Belmont 1955 30 3.72 1.87 1.39 12.10
Bonanza 1945-1957 9,580 4.40 0.80 6.60 6.10
California 1949-1950 100 7.60 4.82 0.65 8.30
David Allen 1952 70 9.05 7.03 0.69 12.18
Dudley
Standard 1951-1952 220 5.08 2.93 2.84 8.49

Duquesne 1952 440 6.73 3.75 1.63 6.18
Empire 1945-1957 6,020 7.24 4.21 0.79 6.51
Estelle-
Louise 1945-1959 3,510 4.72 2.94 1.58 19.93

Holland 1945-1957 24,180 7.77 4.98 1.32 10.49
Illinois 1945-1957 2,000 4.00 2.00 4.00 9.00
Indianapolis 1945-1957 100 6.00 11.00 2.00 —
Indiana 1956-1957 850 5.21 3.21 4.63 16.92
Kansas 1945-1957 20,120 2.66 3.52 2.55 9.28
Maine 1945-1957 3,280 3.57 2.66 2.65 12.48
Manzanita 1945-1957 500 9.00 4.00 1.00 7.00
Mary Jane 1955-1957 630 6.81 6.57 1.33 7.24
North Belmont 1945-1957 2,500 6.00 3.00 3.00 9.00
New York 1945 1,570 2.34 1.23 2.62 7.76
Pride-of-
the-West 1944-1945 4,000 5.20 3.21 2.51 10.99

San Antonio 1947-1957 320 7.56 5.69 2.05 7.85
San Ramon 1951 50 6.16 3.00 0.86 4.20
Silver Bill 1953-1954 170 3.30 4.77 1.23 5.20
Texas-
Smuggler 1947-1957 580 3.73 2.64 2.85 12.79

Duquesne
Mines 1940-1944 116,050 3.77 2.39 1.44 7.75

TOTAL 1940--1959 197,110 4.40 . 2.90 1.90 8.60

Estimate of Production Prior to 1940:

Duquesne Mines 1872-1899 25,000
Pride-of-
the-West 1899-1907 70,000 Values = $1,400, 000

Duquesne Mines 1899-1925 170,000 Values = $4,000, 000
Duquesne Mines 1925-1929 1,500

TOTAL 1872--1929 266,500

TOTAL 1872--1959 463,610
^Sources of information: U. S. Bureau of Mines , Mine Files; Mill
records, ASARCO, Inc.
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Distribution of 
Sulfide Mineralization

Locations of the various mines and prospects of the district are 

shown on Figure 4 (in pocket). The distribution of mineralization can 

be classified according to the lithologic contacts adjacent to mined ores 

in the district. These contacts include: (1) Paleozoic-volcanic, (2)

Paleozoic-plutonic, (3) Paleozoic carbonate-Paleozoic clastic, and (4) 

mineralization apparently enclosed by Paleozoic carbonates or in carbon

ates interbedded with thin clastic beds.

Mineralization spatially related to the Paleozoic-volcanic fault 

contact on the western side of the district includes the Kansas (in 

part), Simplot, Indiana, Maine, and Happy Thought mines. Mineralization 

at the Paleozoic-volcanic fault contact on the eastern edge of the dis

trict occurs at the Bonanza, Estelle, and Louise mines.

The contact between Paleozoic carbonate units and granodiorite 

dikes and sills is mineralization at the Pride-of-the-West, California, 

and Empire (in part) mines. Minor mineralization at dike contacts also 

occurs in the Bonanza and at a prospect located 500 ft west of the Hol

land mine. Copper and molybdenum mineralization associated with potas- 

sic alteration of the Patagonia granodiorite and related porphyritic 

rocks occurs south and west of the Washington Camp-Duquesne district.

Minor lead-zinc mineralization occurs along the southeastern 

contact between the Washington Camp granodiorite and Paleozoic rocks at 

the Pocahontas and Tibbetts mines. Except for one chalcopyrite-bearing 

vein, located 500 ft east of Washington Camp, no other base metal miner

alization is known within the Washington Camp granodiorite.
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Mineralization adjacent to Jurassic-Triassic age latite sills 

and dikes occurs in the northwest portion of the district at the Simplot 

and Deerwater mines.

Several examples of mineralization located at the contact be

tween Paleozoic carbonate and Paleozoic clastic units occur in the dis

trict. Beds favorable to sulfide deposition occur: (1) near the base

of the Concha Limestone (Simplot, New York, Deerwater, Kansas, and North 

Belmont mines); (2) at the Epitaph Dolomite-Scherrer Quartzite contact 

(Holland and Bonanza mines); and (3) near the contact between the Epi

taph Dolomite and Colina Limestone (Empire, Duquesne, Texas, Smuggler, 

and Dudley Standard mines).

Physical Characteristics 
of Mineralization

The dimensions and geometries of ore mineralization show con

siderable variation. The sulfide zones of the district occur as tabu

lar, lenticular, and pipe-like bodies. Massive zones of mineralization 

are up to 20 ft in width and average about 5 ft. The strike lengths 

are extremely variable as individual, pod-shaped bodies containing 1000- 

10,000 tons of ore pinch out to a narrow seam of pyrite-pyrrhotite that 

widen along strike or at depth. Lengths of 50-250 ft are common for 

more ore zones, but favorable horizons are discontinuously mineralized 

over lengths exceeding 2000 ft.

Mining depths in the district seldom exceeded 400 ft. Ore min

eralization has a present vertical range of at least 1500 ft; the ele

vation difference between ores mined from the 500 level of the Bonanza
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mine, the deepest in the district, and ores mined near the top of Lime 

Peak. Ores mined near the Paleozoic-volcanic contact, on the northwest 

edge of the district, have a vertical range of at least 1000 ft. Min

eralization in the Indiana and Simplot mines, at the lower limit of 

this vertical range, are identical texturally and mineralogically to 

ores mined from the upper limits of this vertical range.

Evidence is lacking which suggests that ore mineralization 

pinches out at depth because of mineral zoning. Structural offsets of 

ore zones and past economics of mining these ores were the main factors 

for the depth limitations of mining in the district; therefore, ore- 

grade material should continue to greater depths in this district.

Description and Classification 
of Selected Occurrences 

of Sulfide Mineralization .

Because of the inaccessibility of caved and flooded mine work

ings, in the district, my direct knowledge of sulfide mineralization is 

restricted, in the northern part of the district, to the Simplot and 

Deerwater mines and to the Holland and Empire mines in the southern part. 

Information concerning inaccessible workings was derived from private 

reports, mapping and descriptions by Schrader and Hill (1915), and my 

surface mapping above the inaccessible workings.

Ore deposits in the district can be subdivided into four types, 

based on the base metal content, type of host rock, and relationship to 

the garnet skarns. These types, listed in order of decreasing volume.

consist of:
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1) Replacement deposits of iron, zinc, copper, lead, and silver 

sulfides within carbonate rocks adjacent to garnet skam masses.

2) Replacement deposits of iron, zinc, copper, lead, and silver 

sulfides in carbonate rocks where skam replacement occurs 

nearby but is not in direct contact with ore mineralization.

3) Replacement deposits of copper and iron sulfides occurring 

within the garnet skams.

4) Lead and silver sulfide replacement deposits that have no known 

associated skam masses.

With the exception of the last type, a spatially gradational relation

ship between the other types of mineralization can be demonstrated.

Examples of Ore Deposi
tion in the District

Deerwater Mine. Ore grade mineralization within the Washington 

Camp-Duquesne skams is rare. One example, known only from diamond 

drilling at the Deerwater mine, is the occurrence of coarse-grained chal- 

copyrite, pyrite, pyrrhotite, and minor bomite and digenite. The oc

currence of copper and iron sulfides is restricted to a garnet skam zone 

that does not crop out at the surface. Limestone adjacent to the miner

alized skam was replaced by coarse-grained sphalerite, chalcopyrite, 

and galena.

The copper sulfides incompletely replace calcite masses in the 

skam but also replace garnet to a lesser extent. The'skam averages 

several percent copper in zones that are 10 ft thick locally. A zone



of massive pyrite and pyrrhotite, 1-3 ft thick, surrounds and occurs 

within the zone of copper mineralization (Figure 14).

Simplot Mine. Three principal zones of sulfide mineralization 

occur at the Simplot mine. Stratigraphicaily, the highest two zones 

occur adjacent to the contact between the Duquesne Volcanics and the 

Concha Limestone (Figure 27). The lowest ore horizon occurs at the con

tact between the Concha Limestone and a Jurassic-Triassic(?) dacite 

sill. The upper ore horizons were mined south of the Simplot shaft at 

the Indiana, Maine, and Happy Thought mines.

The upper two mineralized zones are 1-10 ft thick and are sepa

rated by 0-20 ft of skarn and marble. Mineralization consists of very 

coarse grained sphalerite, chalcopyrite, galena, pyrite, and pyrrhotite, 

with minor argentite, bornite, and digenite. Although frequent postmin

eral faulting has displaced the ore horizons tens of feet, continuous 

mineralization can be traced up to 300 ft along strike. West of the 

Simplot shaft, these zones strike north and dip 60-80°W. The two upper 

zones thicken and locally merge to form one ore zone along the axis of a 

northwest-plunging anticlinal fold (Figure 27). The ores dip northeast, 

50-70°, on the east flank of that anticline.

The lowest ore horizon in the Simplot mine occurs at the top of 

a 50 ft-thick dacite sill. Massive garnet skarn separates the sill from 

sulfide mineralization between the 200 and 300 levels of the mine. Ores 

found north of the shaft are associated with the sill and a northwest- 

plunging anticline. Massive pyrite^sphalerite-quartz mineralization

1 3 2
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also occurs where the sill is in fault contact with the Concha Limestone 

along a northwest-trending fault between the 100 and 200 foot levels of 

the Simplot mine. Sulfides also occur on the hanging wall side of other 

dikes and sills within the mine.

Holland Mine. Mineralization at the Holland mine is related to 

the cherty limestone member of the Epitaph Dolomite adjacent to the con

tact of that formation with the Scherrer Quartzite. Skarn mineraliza

tion, primarily massive grossularite garnet with lesser pyroxene, quartz, 

hematite, and chlorite, replaced the Epitaph Dolomite, and sulfide min

eralization occurs at the footwall of the skarn.

Sulfides were mined sporadically along the skarn contact for a 

distance of 700 ft south of the incline shaft on the 200.foot level. As 

noted by Baker (1961), the thickest sulfide bodies occur at irregulari

ties along the skam-marble contact (Figure 28, in pocket). Sulfide 

banding within the sulfide zones closely conforms to the bedding atti

tudes of the footwall carbonate units. The ore zones dip 45-65°W be

tween the surface and the 100 foot level. This attitude abruptly 

steepens and approaches vertical between the 100 and 200 foot levels, 

coincident with a thinning of the sulfide zones.

Directly below the 200 foot level and about 350 ft south of the 

incline shaft, the sulfides are terminated against a west-trending re

verse fault that dips steeply to the north. Although a portion of the 

skam-marble contact is displaced by the same fault on the 300 foot 

level, much of that contact is unmineralized or weakly mineralized with



3-4.5 ft of locally overturned massive sulfides. Postore faulting is 

also present in the northern portion of the mine on all mining levels.

South Empire Mine Area. Sulfide mineralization between the 

Empire and South Belmont mines occurs within the footwall block of the 

northwest-trending Empire fault (Figure 4). Calc-silicates selectively 

replaced favorable carbonate horizons within the upper units of the 

Colina Limestone. A few shallow shafts, now inaccessible, were used to 

mine several hundred tons of ores from the narrow replacement zones ad

jacent to or within the skam bodies. The skarn and sulfide zones were 

penetrated by many shallow diamond and rotary drill holes. Drill-hole 

information and surface mapping delineated at least 3 faulted skarn zones 

10-40 ft thick separated by 20-70 ft of wollastonite marble. The skarn 

zones strike north and dip 50-75°W, parallel to bedding within the Co

lina Limestone (Figure 29).

Several sulfide zones, 2-10 ft and averaging about 5 ft thick, 

were intersected on both sides and within the skarn zones. The sulfide 

zones contain 5.5-15.5% combined lead, zinc, and copper and 2.5-12 

oz/ton silver. The sulfides consist of pyrite, galena, sphalerite, and 

chalcopyrite. In several places, massive sulfide deposition occurs 

within the wollastonite marble several feet to a few tens of feet from 

a recognized skam zone. The mineralized zones show strike length con

tinuity of 20-250 ft and continue downward for at least 150 ft below the 

surface. The sulfide and skam zones are offset by numerous northwest- 

and northeast-trending normal faults.
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The skarn zones consist of massive grossularite-andradite garnet 

with minor amounts of hedenbergite, diopside, quartz, calcite, wollas- 

tonite, pyrite, specular hematite, chlorite, and talc. Distinct calc- 

silicate mineral zoning within the skarn masses is not obvious.

Mineralization Associated with 
Fault Zones Transverse to Fold Axes

Although the majority of mapped faults striking east in the 

district can be demonstrated to postdate ore deposition, at least two 

are definitely preore and are mineralized. One fault, located a few 

tens of feet northeast of the Simplot shaft, strikes northwest and is 

mineralized between the 100 and 200 foot levels of that mine where the 

fault separates the Concha Limestone from a dacite sill. Sulfide min

eralization along the fault occurs only where the sill forms the hanging 

wall of the fault. The fault postdates skarn and associated sulfide 

mineralization on the 200 foot level of the mine, suggesting two stages 

of mineralization. The ores intersected adjacent to the fault domi

nantly consist of pyrite, pyrrhotite, and sphalerite within a quartz, 

chlorite, hematite gangue. Copper, lead, and silver values are slightly 

less abundant than in other ores found in the Simplot shaft area.

A second mineralized east-trending fault occurs at the David 

Allen mine located 500 ft west of the Giroux shaft at the Pride-of-the- 

West mine. A narrow skarn zone also occurs adjacent to the sulfides 

and parallel to the fault. The eastern extension of this fault termi

nates the ores mined at the Pride-of-the-West mine, again suggesting two 

stages of ore deposition. Known assays from the limited mining at the



David Allen mine reflect the highest Zn:Cu, Ag:Cu, and Pb:Cu ratios 

within the district (Table IV).

Local Mineral Zoning

A definite banding pattern of sulfide minerals can be seen within 

the finer-grained ore zones at the Holland mine. Although less distinct, 

the zonation is duplicated in most of the coarser-grained ores within 

the district. The sulfide zoning pattern is directly correlated to the 

host rock or the spatial relationship of the sulfides to the garnet skara 

or marble walls of the sulfide zones.

The zoning pattern is always the same within individual sulfide 

horizons. Where sulfides form massive replacement zones adjacent to a 

skam-marble contact, the replacement zone is enriched in chalcopyrite 

and impoverished in galena and argentite on the skam side and, converse

ly, the sulfides adjacent to the marble contain abundant galena and ar

gentite with minor chalcopyrite. Sphalerite appears to be evenly 

distributed throughout the replacement zone. On a larger scale, the 

rare mineralized zones that occur exclusively within garnet or within 

marble reflect a similar zonation. Those occurring within garnet con

sist dominantly of chalcopyrite while those occurring within marble 

consist dominantly of galena and argentite.

Figure 30 demonstrates the host rock influence of various metal 

ratios for ores occurring within marble, at the marble-skarn contacts, 

or within the skam in the South Empire area. Ratios that are higher 

within the skarn, relative to ratios within the marble ores, include

138
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Table IV. Metal Ratios for Ores Mined in the Washington Camp-Duquesne 
___________ District, 1945-1957.________________________________________

Map
Mine No. Mine Zn:Cu Zn:Pb Ag:Cu Pb:Cu Ag:Pb Zn: Ag

1 Annie 16.1 3.3 8.8 4.9 1.8 1.8
2 Bonanza 2.3 7.0 1.3 0.3 4.0 1.8
3 California 12.8 1.7 11.7 7.4 1.6 1.1
4 David Allen 17.7 1.7 13.1 10.1 1.3 1.4
5 Deerwater 0.4 1.5 0.5 0.3 1.7 2.0
6 Dudley

Standard
3.0 2.9 1.8 1.0 1.7 1.7

7 Duquesne 3.8 1.7 4.1 2.3 1.8 0.9
8 Empire 8.2 1.6 9.2 6.5 1.7 0.9
9 Estelle-

Louise
12.6 6.8 3.0 1.9 1.6 4.2

10 Holland 8.0 2.1 5.9 3.8 1.6 1.4
11 Illinois 2.3 4.5 1.0 0.5 2.0 2.3
12 Indiana 3.7 5.3 1.1 0.7 1.6 3.3
13 Indianapolis ? ? 3.0 5.5 0.6 ?
14 Kansas 3.6 2.6 1.0 1.4 0.8 3.5
15 Maine 4.7 4.7 1.4 1.0 1.3 3.5
16 Manzanita 7.0 1.8 9.0 4.0 2.3 0.8
17 Mary Jane 5.4 1.1 5.1 4.9 1.0 1.1
18 New York 3.0 6.3 0.9 0.5 1.9 3.3
19 North Belmont 3.0 3.0 2.0 1.0 2.0 1.5
20 Pride-of-

the-West
4.4 3.4 2.1 1.3 1.6 2.1

' 21 Silver Bill 4.2 1.1 2.7 3.9 0.7 1.6
22 San Antonio 3.8 1.4 3.7 2.8 1.3 1.0
23 Simplot 4.0 4.8 1.6 0.8 1.9 2.5
24 South Empire 7.0 0.9 7.2 7.8 0.9 1.0
25 Texas- 

Smuggler
4.5 4.8 1.3 0.9 1.4 3.4
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include Ag:Pb and Zn:Pb. Ratios that are higher within the marble, 

relative to those in skarn, include Pb:Cu, Zn:Cu, and Ag:Cu.

District Metal Zoning

Texturally and mineralogically, there is little megascopic evi

dence to define a zoning pattern within the district. The major mines 

appear spatially related, either to the contact between Paleozoic meta

sedimentary rocks and the Patagonia granodiorite, or to the fault con

tacts between those metasedimentary rocks and the Mesozoic metavolcanic 

rocks. Results of recent mineral exploration show that the ores in the 

southern part of the district contain less copper and more silver than 

ores in the northern part. Pyrrhotite and, to a lesser extent, arseno- 

pyrite and tennantite are more common in the northern part of the dis

trict. Ores mined from the Bonanza mine were high in copper.

Because these factors hinted at a zonal pattern in which copper 

increases to the north and northeast while silver increases to the south, 

the production records of the Callahan Lead Zinc Co. for the district 

between 1945 and 1957 were utilized to construct metal ratio maps to 

determine if a zoning pattern exists within the district. Production 

during this period amounted to nearly 80,000 tons while production from 

individual mines varied from 100 to 20,000 tons. Although production 

figures and assays for individual mines are not available for the years 

1940-1944, the metal ratios for nearly 120,000 tons mined during that 

period do not vary more than 30% from the ratios determined for the 

1945-1957 period. Therefore, it was concluded that assays from the
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1945-1957 period represent a rough approximation for assays within the 

district and -that these bulk samples could detect a zoning pattern, if 

such existed, between the elements copper, lead, zinc, and silver.

Metal ratios from recently explored areas in the district were also uti

lized for the metal ratio maps. Because the Callahan records gave a 

range of assays for the Bonanza ores mined during this period, the fig

ures given by Keith (1975) for that mine were utilized. The metal ra

tios for the various mines are shown in Table IV.

Plots of the metal ratios for the district (Figures 31 to 34, in 

pocket) reflect a pattern consistent with metal zoning around the Wash

ington Camp granodiorite rather than the Patagonia granodiorite. The 

ratios Zn:Cu, Pb:Cu, and Ag:Cu decrease to the north, towards the Washing 

ton Camp granodiorite, while the ratios Zn:Pb and Ag:Pb increase towards 

that granodiorite stock. Away from the Washington Camp granodiorite, 

the Zn:Cu, Ag:Cu, and Pb:Cu ratios increase 8 to 16 times while the 

Zn:Pb ratios decrease 4 to 8 times. The increase of copper, with re

spect to lead, zinc, and silver, towards the Washington Camp granodio

rite, suggests that it and not the Patagonia granodiorite was the center 

of mineralization in the district even though the individual ore depos

its and skarn zones are spatially related to the Patagonia granodiorite 

and are rare adjacent to the Washington Camp granodiorite. The Silver 

Bill and North Belmont mining areas show minor reversals in the zoning 

pattern, suggesting that their ores may have been derived from the 

Patagonia granodiorite.
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Stages of Mineralization

Five separate stages of mineralization are recognized in the 

pyrometasomatic mineralization of the district. From oldest to young

est, the stages are named: (1) the silicate stage, (2) the early oxide

stage, (3) the hypogene sulfide stage, (4) the late oxide stage, and 

(5) the supergene stage. The mineralogy for each stage is displayed in 

Figure 35. Petrographic data for most stages are found in Appendix H.

Silicate Stage

The mineralogy of the silicate stage is dominated by the calc- 

silicate minerals including garnet, wollastonite, and diopside. Other 

minerals that formed during this stage include calcite, hematite, molyb

denite, scheelite, wolframite, magnetite, anthophyllite, hedenbergite, 

quartz, and orthoclase. The majority of the polished sections conclu

sively show that the sulfides, tungstages, and early iron oxides all 

postdate deposition of the calc-silicate minerals.

Early Oxide Stage

The early oxide stage was marked by deposition of the iron 

oxides, hematite and magnetite, which compose a small percentage to one- 

fourth of the skarn volume in local occurrences at the crest of the 

northwest-plunging anticline at the Simplot mine and at the Pride-of- 

the-West mine. Late-stage hematite commonly composed 1-10% of the skarn 

volume within the district, but can only be surmised to be deposited in 

the early oxide stage where magnetite pseudomorphs, after hematite, 

were found replacing calc-silicates and, in turn, were replaced by
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sulfides. During the early oxide stage, quartz was deposited as re- . 

placement masses or, to a lesser extent, in veins with orthoclase or 

epidote cross-cutting skam. Vesuvianite, anthophyllite, hedenbergite, 

and the hydrous silicate minerals were deposited during this stage.

Hypogene Sulfide Stage

The dominant textural relationships occurring during the hypo- 

gene sulfide stage consist of replacement and simultaneous deposition. 

Cross-cutting relations and minor open-space filling and exsolution re

lations were also observed. In general, exsolution and replacement tex

tures dominate the early portion of the hypogene sulfide stage while 

simultaneous deposition dominates the intermediate portion. Open-space 

filling and cross-cutting relations are most common in the intermediate 

and late portions of this stage, but also occur in the early portions.

Textural relationships show that the iron sulfides, pyrrhotite 

and pyrite, were the first sulfides deposited in the hypogene sulfide 

stage. Exsolution blebs of bornite, valleriite(?), chalcocite, and 

cubanite were found in pyrite and chalcopyrite. Exsolved chalcopyrite 

is common in sphalerite and much exsolved sphalerite was found in chal

copyrite (see discussion, Appendix H). Textures reveal that deposition 

of chalcopyrite, galena, and sphalerite occurred at about the same time. 

The youngest hypogene sulfide minerals deposited during this stage in

clude argentite, digenite, arsenopyrite, and pyrite.
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Late Oxide Stage

Open-space filling textures are dominant in the late oxide stage 

of mineralization. The mineralogy of this stage includes crystal masses 

and veins of specular hematite, manganese oxides, quartz, and calcite.

The only sulfide mineral found consists of isolated euhedral arsenopy- 

rite crystals that occur within calcite veins or are perched on the walls 

of those veins. Minor chlorite occurs coating specular hematite, and 

anhydrite coats quartz crystals in vugs.

Supergene Stage
I

Both open-space filling and replacement textures were found in 

the supergene stage. Supergene mineralization in the district rarely 

occurs at depths greater than 50 ft. Only copper-bearing supergene 

sulfide minerals were found below this depth. Galena is replaced by 

anglesite and cerussite in near-surface exposures and is veined and re

placed by digenite and chalcocite at depth. Sphalerite is replaced by 

smithsonite at or just belott the surface and is veined and replaced by 

supergene digenite and bomite at depth. Chalcopyrite is replaced by 

malachite, azurite, and chrysocolla in surface exposures and is replaced 

or veined by bomite, covellite, digenite, and chalcocite at depth. 

Chalcopyrite blebs in sphalerite are selectively replaced by chalco

cite, covellite, and digenite. Several instances were noted where di

genite forms a selvage between supergene bomite and chalcopyrite. Pyr- 

rhotite was replaced by bomite and chalcocite.

The most common paragenetic sequence seen with the supergene 

copper sulfides consists, from oldest to youngest, of
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bomite-digenite-chalcocite-covellite. Reversals of these orders were 

noted between bomite, digenite, and chalcocite; covellite always ap

pears to be the latest supergene copper sulfide to form.

Physical-chemical Parameters 
of Sulfide Deposition

Several methods of research are available to study the physical 

and chemical parameters of ore deposition. Foremost among these methods 

are the attempts to determine the stability fields of the most common 

sulfide and silicate species at varying ranges of temperature, pressure, 

chemical composition, activity, or fugacity of gases, amounts of buffer 

and catalytic substances, pH and Eh values, and reaction time. Several 

minerals were found which contain characteristics that offered promise 

as geothermometers and geobarometers. Problems involving the use of 

such indicator minerals were discussed by Stanton (1972) and were best 

described by Krauskopf's (1967, p. 490) statement that ", . . a common 

sequence of events has been the proposal of a new method, its enthusi

astic application and then the discovery, after detailed study, that the 

method depends on so many variables that its results are far less reli

able than at first appeared."

Another method of experimentation used to characterize the en

vironment of ore deposition involves fluid inclusion studies. The gases, 

fluids, and solid phases within the inclusions can be analyzed to gain 

chemical data, and the induced homogenization of the liquid and gas 

phases allows us to determine temperature conditions during the forma

tion of the inclusions. Fluid inclusion data from garnet skarns in the



Empire mine area were gathered by Terri Surles, of The University of 

Arizona. She kindly offered me their use for this report.

A third direction of research into the environment of ore depo

sition involves studies of exsolutions and textures of ore minerals. 

Studies of exsolutions involve phase equilibria relations to determine 

temperatures of formation, while textural and paragenetic studies give 

insight into compositional changes recorded during ore deposition.

Pressure

Lithostatic pressures present during intrusion of granodiorite 

and formation of garnet skam can be approximated by the formula:

P1 = SPrh

where g is the acceleration of gravity, pr is the rock density, and h 

is the depth of burial. Measurements of stratigraphic sections within 

and adjacent to the Washington Camp-Duquesne district suggest that the 

granodioritic rocks were emplaced beneath 6-7 km of volcanic and sedi

mentary strata. Assuming a rock density of 2.6, the load pressure dur

ing skam deposition amounts to 1.4-1.7 kb, and the hydrostatic pressure 

amounts to 400-500 bars. As noted in a previous section, the field ob

servation of plastic deformation in the Paleozoic carbonate rocks sug

gests that they were deformed at load pressures approximating 2 kb.

Temperature

Data Derived from Silicate Minerals. Temperatures of liquid-gas
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homogenization in fluid inclusions taken by T. Surles (personal
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communication, 1976) from unzoned garnet crystals near the Empire mine 

range from 440 to 480°C. Zoned garnet crystals and diopside crystals, 

which she studied, contain inclusions that homogenized at 380°C. A 

pressure correction of 30°C for a hydrostatic pressure of about 500 atm 

places minimum temperatures of formation at about 410°C for diopside.

The inclusions Surles studied only contained liquid and gas 

phases; the absence of a solid phase indicated, to her, that the con

centration of CO2  was low and Pqq amounted to less than 5% of the total 

pressure or about 25 atm. Using that partial pressure of CO2  with the 

equilibrium curves (Figure 36) for the reaction:

CaC03 + Si03 -» CaSiOg + C02

the minimum temperature to drive this reaction to the right is about 

400°C.

A compilation of temperature limits of stability for the forma

tion of calcareous skam minerals by Reverdatto and Sobolev (1973) 

places optimal temperatures of formation of grossularite, andradite, 

clinopyroxenes, and wollastonite in the range of 500-700°C. Recent data 

by Hemley et al. (1977) shows that the reaction:

9 talc + 4 forsterite -» 5 anthophyllite + 4 I^O

is driven to the right at 0.5 kb and 600°C, while at this pressure the 

reaction:

Anthophyllite -> 7 enstatite + quartz + H^O
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is driven to the right at 680°C. These reactions limit the stability 

of anthophyllite, at 0.5 kb, to a temperature range of 600-680°C. Thin 

section studies and x-ray analyses of samples from the Washington Camp- 

Duquesne district have recognized the association of quartz and talc 

with anthophyllite. This assemblage further limits the equilibrium 

temperature of anthophyllite because Hemley et al. (1977) determined 

that the reaction:

7 talc -» 3 anthophyllite + 4 quartz + 4 H^O

is driven to the right at 0.5 kb and 650°C or at 0.2 kb and about 550°C.

The lowest temperature of silicate mineral deposition was deter

mined by Surles to be 240°C from work she performed on fluid inclusions 

from late-stage quartz crystals. This quartz is believed to be younger 

than the base metal mineralization in the district.

Data Derived from Sulfide Minerals. Arnold (1962) suggested 

that the composition of hexagonal pyrrhotite in equilibrium with pyrite 

varied systematically with temperatures between 325 and 743°C. An x-ray 

method which is related to a d-spacing vs. composition curve will indi

rectly determine the Fe:S which could then be used to determine the 

temperature of formation for the pyrrhotite. Several authors have de

tected problems in using pyrrhotite as a geothermometer and Einaudi 

(1977, p. 907) stages that ". . . it is known that pyrrhotite rarely 

retains its high temperature composition and its general use as a geo

thermometer is invalidated." Because of these re-evaluations for using 

pyrrhotite as a geothermometer, the method was not attempted.
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Another method used to determine approximate temperatures of 

formation involves the study of exsolutions occurring during ore deposi

tion. The occurrence of sphalerite stars along crystallographic axial 

directions of chalcopyrite suggests that the chalcopyrites hosting these 

stars are isostructural with sphalerite. This suggestion was confirmed 

by Donnay and Kullerud (1958), who found that tetragonal chalcopyrite 

takes a face-centered cubic form at higher temperatures. Kullerud,

Yund, and Moh (1969) found that chalcopyrite has a cubic crystal struc

ture above 550°C and is tetragonal below that temperature. Pankratz and 

King (1970) determined by calorimetric measurements that this transition 

from tetragonal to cubic form occurs at 557°C, which agrees with the 

temperature determined by Barton (1973). Yund and Kullerud (1966) de

termined, by the DTA method, that this transition occurs at 547 + 5°C. 

The effects of pressure on these temperatures are unknown to the author.

Work by several experimentalists shows that sphalerite stars, in 

natural samples, diffuse into the chalcopyrite when the sample is heated 

from 425 to 550°C (Borchert, 1934; Sugaki and Tashiro, 1956; Takeuchi,

.Sugaki, and Tashiro, 1957; Fujii, 1970). The majority of the stars 

which they studied diffused into sphalerite at 500 + 20°C.

Another method for determining approximate temperatures of sul

fide deposition involves the temperature at which chalcopyrite exsolu

tion blebs disappear into the homogeneous sphalerite host. Buerger 

(1934) performed experiments at temperatures ranging from 200 to 500°C 

for 7-day periods and determined that the chalcopyrite exsolution blebs
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disappeared at temperatures between 350 and 400°C. The effects of pres

sure on these temperatures are unknown to the author.

The temperatures of deposition, suggested for the calc-silicate 

minerals, are nearly identical to the temperatures of cubic chalcopyrite 

deposition which could host the sphalerite exsolution stars. Either the , 

latent heat of intrusion of the granodiorite remained fairly constant 

for a considerable time near the site of later sulfide deposition, or 

sulfide deposition occurred immediately after deposition of the calcium 

silicate skarn minerals, or the temperature data from fluid inclusions 

are minimum temperatures for their deposition. These data from sili

cate and sulfide minerals suggest that ore deposition in the district 

occurred between temperatures of 550 and 250°C.

Fugacity of Sulfur

The fugacity of sulfur, during the early oxide stage, can be 

approximated using the following assumptions:

1) Temperatures were about 600°C.

2) Excess Si02 was present.

3) The boundary conditions that limit the fugacities of oxygen and

sulfur, according to the log fc -log fn diagram of Holland
S2 °2

(1965, p. 1143), are controlled by the stability fields of wol- 

lastonite, molybdenite, and magnetite.

Using these assumptions, a portion of Holland’s (1965) log

f_ -log fn diagram is here reproduced (Figure 37). His data suggests 
a2 2
that the fugacity of sulfur ranged between 10"3 and ICT8 at 600°C. He
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log fo2

Possible range during the early oxide stage. 

Optimum range during the early oxide stage.

Figure 37. The Log fSg-log f02 Diagram Showing Chemical Parameters
during the Early Oxide Stage of Mineralization at T=600°C 
and C02=100 atm with Excess Si02 Present (after Holland, 
1965).
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g 

ft



155
suggests that the optimum range would be 10” -10” atm for sulfide 

deposition. With decreasing temperature, pyrrhotite formed and magne

tite was no longer stable. Since pyrrhotite is replaced by face- 

centered cubic chalcopyrite that hosts sphalerite stars, the author as- 

assumes that pyrrhotite was deposited at temperatures exceeding 500 +

20°C (see previous discussion). Utilizing Holland’s log f_ -log f_
b2 °2

diagram for 527°C (Holland, 1959, Figure 5), the range of sulfur fugaci- 

ties during pyrrhotite deposition was 10”^-10”^  atm. Passing from the 

stability field of pyrrhotite to pyrite, at 527°C, requires, according 

to Holland's (1959) data, that the fugacity of sulfur increased to be

tween 10”1 and 10”^ atm.

The absence of the bornite-pyrite assemblage in the Washington 

Camp-Duquesne ores limits the fugacity of sulfur at still lower tempera

tures. The presence of the chalcopyrite-pyrite assemblage through the 

remainder of the hypogene sulfide stage of mineralization suggests that 

a range of sulfur fugacities between 400 and 250°C was 10 ^-10 and 

10“9-10-14 atm, respectively (Figure 38).

Fugacity of Oxygen

Utilizing the assumptions involved to determine fugacities of

sulfur for the silicate and hypogene sulfide stages, the fugacities of

oxygen can be approximated from Holland’s (1959, 1965) data. Oxygen

fugacities for the system at 600°C would range from lO-*** to 10”^® atm
—20for the early oxide stage. These values would be less than 10 atm 

at 527°C (near the beginning of the hypogene sulfide stage) according 

to Holland (1959, Figure 5).
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Figure 38. Variation of the Fugacity of Sulfur during the Hypogene 
Sulfide Stage of Mineralization (Stippled) as a Function 
of Temperature (after Barton and Toulmin, 1966).
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The assumption that sulfide deposition ceased below 250°C is 

based on fluid inclusion data from late-stage quartz that replaced the 

sulfides in the district. Data provided by Crerar and Barnes (1976, 

Figure 8) suggests that the fugacity of oxygen was greater than 10 

atm when the system changed such that pyrite became unstable and hema

tite was deposited in late-stage quartz and calcite veins. A minimum 

value for the oxygen fugacity, at 250°C, is limited by the deposition 

of calcite as Crerar and Barnes (1976) show that pH values, at this 

temperature, are limited to values of 4 to 6 to allow simultaneous depo

sition of calcite and hematite.

. Variations of oxygen and sulfur fugacities and temperatures of 

sulfide deposition for the Washington Camp-Duquesne ores are shown in 

Figure 39.
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l S :

Figure 39. The Log fOg-log fS2 -Temperature Diagram for Early Oxide 
Stage (600°C), Hypogene Sulfide Stage (250-600°C) and 
Late Oxide Stage (250°C) Deposition in the Washington 
Camp-Duquesne District.



GEOLOGIC HISTORY OF THE 
WASHINGTON CAMP-DUQUESNE DISTRICT 

AND SURROUNDING AREAS

This chapter summarizes the geologic history of the Patagonia 

Mountains and surrounding areas as determined from the events recorded 

by the author in the Washington Camp-Duquesne district and by other 

studies. Geochronologic studies are being continued by University of 

Arizona students to better document the post-Paleozoic history of this 

geologically complex mountain range. This interpretation of the se

quence of geologic events is listed in chronological order from oldest 

to youngest. A query following the event number refers to events whose 

sequential order is poorly understood and is open to speculation for 

one or more reasons.

1) The emplacement of biotite quartz monzonite near Howry was dated 

at 1280 + 150 m.y. (Simons, 1974); this unit intrudes older 

hornblende diorite.

2)(?) Biotite-hornblende quartz monzonite and hornblende gabbro, on

the western flanks of the Patagonia Mountains, were tentatively 

assigned to the Precambrian by Simons (1974).

3) These plutonic rocks were uplifted and eroded prior to deposi

tion of Middle Cambrian quartzites.

4) Nearly 5200 ft of miogeosynclinal Paleozoic sedimentary rocks 

were deposited in the area of the Patagonia Mountains; the upper 

3000 ft are exposed in the Washington Camp-Duquesne district. 

These rocks range in age from Middle Cambrian to early Permian
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and were deposited continuously, with the exceptions of a depo- 

sitional hiatus occurring between Upper Cambrian and Upper 

Devonian, between Upper Devonian and Hississippian, and between 

Mississippian and Middle Pennsylvanian rocks (Simons, 1974).

5) Minor tectonic movement is recorded in the Lower Permian basin 

of deposition by penecontemporaneous deformation within the mid

dle carbonate member of the Scherrer Quartzite.

6) Uplift, faulting, and erosion occurred in Late Paleozoic to 

Early Mesozoic time as evidenced at American Peak, near Mowry, 

where at least 500 ft of the Concha Limestone were locally erod

ed prior to the deposition of Mesozoic volcanic rocks. It should 

also be noted that either the Lower and Upper Permian Rainvalley 

Formation was not deposited in the Patagonia Mountains or it

was also eroded prior to Mesozoic volcanism.

7) (?) The intrusion of west- and north-trending intermediate dikes is

believed to be the first Mesozoic event recorded in the 

Washington Camp-Duquesne district.

8) (?) Extrusion of at least 7000 ft of rhyolitic flows and tuffs east

of the Patagonia Mountains formed the Canelo Hills Volcanics. 

Potassium-argon age dates determined for these rocks are 173 +

7 m.y. and 165 + 6 m.y. (Hayes et al., 1965; Hayes, 1970).

9) (?) Faulting and deposition of at least 2000 ft of volcaniclastic,

sedimentary, and volcanic rocks were recorded from exposures in 

a fault block in Corral Canyon north of Mowry. Mapping by 

Simons (1974) found these rocks in fault contact with Paleozoic
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strata and they are overlain by volcanic rocks that resemble 

the Duquesne Volcanics. Therefore, he assigned a Jurassic- 

Tirassic age to this sequence. ASARGO geologists correlate the 

Corral Canyon sequence with Early Tertiary Silver Bell-type 

rocks (S. Davis, personal communication, 1976). A whole-rock 

K-Ar date of 82.65 + 1.73 m.y. from dacite within the Corral 

Canyon sequence (F. Koutz, personal communication, 1978) sug

gests an age intermediate with the above interpretations.

10)(?) Deposition of at least 7000 ft of intermediate to felsic pyro- 

clastics with minor flows and rare quartzite sandstones and 

volcaniclastic rocks formed the Duquesne Volcanics. It is not 

known for certain if these rocks are contemporaneous with the 

Canelo Hills Volcanics or with the older Triassic Mount Wright- 

son Formation. Faulting and erosion probably accompanied depo

sition of these rocks in the Washington Camp-Duquesne district.

11) Emplacement of monzonite(?) porphyry, quartz monzonite, biotite- 

hornblende quartz monzonite, hornblende granodiorite, equigranu- 

lar alkali syenite, equigranular and porphyritic granite in the 

central and western portions of the Patagonia Mountains. Age 

dates on these rocks range from 164 + 19 m.y. to 150 + 2 0  m.y. 

(Simons, 1974).

12) Uplift and erosion in the Late Jurassic and Early Cretaceous.

13) Deposition of the Lower Cretaceous Bisbee Formation which con

sists of a basal conglomerate, containing clasts of volcanic 

rocks eroded from Triassic-Jurassic formations, and deposition
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14)

15)

16)

17)(?)

18)

of marine and continental near-shore sediments. This formation 

is more than 3000 ft thick (Baker, 1961; Simons, 1974).

Major faulting occurred on the Harshaw Creek fault. This move

ment postdates deposition of the Bisbee Formation and predates 

deposition of Upper Cretaceous trachyandesite of Meadow Valley. 

Simons (1974) recorded the deposition of at least 2000 ft of 

volcanic conglomerate, silicic and welded tuff, tuffaceous sand

stone, and andesitic lavas in Dove Canyon, located on the east

ern side of San Rafael Valley. Biotite from a tuff unit within 

this sequence was dated at 72 + 4 m.y. with the potassium-argon 

method (Simons, 1974).

Trachyandesite flows, up to 3000 ft thick, were deposited in 

Meadow Valley and the Harshaw Creek area on the northeast side 

of the Patagonia Mountains. These rocks do not occur west of 

the Harshaw Creek fault. Some of these units may be intrusive 

as well as extrusive (S. Davis and F. Koutz, personal communica

tion, 1977). A potassium-argon age of 72.1 + 3 m.y. was deter

mined from biotite within this unit (Simons, 1974).

Intrusion of diorite and porphyritic andesite dikes, sills, and 

plugs in the Washington Camp-Duquesne district and intrusion- 

of the Josephine Canyon diorite in the northwestern part of the 

Patagonia Mountains.

Tilting and erosion in the northern Patagonia Mountains with 

later deposition of tuff, tuffaceous sandstone, and breccia, 

near Trench Camp, and deposition of at least 1500-2000 ft of
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rhyolite to trachytic tuff and flow breccia at Red Mountain, 

near Patagonia (Simons, 1974; Corn, 1975). The Red Mountain 

Volcanics may have been deposited within a caldera structure 

(Corn, 1975).

19)(?) Intrusion of the Washington Camp granodiorite and formation of 

the north-trending Washington Camp anticline.

20) Formation or renewed movement of high-angle, north-trending 

normal faults in the Washington Camp-Duquesne district, faulting 

of the Dove Canyon sequence east of the Patagonia Mountains, 

and renewed movement of faults in the Trench Camp area (Simons, 

1974).
21) Eastward-directed compression that deformed the Washington Camp 

anticline into an isoclinal fold, adjacent to the Washington 

Camp granodiorite, formation of the Pluto anticline, and defor

mation of the north-trending longitudinal faults in the district.

22) Metamorphism of Paleozoic and Mesozoic rocks, intrusion of 

granodiorite, granite, and alaskite dikes and sills culminating 

in the batholithic intrusion of the Patagonia granodiorite. 

Potassium-argon ages on biotite and hornblende, from this batho- 

lith, are 58 + 3-5 m.y. (Simons, 1974) and 63.9 + 2 m.y. (Mauger 

and Damon, 1965).

23) Formation of pyrometasomatic alteration in the Washington Camp- 

Duquesne district followed by the deposition of sulfide minerals 

and hydrous alteration of the skarns.
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24) Development of west-trending, low-angle faulting.

25) Development.of west- and northwest-trending normal and reverse 

faulting.

26) Block faulting and uplift of the Patagonia Mountains resulting 

in erosion and deposition of the Miocene(?) Nogales Formation 

west of the Patagonia Mountains (Simons, 1974), and deposition 

of younger gravels and valley-fill sediments east of those

mountains.



APPENDIX A

MEASURED STRATIGRAPHIC SECTIONS

Washington Camp-Duquesne District

Scherrer Formation:

Upper Hornfels Siltstone Member:

Sub-unit
Unit Thibkness
No. (feet)

9 Massive, pitted, diopsidic hornfels silt- 
stone and very fine grained sandstone with 
pods of marble in the upper 10 ft; weath
ers very pale orange (10YR 8/2) to grayish 
orange (10YR 7 / 4 ) ...........................  37.0

8 Interbedded hornfels siltstone and cal
careous wollastonite marble; silty beds 
0.2-1.0 ft thick; marble beds 0.2-7.0 ft 
thick; bedding not nearly as irregular as 
unit 6; sparse chert nodules; marble weath
ers white (N9) to very light gray (N8); 
siltstone weathers very pale orange (10YR 
8/2) to grayish orange (10YR 7 / 4 ) ..........  37.5

Middle Carbonate Member:

7 Massive thick-bedded wollastonite marble 
with many chert nodules (looks identical to 
Concha Limestone) some beds entirely convert
ed to wollastonite while others are barely 
converted. Contains a few 0.5 ft-thick in
terbeds of hornfels; marble weathers bluish 
white (5B 9/1) to very light gray (N8); chert 
nodules which have not been converted to wol
lastonite are very pale orange (10YR 8/2). 
Some nodules have an envelope of wollastonite 
while other nodules are encased in hornfels

Cumulative
Thickness
(feet)

315.6

278.6

165
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Sub-unit

Thickness
(feet)

slltstone; the nodules are round to oblate
and are up to 0.6 ft in length and may form
beds by coalescing........................... 38.6

Offset section about 100 feet south of ridge 
crest.

6 Very irregular and wavy bedded dolomitic 
wollastonite marble and hornfels slltstone; 
most of the marble has been converted to mas
sive wollastonite; marble beds are 0.2-2.0 ft 
thick and are engulfed by hornfels slltstone 
interbeds 0.05-2.0 ft thick; marble occurs as 
pods several feet in length or as round masses 
0.3 ft in diameter. Bedding is very difficult 
to distinguish because of the irregular con
tacts suggesting penecontemporaneous deforma
tion. Marble weathers bluish white (5B 9/1); 
hornfels slltstone weathers grayish orange 
(10YR 7/4) to yellow-gray (5Y 7 / 2 ) .......... 82.0

Offset section 150 feet to south

Lower Quartzite Member:

5 Faintly cross-bedded quartzite; weathers pale
pink (5RP 8/2) to very pale orange (10YR 8/2) 84.0

4• Thin-bedded hornfels slltstone and marble; 
marble weathers medium light gray (N6), 
slltstone weathers very light gray (N8), 
light brownish gray (SYR 6/1), and is stained
light brown (SYR 5/6). Garnet skarn zone
occurs at upper contact.......... ............  5.0

3 Covered; hornfels slltstone float ............  10.0

2 Thin-bedded hornfels slltstone, no marble; 
weathers very light gray (N8) and light 
brownish-gray (5YR 6/1) ............  . . . . .  15.5

1 Hornfels slltstone (60%) and dolomitic marble 
(40%). Slltstone beds are 0.1-0.3 ft thick 
and marble beds are 0.1-0.4 ft thick. Very 
irregular bedding with dolomitic marble occur
ring as disconnected pods within slltstone . .

Unit
No.

Cumulative
Thickness

(feet)

241.1

202.5

120.5

36.5

31.5

21.5

6.0 6.0
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Epitaph Dolomite:

Cherty Limestone Member:

Sub-unit
Unit Thickness
No.

45 Poorly exposed dolomitic marble with wol-

(feet)

lastonite and interbedded horofels silt-
stone; marble weathers light gray (N8) to
white (N9); siltstone weathers pinkish
gray (SYR 8/1) to yellowish gray (5Y 8/1);
siltstone beds are 0.1 ft thick and marble
beds are 0.1-5.0 ft thick...................' 23.7

Offset section 500 feet to the south.

44 Medium-grained wollastonite marble; no
chert; weathers medium gray (N5) to medium
dark gray ( N 4 ) ........................... .. 20.0

43 Very coarse grained, massive marble with minor 
chert nodules at the base and top of unit; mi
nor wollastonite; calcite crystals up to 0.6 
inch long; weathers light bluish gray (5B 7/1) 
to light gray (N7); contact with overlying
unit is gradational..................... 36.3

42 Bed of chert n o d u l e s .......................  1.1

41 Coarse-grained very light gray (N8) cherty 
marble with wollastonite. Irregular patches 
of medium dark gray (N4) finer-grained marble 
occurs toward top of unit; these patches are
0.2-3.0 ft in length, 0.1-0.5 ft in width,
and are elongated parallel to strike of beds 11.7

40 Bed of chert n o d u l e s ........ ..............  1.0

39 Massive wollastonite marble with 20% chert 
nodules; no hornfels siltstone; weathers 
pale blue (5PB 7/2) . . . ........... .. 7.3

38 Chert bed composed of nodules with some marble 
between the nodules; thin sheath of hornfels 
siltstone envelopes the nodules . . ........

Cumulative
Thickness
(feet)

1048.8

1025.1

1005.1

968.8

967.7

956.0

955.0

3.9 947.7
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• Sub-unit Cumulative

Unit Thickness Thickness
No. (feet) (feet)

37 Coarse-grained wollastonie marble with very 
few 0.05 inch-thick hornfels siltstone lami
nae; minor chert nodules; marble weathers
very light gray ( N 8 ) .......................  9.8 943.8

36 Bed composed of coalescing chert nodules . . 1.0 934.0

35 Coarse-grained wollastonite marble with 6 in
terbeds of 0.05-0.6 inch-thick diopsidic horn
fels siltstone spaced 0.2-1.0 ft apart in 
center of unit; marble weathers very light 
gray (N8); siltstone weathers moderate yellowish- 
green (5GY 7/4) and moderate brown (SYR 4/4); 
some very coarse grained sparry calcite; about
10% of unit consists of chert nodules . . . .  18.6 933.0

34 Bedded chert, along strike is replaced by co
alescing nodules chert nodules; chert is re
placed by wollastonite and has an envelope of
diopsidic hornfels 0.1 inch thick..........  0.4 914.4

33 Massive wollastonite marble containing numerous 
chert nodules (0.2-0.8 ft in length and 0.1- 
0.4 ft in width, elongated parallel to strike 
of bedding; chert is replaced by wollastonite; 
rare, crenulated diopsidic hornfels siltstone 
laminae 0.05 inch thick; marble weathers pale
blue (5PB 7/2) to very pale blue (5B 8/2) . . 7.8 914.0

Offset section 500 ft south-southwest to south 
slope of draw.

Silty Limestone Member:

32 Silty wollastonite marble with zones of diop
sidic hornfels siltstone 0.1-0.5 ft thick; 
marble beds 0.3-1.0 ft thick. The unit becomes 
more argillaceous toward top where 40% of upper 
50 ft consists of hornfels siltstone; contact 
with overlying Cherty Limestone Member is very
sharp; marble weathers medium light gray (N6) 100.0 906.2

t

Interbedded massive wollastonite-diopside mar
ble and medium-grained marble with 0.1-0.5

31
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Sub-unit

Unit Thickness
No. (feet)

inch-thick hornfels siltstone beds; marble 
weathers medium light gray (N6)..........  33.6

Offset section 50 ft south to center of draw

30 Massive-bedded, medium-grained marble becoming 
silty towards top; weathers medium light gray 
(N6) .'.......... ......................... 28.2

29 Interbedded massive-bedded wollastonite marble 
and medium- to coarse-grained sugary marble 
with hornfels siltstone laminae; wollastonite 
marble weathers very light gray (N8) and sugary 
marble weathers medium light gray (N6) . . 11.5

28 Thick-bedded to massive wollastonite marble 
with minor hornfels siltstone lamina; nearly 
90% of marble was converted to wollastonite; 
weathers very light gray (N8) . .............  27.6

27 Thick- to massive-bedded, medium- to fine
grained marble with 10-15% of unit consisting 
of thin irregular partings of hornfels silt
stone 0.05-0.5 inch thick; pitted, weathered 
surface; weathers medium light gray (N6) . . 21.3

26 Diopsidic, iron-stained very fine grained 
sandstone; weathers grayish yellow-green 
(5GY 7/2) and light gray (N7)............... 7.5

25 Covered; float similar to underlying unit 15.0

24 Poorly exposed medium- to fine-grained marble 
with thin irregular partings of hornfels silt
stone 0.05-0.5 inch thick comprising less 
than 10% of unit; minor wollastonite contains 
some hematite and pyrite; beds are 2-5 ft thick; 
fresh surface is white (N9) to pinkish gray 
(5YR 8/1); weathers medium light gray (N6) .. 25.0

23 Diopsidic hornfels siltstone with 0.2-0.5 ft- 
thick interbeds of marble; siltstone is moder
ate greenish-yellow (10Y 7/4). Unit pinches 
out within 20 ft along strike ............

Cumulative
Thickness
(feet)

806.2

772.6

744.4 

732.9

705.3

684.0

676.5

661.5

4.5 636.5
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Sub-unit

Unit Thickness
No. (feet)

inch-thick hornfels siltstone beds; marble 
weathers medium light gray (N6)..........  33.6

Offset section 50 ft south to center of draw

30 Massive-bedded, medium-grained marble becoming 
silty towards top; weathers medium light gray 
(N6) .'...................................  28.2

29 Interbedded massive-bedded wollastonite marble 
and medium- to coarse-grained sugary marble 
with hornfels siltstone laminae; wollastonite 
marble weathers very light gray (N8) and sugary 
marble weathers medium light gray (N6) . . 11.5

28 Thick-bedded to massive wollastonite marble 
with minor hornfels siltstone lamina; nearly 
90% of marble was converted to wollastonite; 
weathers very light gray (N8) . .............  27.6

27 Thick- to massive-bedded, medium- to fine
grained marble with 10-15% of unit consisting 
of thin irregular partings of hornfels silt
stone 0.05-0.5 inch thick; pitted, weathered . 
surface; weathers medium light gray (N6) . . 21.3

26 Diopsidic, iron-stained very fine grained 
sandstone; weathers grayish yellow-green 
(5GY 7/2) and light gray (N7)............... 7.5

25 Covered; float similar to underlying unit 15.0

24 Poorly exposed medium- to fine-grained marble 
with thin irregular partings of hornfels silt
stone 0.05-0.5 inch thick comprising less 
than 10% of unit; minor wollastonite contains 
some hematite and pyrite; beds are 2-5 ft thick; 
fresh surface is white (N9) to pinkish gray 
(5YR 8/1); weathers medium light gray (N6) .. 25.0

23 Diopsidic hornfels siltstone with 0.2-0.5 ft- 
thick interbeds of marble; siltstone is moder
ate greenish-yellow (10Y 7/4). Unit pinches 
out within 20 ft along strike

Cumulative
Thickness
(feet)

806.2

772.6

744.4

732.9

705.3

684.0

676.5

661.5

4.5 636.5



Sub-unit Cumulative
Unit Thickness Thickness

170

No. (feet) (feet)

22 Same as unit 24 with minor pods of diopsidic
hornfels siltstone in upper 10 f t ........  39.8 632.0

N.B.: Diopsidic hornfels, originally assigned to the Earp Formation,
occurs stratigraphically below the before described beds. This h o m -  
fels was intruded by dikes and sills of granodiorite and alaskite and I 
was unable to correlate beds on the west side of the dike-sill complex 
with beds on the east side. Therefore, the siltstone-sandstone member 
described later may have a greater thickness than I show. Exposures of 
the member are poor and elsewhere parts of this member contain dolo- 
mitic marble interbeds.

Offset section 400 feet east to a point 400 ft
north of the center of Bonanza Gulch

Hornfels Siltstone Member:

21 Fine-grained sandstone; weathers dark yellowish-
orange (10YR 6 / 6 ) .......... ................  15.0 592.2

20 Covered.....................................  10.0 577.2

19 Diopsidic hornfels siltstone ..............  9.0 567.2

18 Fine- to medium-grained sandstone with well- 
rounded grains; thin- to medium-bedded, weath
ers dark yellowish-orange (10YR 6/6); fresh
surface is brownish gray (SYR 4 / 1 ) ........  22.6 558.2

17 Poorly exposed to partially covered diopsidic
hornfels siltstone .........................  182.0 535.6

16 Covered; hornfels siltstone float ..........  35.0 353.6

15 Fine-grained silty marble; weathers very
light gray (N8).............................  6.0 318.6

14 Thin-bedded to finely laminated hornfels fine
grained sandstone; weathers in bands of grayish 
orange (10YR 7/4) and light gray (N7) . . . .  15.0 312.6

13 Thin- to medium-bedded silty marble; weathers
very light gray ( N 8 ) ............   16.2 297.6
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Unit
No.

12 Thin-bedded, very fine grained homfels
sandstone and siltstone; weathers in bands 
of grayish orange (10YR 7/4) and light 
gray (N7) . . . .  .......................

11 Fine-grained silty marble, poorly exposed; 
weathers very light gray (N8) ..........

10 Very fine grained homfels sandstone and 
siltstone; weathered surface exhibits alter 
nating bands 0.2-0.7 ft thick, grayish- 
orange (10YR 7/4), and light gray (N7); 
fresh surface is light bluish gray (5B 
7/1) and greenish gray (5G 6 / 1 ) ........  10.5 256.4

Section continued at a point 1300 ft north of the Bonanza shaft.

N.B.: The section of homfels siltstone and sandstone described before
overlies white to very light gray silty marbles containing very little 
dolomite; whereas, the section to be described later contains a thick 
dolomitic member at the top of the sequence, immediately underlying the 
homfels siltstone and sandstone. Traced to the north and west, this 
dolomitic member pinches out at a point 2500 feet along strike. To the 
south, across the Bonanza Gulch fault, this unit pinches out at a point 
800 ft along strike and 800 ft west of the Bonanza shaft.

Sub-unit Cumulative
Thickness Thickness

(feet) (feet)

20.2 281.4

4.8 261.2

Dolomite Member:

9 Dolomicrite and silty dolomitic micrite with 
small irregularly shaped nodules of calcite 
and micrite encased in tremolite ........  21.3

8 Poorly exposed pyritic homfels siltstone;
weathers pinkish gray (SYR 8 / 1 ) ..........  10.5

7 Medium-bedded dolomicrite (80%) and dolomitic 
micrite (20%) with minor hornfels siltstone 
beds less than 1 ft thick; contains irregular 
and tabular nodules and pods of tremolite- 
encased calcite and micrite; weathers grayish 
blue (5PB 5 / 2 ) ............ ..............  47.0

6 Poorly exposed hornfels siltstone; weathers
pinkish gray (SYR 8 / 1 ) ................... 12.7

245.9

224.6

214.1

167.1
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Unit
No.

Sub-unit
Thickness

(feet)

5 Dolomicrite and minor silty dolomitic mi- 
crite; pods are 0.2-0.5 ft long and equant; 
weathers grayish blue (5PB 5/2) . . . . . .  21.9

4 Poorly exposed hornfels siltstone; weathers
pinkish gray (5YR 8/1) ...................  4.6

3 Dolomicrite and dolomitic micrite; 5% of 
rock consists of very irregular pods and 
tubular masses of tremolite and minor wol- 
lastonite enclosing micrite and white calcite.
Masses and pods are up to 1.5 ft long; cal
careous micrite occurs in upper 2 ft; weath
ers grayish blue (5PB 5/2); fresh surface is 
more calcareous than weathered surface and is 
medium dark gray (N4); unit contains minor 
diopsidic hornfels siltstone laminae 0.1 inch
thick ......................................  22.5

2 Poorly exposed hornfels siltstone; weathers
pinkish gray (5YR 8/1) ...................  4.9

1 Thick-bedded to massive dolomicrite (85%) and 
thin-bedded dolomitic micrite (15%). Pods 
and tubular masses compose 5-10% of rock.
Shows ribbed weathering with minor argillic 
laminae 0.1 inch thick; fresh surface is medium 
dark gray (N4); weathers to grayish blue 
(5PB 5/2) . . ............................ . 100.5

Colina Limestone:

15 Medium- to thick-bedded intrasparite or in- 
tramicrosparite containing minor pods of cal
cite enveloped by wollastonite; intraclasts 
are irregular in shape or spindle-shaped and 
are 1 inch to 1 ft in length; others are more 
equant. Interclasts consist of lighter gray 
sparite or microsparite, dolomitic sparite, 
and dolomicrite; a shell of tremolite commonly 
occurs around the dolomicrite; intrasparite 
weathers medium dark gray (N4) and the intra
clasts weather light gray (N7); silty micro
sparite beds are present 25 ft above base of

154.4

132.5

Cumulative
Thickness
(feet)

127.9

105.4

100.5
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Unit
No.

14

13

12

11

10

9

Sub-unit
Thickness
(feet)

unit and a 2 ft-thick bed of calcareous
siltstone occurs near top of unit . . . .  68.3

Thick-bedded to massive sparite or micro-
sparite with minor chert and stylolites
near base; exhibits faint banding due to
lenses and very thin discontinuous beds of
silty microsparite; contains minor clots
of tremolite toward top. Sparite weathers
very light gray (N8) to medium gray (N5) 54.5

Medium- to thick-bedded sparite or micro
sparite with intraclasts of dolomicrite and 
micrite; sparite weathers medium dark gray 
(N4) and intraclasts weather light gray 
( N 7 ) ...................................... 27.5

Medium-bedded micrite that weathers medium
dark gray (N4) to medium gray (N5); contains
one bed, 0.5 ft thick, of thin-bedded pyritic
siltstone near top of unit. Minor light gray
(N7) intraclasts of micrite found throughout 43.5

Poorly exposed, interbedded thin-bedded mi
crite and calcareous hornfels siltstone. Cal
careous siltstone beds are 0.01-0.3 ft thick 
and micrites are 0.2-1.5 ft thick. Micrite 
weathers medium light gray (N6) to light gray 
(N7); calcareous siltstone weathers pale 
yellowish-brown (10YR 6/2). Minor dismi- 
crite, oolites, and fossil(?) fragments . . 28.0

Cherty sparite or microsparite with 5% in
traclasts. Chert is dark gray (N3), composes 
5-10% of the rock, and occurs as single or 
rarely double nodules 0.1-0.5 ft long.
Sparite weathers medium dark gray (N4) . . 11.6

Medium- to thick-bedded intrasparite or in
tramicrospar ite; the shape and composition 
of the intraclasts are identical to those de
scribed in unit 15. Dolomicrite intraclasts 
are more common in upper half of unit. In
trasparite weathers medium dark gray (N4);

Cumulative
Thickness
(feet)

463.9

395.6

341.1

313.6

270.1

242.1
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Sub-unit
Unit Thickness
No. (feet)

intraclasts are light gray (N7). Minor
silty sparite or microsparite; minor chert
near base of u n i t .........................  36.9

8 Poorly exposed, thin-bedded sparite or mi- 
crosparite; slightly cherty at base; weath
ers medium dark gray (N4)................. 7.2

7 Medium- to thick-bedded slightly silty spar
ite or microsparite; weathers medium light 
gray (N6) to medium gray (N5); fresh surface 
is light brownish-gray (SYR 6/1). Minor chert
occurs near base of u n i t .................  15.5

6 Poorly exposed, slightly silty, thin- to
medium-bedded sparite or microsparite; weath
ers very light gray (N8) to light gray (N7) 37.8

5 Brecciated fault zone .....................  5.0

4 Poorly exposed micrite; weathers light gray
( N 7 ) .....................................  25.2

3 Medium-bedded silty sparite or microsparite
with sparse pods of wollastonite. Several 
2-4 ft-thick beds of medium dark gray (N4) 
sparite interbeds in lower portion of unit.
Silty sparite weathers light gray (N7) . . 58.0

2 Covered..................  31.9

1 Silty sparite or microsparite with less 
silty material toward top of unit; beds 
weather medium gray (N5) to medium light 
gray (N6).................................  13.0

Earp Formation:

29 Hornfels diopsidic siltstone; weathers
pale orange (10YR 8/2) and white (N9) . . . 6.2

28 Thin-bedded, banded sparite or microsparite 
with many thin hornfels siltstone interbeds; 
very contorted beds .......................  35.0

Cumulative
Thickness
(feet)

230.5

193.6

186.4

170.9

133.1

128.1

102.9

44.9

13.0

456.9

450.7
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Unit
No.

Sub-unit
Thickness

(feet)

27 Same as unit 28 but with less siltstone 
interbeds. Rocks weathers light gray (N7) 
to very light gray (N8)................. . 11.2

26 Pyritic hornfels siltstone; weathers very
pale orange (10YR 8/2) and white (N9) . . .  4.4

25 Thin- to medium-bedded, silty, pyritic spar- 
ite or microsparite and minor dismicrite; 
stylolites occur at base of unit. Contains 
some 0.1-2.0 inch-thick hornfels siltstone 
laminae in central part of unit; weathers 
medium light gray (N6) to medium gray (N5) 
and pale yellowish-brown (10YR 6/2) where
silty...................................... 26.7

24 Hornfels siltstone with 1.5 ft-thick inter
beds of silty micrite; weathers very pale 
orange (10YR 8/2) and white ( N 9 ) ........  6.5

Section offset 200 feet to the west.

23 Poorly exposed, thin- to medium-bedded sparite 
or microsparite with some wollastonite pods 
near base; weathers light gray (N7) . . . .  43.1

22 Intraclast-bearing oosparite; fossiliferous 
at base with broken echinoid spines (?), bra- 
chiopod shell fragments, and crinoid buttons.
Oolites weather differentially to matrix, 
giving the rock a spotted texture. Oolites 
are ragged in outline and may have been re
crystallized. Sparse pods of wollastonite 
up to 0.3 inch long occur near top of unit; 
weathers grayish-blue (5PB 5/2) to dusky- 
blue (5PB 3/2) . . . .....................  43.9

21 Interbedded sparite or microsparite and 
oosparite with minor intraclasts. Thick- 
bedded, stylolitic, and contains minor py- 
rite; weathers medium light gray (N6) and 
fresh surfaces are medium gray (N5) . . . .  23.3

20 Hornfels siltstone weathers pale yellow-
orange (10YR 8 / 6 ) .........................  3.5

Cumulative
Thickness
(feet)

415.7

400.1

373.4

373.4

366.9

323.8

279.9

256.6
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Sub-unit Cumulative
Unit Thickness Thickness
No. (feet) (feet)

19 Poorly exposed, thick-bedded, slightly silty 
intrasparite or intramicrosparite crowded 
with sheafs of wollastonite that selectively 
replace intraclasts. Intraclasts are 0.2 
inch long and 0.1 inch wide; weathers medium 
light gray (N6)...........................  16.9

18 Slightly pyritic and silty biosparite with 
broken brachiopod shell(?) fragments; some 
thin-bedded oosparite and silty sparite 
with slightly banded texture. A thin zone 
near top of unit contains individual garnet 
crystals up to 0.2 inch in diameter. Weath
ers grayish blue (5PB 5/2) except where 
silty when it weathers light olive gray 
(5Y 6 / 1 ) ........................... .. 24.8

17 Hornfels siltstone ribbed by differential
weathering; quartz!tic at top of unit; weath
ers very light gray (N8) and grayish orange 
(10YR 7/4); fresh surfaces are bluish white
(SB 9 / 1 ) ............ ................ .. . 9.7

16 Same lithology as unit 1 5 ................. 8.0

Section jogs 200 ft to the west.

15 Thick-bedded to massive sparite or micro- 
sparite with a 4.ft-thick bed of siltstone 
21 ft above base of unit. Broken fossil 
fragments scattered throughout unit. Some 
beds are oolitic; weathers dark gray (N4) 38.0

14 Interbedded pyritic biomicrite and pyritic 
siltstone. Fossil hash consists of broken 
brachiopod shells, crinoid buttons, and 1 
gastropod. Oolites compose less than 10% 
of the rock. Siltstone beds are 0.2-0.5 ft 
thick and weather moderate reddish brown 
(10R 4/6); biomicrite beds are 0.5-1.5 ft 
thick and weather dark gray ( N 4 ) ........  8.8

13 Thick-bedded, medium- to coarse-grained 
marble containing stylolites; very little 
silty material. Fresh surfaces are medium

253.1

236.2

211.4

201.7

193.7

155.7
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Sub-unit

Unit Thickness
No. (feet)

gray (N5) while weathered surfaces are medium
gray (N5) to medium dark gray ( N 4 ) ........  18.0

12 Thin-bedded to laminated, slightly dolomitic, 
sandy biosparite and sparite or microsparite.
Fossil hash consists of crinoid buttons and
broken brachiopod shells. Laminae of silt-
stone, 0.01 inch thick, occur near base of
unit; minor calcite pods in lower 2 ft;
weathers light gray (N7) and pale yellowish-
brown (10YR 6/7), while fresh rock is light
brown (5YR 6/4) and light gray (N7)........  21.2

11 Sandy dolomitic sparite containing tubular 
cross-cutting concretions measuring up to 
0.4 ft in length; some very irregularly bed
ded zones of fossiliferous, fine-grained sand
stone; weathers pale brown (SYR 5/2) to light 
brown (SYR 5/6), while fresh rocks are moder
ate yellowish-brown (10YR 5/4) . . . . . . .  2.2

10 Sandy sparite or microsparite in beds 0.01-
0.3 ft thick; weathers light gray (N7) . . .  4.8

9 Covered......................................  21.9

8 Medium-grained, slightly silty sparite or 
microsparite beds 0.2-1.5 ft thick with minor 
0.05 inch-thick hornfels siltstone interbeds 
showing wavy bedding; sandy near top of unit.
Weathers medium light gray (N6) to medium
gray (N5) while fresh surfaces are light gray
(N7) to white ( N 9 ) .......................... 28.8

7 Thin- to thick-bedded hornfels siltstone.
Basal 3 ft is laminated while rest is massive 
and becomes thin-bedded toward top of unit.
Fresh rocks are bluish white (5B 9/1) and
weathered surfaces are grayish orange (10YR
7/4) and very light gray (N8)...............  13.1

6 Medium-grained, pyritic, sandy sparite or mi
crosparite. Lower portions of unit contain 
discontinuous lenses of pyritic, sandy zones 
0.3-6 inch thick. Upper half of unit is thick- 
bedded; weathers pale red (5R 6/2) and light 
gray (N7)

Cumulative
Thickness
(feet)

146.9

128.9

107.7

105.5

100.7

78.8

50.0

12.1 36.9
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Sub-unit
Unit Thickness
No. (feet)

5 Poorly exposed, diopsidic, homfels siltstone.
Fresh surfaces are very light gray (N8);
weathers pale yellowish-orange (10YR 8/6) . . 8.2

4 Slightly dolomitic, thin-bedded, sandy spar- 
ite or microsparite. Individual beds are se
lectively replaced by tremolite and range from 
0.1 inch to 0.3 ft thick. Weathers pale red 
(5R 6/2), medium light gray (N6), and light 
gray (N7). Fresh rock is light olive gray 
(5Y 6 / 1 ) ............................... .. . 2.9

3 Homfels siltstone beds 0.15-1.3 ft thick.
Fresh rock is bluish white (5B 9/1) while 
weathered surfaces are very light gray (N8) . 2.8

2 Medium- to fine-grained, slightly dolomitic 
calcarenite in beds 1-3 ft thick with inter
beds of hornfels siltstone 0.01-0.4 ft thick.
Calcarenite weathers light gray (N7); silt
stone weathers light bluish gray (5B 7/1)
and pale yellowish brown (10YR 6 / 2 ) ........  8.8

1 Slightly calcareous hornfels siltstone; 
weathers pale yellowish-brown (10YR 6/2), 
while fresh surfaces are light bluish gray 
(5B 7 / 1 ) .......... ......................... 2.1

Cumulative
Thickness
(feet)

24.8

16.6

13.7

10.9

2.1
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Howry District

Epitaph Dolomite:

Cherty Limestone Member:

Sub-unit Cumulative
Unit Thickness Thickness
No. (feet) (feet)

54 Medium- to thin-bedded, fossiliferous in- 
trasparite with minor siltstone interbeds 
0.3 inch thick; minor pods of quartz and 
calcite ................................... 14.5 796.0

53 Poorly exposed, thin-bedded dolomite . . . 4.5 781.5

52 Poorly exposed, thin-bedded, cherty, silty 
dismicrite; some beds are dolomitic . . . . 21.0 777.0

51 Covered ................................... 7.0 756.0

50 Thin-bedded, silty, dolomitic micrite with 
abundant calcite veining and sparse chert . 9.0 749.0

49 Poorly exposed, thin-bedded, calcareous 
dolomite ................................. 7.0 740.0

48 Cliff-forming, cherty biosparite and fos
siliferous intrasparite with minor siltstone 
beds; medium- to thin-bedded; weathers light 
gray (N7) ................... .............. 98.0 733.0

Silty Limestone Member:

47 Ledge-forming, stylolitic silty micrite with 
beds 2-18 inches thick. Fresh rock is medium 
gray (N5) and weathers light gray (N7) . . 10.0 635.0

46 Covered; siltstone float . . ............. 12.0 625.0

45 Silty, slightly dolomitic, medium-bedded mi
crite veined by calcite. Fresh rock is medium 
gray (N5) and weathers medium light gray (N6) 14.5 613.0

44 Poorly exposed, thin-bedded to laminated cal
careous siltstone; sandy towards top. Fresh 
rock is pale yellowish-brown (10YR 6/2);
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Sub-unit
Thickness

(feet)

weathers grayish orange (10YR 7/4) and
pale reddish-brown (10R 5 / 4 ) ............  10.0

43 Cliff-forming, cherty, oolitic, biomicrudite 
in beds 8 inches to 2 ft thick. Chert oc
curs as small pods and masses 0.3-6 inches 
long. Fresh rock is medium gray (N5) and 
dark yellowish-orange (10YR 6/6); weathers 
light gray (N7)...........................  21.0

42 Calcareous siltstone, light brown (SYR
6/4); weathers pale yellowish-orange (10YR
8/6) and pinkish gray (5YR 8 / 1 ) ..........  12.5

41 Brachiopod-bearing silty micrite, medium 
dark gray (N4); weathers medium light gray 
( N 6 ) .........................  5.0

40 Covered..........................  5.0

Measured section offset 500 ft to the east.

39 Ledge-forming, medium- to thin-bedded micrite 
with thin interbedded siltstone beds and 
lenses; very abundant calcite veining per
pendicular to bedding. Fresh rock is dark 
gray (N3) and weathers medium gray (N5) . . 20.0

38 Covered. Float consists of dark gray mi
crite, yellow siltstone, and silty micrite; 
weathers pale red-purple (5RP 6/2) . . . .  40.5

37 Poorly exposed, thin-bedded, silty sparite
and calcareous dolomicrite with calcite vein- 
lets and hematite. Limestone conglomerate 
occurs 25 ft above base of unit; medium light 
gray (N6), medium gray (N5), and moderate 
orange-pink (SYR 8/4); weathers light gray 
( N 7 ) .......................... 42.0

36 Medium- to thick-bedded dolomitic sparite, 
veined with calcite. Fresh rocks are medium 
dark gray (N4); weathers medium light gray 
(N6)

Unit
No.

Cumulative
Thickness
(feet)

598.5

588.5

567.5

555.0

550.0

545.0

525.0

484.5

26.0 442.5
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Sub-unit
Unit Thickness
No. (feet)

35 Limestone conglomerate with subangular clasts 
up to 1.5 inches long; medium light gray (N6)
and light brownish-gray (SYR 6/1); weathers
medium gray ( N 5 ) .........................  1.0

34 Laminated to very thin bedded calcareous
siltstone; yellowish gray (5Y 7/2); weathers
grayish orange (10YR 7/4) and very pale
orange (10YR 8 / 2 ) .........................  1.5

33 Thin- to very thin bedded, silty, dolomitic 
micrite; medium light gray (N6) and light 
brownish-gray (SYR 6/1); weathers medium 
gray (N5).................................  3.0

Siltstone Member:

32 Poorly exposed, thin-bedded, calcareous silt
stone; moderate yellowish-brown (10YR 5/4); 
weathers to dark yellowish-orange (10YR 6/6) 10.5

31 Medium-bedded, silty intrasparite and very 
fine grained calcareous sandstone; fresh and 
weathered surfaces are pale yellowish-brown 
(10YR 6 / 2 ) ...............................  4.5

30 Covered; siltstone float .................  4.5

29 Slightly dolomitic, silty pelsparite with
calcite veinlets. Fresh surfaces are medium 
light gray (N6) which weathers to pale yellowish- 
brown (10YR 6/2) .  .........   1.0

28 Poorly exposed siltstone in lower part and fine
grained, slightly calcareous sandstone with man
ganese dendrites in upper part; grayish orange 
(10YR 7/4) and light brown (SYR 6/4); weathers 
grayish orange-pink (SYR 7/2) and pale yellowish- 
orange (10YR 8 / 6 ) .........................  90.0

27 Thin- and very thin bedded, dolomitic siltstone 
with calcite veinlets. Fresh surfaces are pale 
yellowish-brown (10YR 6/2) weathers very light 
gray (N8) to pinkish gray (SYR 8/1) . . . .

Cumulative
Thickness
(feet)

416.5

415.5 

414.0

411.0

400.5

396.0

391.5

390.5

3.0 300.5
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Sub-unit
Unit Thickness
No. (feet)

26 Poorly exposed, thin-bedded silty sparite; 
pale reddish-brown (10R 5/4); weathers 
pale red (5R 6 / 2 ) ........ .............. .. 27.5

25 Thin-bedded to laminated siltstone, cal
careous siltstone, and minor silty micrite; 
light gray (N7) on fresh surfaces and weath
er moderate orange-pink (10R 7/4), grayish 
orange (10YR 7/4), and very pale orange 
(10YR 8 / 2 ) ............................. .. 12.0

24 Silty calcarenite; moderate yellowish-
brown; weathers light gray (N7)........ .. 1.0

23 Thin-bedded, calcareous siltstone and fine
grained sandstones; pale red (5R 6/2); weath
ers pale red-purple (5RP 6/2), grayish orange- 
pink (5YR 7/2), and moderate red (5R 5/4) . 5.5

22 Covered; siltstone float ................. 6.0

Dolomite Member:

21 Dolomite and calcareous dolomite; becoming 
silty toward top of unit, containing much 
intraclastic material at base. Contains 
scattered, round pods and inclusions of cal- 
cite and quartz. Beds are 1-3 ft thick. 
Fresh rocks are medium gray (N5) that weath
er to light gray (N7)..................... 25.0

20 Fine-grained, calcareous sandstone; pale 
yellowish-brown (10YR 6/2); weathers pale 
red (10R 6/2), light red (5R 6/6), light 
gray (N7), and grayish orange (10YR 7/4) . . 4.0

19 Dolomite and calcareous dolomite with numer
ous round inclusions of white quartz and/or 
calcite; silty dolomite, 1 ft thick, in center 
of unit; medium light gray (N6); weathers 
light gray (N8) ................. .. 9.5

18 Silty, calcareous dolomite; pale yellowish- 
brown (10YR 6/2); weathers light gray (N7),

Cumulative
Thickness
(feet)

297.5

270.0

258.0

257.0

251.5

245.5

220.5

216.5



Sub-unit
Unit Thickness
No. (feet)

very light gray (N8), and pale red (10R
6 / 2 ) ......................... ............  5.0

17 Ledge-forming dolomite; light gray .(N7) . . 2.0

16 Covered; sandstone and light gray dolomite
float..............   14.0

15 Ledge-forming, oolitic dolomite in beds 0.5- 
1.0 ft thick with minor quartz inclusions.
Fresh surfaces are medium gray (N5) that
weather medium light gray ( N 6 ) ...... 19.0

14 Covered; sandstone float ............  18.5

13 Poorly exposed dolomite; medium light gray
(N6); weathers very light gray (N8) . . . .  3.0

12 Covered. Float consists of laminated, fine
grained sandstone and calcareous sandstone; 
pale reddish-brown (10R 5/4) and grayish 
orange (10YR 7/4); weathers moderate reddish 
brown (10R 4/6), moderate orange-pink (10R
6/6), and grayish orange (10YR 7/4) . . . .  12.0

11 Poorly exposed, calcareous dolomite with
scattered quartz nodules. Fresh surfaces are
medium gray (N5); weathered surfaces are
light gray (N7) and medium light gray (N6) 7.5

10 Covered...................................  18.0

9 Ledge-forming, medium dark gray (N4) dolo
mite with a few quartz n o d u l e s ..........  14.5

8 Poorly exposed, fine-grained, thin-bedded, 
silty sandstone; pale yellowish-brown (10YR 
6/2); weathers grayish orange-pink (5YR 7/2), 
grayish red (5R 4/2), and dark yellowish- 
orange (10YR 6/6) .......................... 5.5

7 Silty calcareous dolomite with small, coales
cing quartz inclusions that are especially 
abundant at top of unit; ledge-forming unit 
with 1 ft-thick beds'. Fresh rocks are medium

Cumulative
Thickness
(feet)

207.0

202.0

200.0

186.0

167.0

148.5

145.5

133.5

126.0

108.0

93.5
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Sub-unit
Unit Thickness
No. (feet)

light gray (N6) and medium gray (N5) that
weather light gray (N7), medium gray (N5),
and light brownish-gray (SYR 6 / 1 ) ........  10.5

6 Covered............................. .. 11.0

5 Ledge-forming dolomite with abundant quartz 
and calcite inclusions; many inclusions are 
circular in outline and are less than 0.5 
inches in diameter; large chert nodules occur
at top of unit. Fresh rock is medium dark
gray (N4).................................  16.0

4 Covered; dolomite and silty dolomite float 13.0

3 Ledge-forming intraclastic dolomite with 
calcite and quartz inclusions; medium dark 
gray ( N 4 ).............. .............. .. . 2.5

2 Covered; dolomite float ................... 6.5

1 Ledge-forming dolomite beds 1-2 ft thick with 
calcite and quartz inclusions. Inclusions 
are irregular, elongated masses up to 8 inches 
long and 2 inches thick. Contains calcite 
veins and scattered black chert nodules; me
dium dark gray (N4) .......................  28.5

Colina Limestone:

7 Medium- to thick-bedded micrite, oosparite, 
and intramicrudite with dolomitic micrite in
traclasts; minor cherty and silty beds. Numer
ous pelecypods and brachiopods occur near base 
of unit with coalescing, rounded black nodules 
and calcite-filled vugs; weathers medium dark 
gray (N3).................................  42.7

6 Medium- to thick-bedded, unfossiliferous mi
crite and sparry micrite with irregularly- 
shaped, tubular and coalescing, rounded con
cretions; some zones are silty or contain thin 
septae of siltstone. Weathered surface is 
smooth and medium gray (N5) ...............  44.5

Cumulative
Thickness
(feet)

88.0
77.5

66.5

50.5

37.5 

35.0

28.5

355.4

312.7
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Unit
No.

Sub-unit
Thickness

(feet)

Cumulative
Thickness
(feet)

5 Medium-bedded, cherty and slightly silty 
fossiliferous sparry micrite and biomicrite.
Large, thick-ribbed brachiopods, pelecypods, 
and large crinoid stems occur near base of 
unit; gastropods and bryozoa were found in 
central portions.. Chert occurs as nodules 
and irregular pods measuring up to 8 inches 
long and 3 inches wide, minor ribs of silt-
stone; medium dark gray ( N 4 ) ..............  74.0 268.2

4 Cliff-forming, medium- to thick-bedded,
cherty, fossiliferous sparite and biosparite; 
fossils generally occur packed in zones 0.5 ft 
thick near base of unit. Elsewhere, fossils 
are sparse. Chert is primarily confined to 
lower portion of unit. Minor black, rounded, 
and coalescing pisolites occur throughout.
Fresh rock is dark gray (N3) and weathers me
dium light gray (N6) to medium gray (N5) . . 113.2 194.2

3 Poorly exposed, interbedded, slightly cherty, 
fossiliferous micrite and biomicrite. Well- 
sorted biosparudite at base of unit. Strata 
are medium- to thick-bedded. Chert is abun
dant in upper 10 ft of unit. Fresh surfaces 
are brownish gray (SYR 4/1); weathers light 
gray (N7) and medium light gray (N6) with
zones that are moderate pink (5R 7/4) . . .  . 40.0 81.0

2 Poorly exposed, thin- to medium-bedded,
silty, micrite; smooth weathered surfaces are
light gray (N7) while fresh surfaces are medium
dark gray ( N 4 ) ....................... 28.5 41.0

1 Ridge-forming, thick-bedded to massive sparite; 
contains numerous calcite veinlets, minor stylo- 
lites, and irregular to tubular-shaped, brown, 
silicified concretions 1-3 inches long; mot
tled, pitted weathering surface. Fresh rock is 
medium dark gray (N4) and weathers medium light 
gray (N6) and light gray (N7).................12.5 12.5

The top of the Earp Formation consists of interbedded, silty micrites 
that weather light gray (N7) to very light gray (N8) while the fresh 
surfaces are medium dark gray (N4). Numerous calcareous siltstone 
weather grayish yellow (5Y 8/4) with irregular zones that are pale
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yellowish orange (10YR 8/6). Lodewick (1970) described the stratig
raphy of the Earp Formation at this locality and the reader is referred 
to his study for detailed information.



APPENDIX B

PETROLOGY. AND PETROGRAPHY OF LITHOLOGIC 
UNITS IN THE WASHINGTON CAMP-DUQUESNE DISTRICT

Earp Formation

Lower Hornfels 
Siltstone Member

Metamorphism transformed the lower member of the Earp Formation 

from interbedded thick siltstone beds and silty dolomite to a massive 

unit of diopsidic hornfels in the district. Lodewick's (1970) descrip

tion of the unmetamorphosed Earp Formation in the Howry district shows 

that the lower hornfels siltstone member consists of a basal unit, 16 

ft thick, of thinly bedded biomicrosparite overlain by 195 ft of silt

stone with interbedded silty dolomite, silty microsparite and silty 

micromicrite containing fossil fragments. In the Washington Camp- 

Duquesne district, this lower member consists of 180 feet of pyritic 

diopsidic hornfels.

Upper Marble Member

The upper marble member of the Earp Formation is poorly exposed 

in the Mowry district; of 422 ft measured by Lodewick (1970), 238 ft 

were covered. He found the upper member to consist of silty, pellet

bearing, fossiliferous microsparites (15%); silty, pellet-bearing, fos- 

siliferous micrite (9%); dolomite (6%), chert-pebble conglomerate (3%), 

and covered (58%). In the Washington Camp-Duquesne district, the upper
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member is +457 ft thick and consists of pellet-bearing, tremolite and 

wollastonite marble (50%); silty marble and/or calcareous hornfels silt- 

stone (26%); diopsidic and tremolite-bearing hornfels (19%), and cov

ered (5%). Interbeds of hornfels siltstone are most frequent in the 

lower 155 ft. North of the Washington Camp measured section, the upper 

member of the Earp Formation becomes increasingly silty and better con

forms with the definition that at least 50% of the formation is silty.

The lower 40% of the upper marble member at Washington Camp 

consists of thickly laminated to thick-bedded, dolomitic, sandy sparite 

and micrite. Hornfels laminae 0.01-0.05 inch thick are common. The 

carbonate beds weather light gray (N7) to dark gray (N4); where sandy, 

they weather pale red (5R 6/2) to pale brown (SYR 5/2) and pale yellowish- 

brown (SYR 6/4). On fresh surfaces, the carbonate beds are light gray 

(N7), light brown (SYR 6/4), and yellowish brown (10YR 5/4). Hornfels 

siltstone interbeds range from 2-13 ft thick and are common. At Holly 

Gibson Hill, in the Howry district, this part of the Earp Formation is 

represented by fossiliferous silty micrite, siltstone, and minor sparite 

and dolomite (Lodewick, 1970)•

The upper portion of the marble member is poorly exposed at 

Howry. Where exposed, Lodewick (1970) found the dominant lithology to 

be fossiliferous, pellet-bearing sparite with minor siltstone, silty 

dolomite, and two beds of chert-pebble conglomerate located 150-200 ft 

below the Colina-Earp contact. The chert-pebble conglomerate was 

searched for but not found in the Washington Camp-Duquesne district. A 

diamond drill hole located 800 ft northeast of the Pocahontas Hine
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intersected an identical bed of chert-pebble conglomerate at a depth 

of 100 ft in a marble-homfels sequence below the quartz-sericite- 

tourmaline breccia that crops out there.

In the Washington Camp-Duquesne district, the homfels occurs 

in units 2-13 ft thick; individual beds are 0.1-2 ft thick. Some beds 

are ribbed by differential weathering or owing to their carbonate con

tent. Fresh surfaces are light bluish gray (5B 7/1) to bluish white 

(5B 9/1), and the hornfels weathers very light gray (N8) to grayish 

orange (10YR 7/4) with occasional shades of yellow and red.

Hornfels units less than 10 ft thick can be traced along strike 

for several hundreds of feet and can pinch out abruptly. The two east

ernmost outcrops of hornfels shown on Figure 4, and the interbedded 

marbles were mapped by Baker (1961) as the lower homfels unit of the 

Horquilla Formation. He correlated these beds with the thick hornfels 

and dolomite unit that continues 1500 ft to the south, on the downthrown 

side of the Texas fault and suggested tectonic thinning had obliterated 

this unit to the north. My studies show the two units are not correla

tive; the unit south of the Texas fault is here designated as the horn

fels siltstone member of the Epitaph Dolomite. The hornfels beds north 

of the Texas fault that pinch out or are faulted out belong to the Earp 

Formation.

The carbonate portion of the upper member of the Earp Formation 

in the Washington Camp-Duquesne district mainly consists of medium- to 

thick-bedded fossiliferous sparites, oosparites, and intrasparites in 

the upper 250 ft. These rocks were recrystallized and individual beds
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were replaced by wollastonlte and minor garnet. Chert is absent and 

siltstone is confined to individual interbeds up to 10 ft thick. Most 

of the carbonates are medium gray (N5) to light gray (N7) on weathered 

surfaces; a few are grayish blue (5PB 5/2), or dark gray (N4). The 

fresh surfaces are medium gray (N5) to dark gray (N4). Fossils, con

sisting of echinoid spines, crinoid buttons, and brachiopod shell frag

ments, were deformed and broken during metamorphism; one highly deformed 

gastropod (Omphalotrochus?) was found.

Colina Limestone

The author measured 355 feet of Colina Limestone on the north

west side of Molly Gibson Hill in the Mowry district (Appendix A) where 

Simons (1971) estimated the formation to be 235-340 ft thick. The author 

measured 464 ft of Colina Limestone in the Washington Camp-Duquesne 

district (Appendix A); there, the greater thickness probably is due to 

faulting that repeated the section.

In the Mowry district, the Colina Limestone consists of thin- 

to thick-bedded silty, fossiliferous micrite, sparite, biosparite, and 

intramicrudite. Minor chert nodules occur near the base and top of the 

formation. Small pellets and concretions are abundant in the upper 

part. Fossils include brachiopods, pelecypods, echinoid spines, gastro

pods, crinoid buttons, and bryozoa; the fossil content is greatest in 

the center of the section and near the top. The lower third of the 

Colina Limestone weathers light gray (N7) to medium dark gray (N4), while 

the upper part is darker, medium gray (N5) to dark gray (N3). The lower
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contact with the Earp Formation is not as gradational at Howry as it is 

at Washington Camp. The upper contact with the Epitaph Dolomite is 

very sharp in both areas.

The lower 100 ft of the Colina Limestone consists of thin- 

bedded, silty sparite that weathers medium gray (N5) to medium light 

gray (N6) in the Washington Camp-Duquesne district. These beds are 

overlain sequentially by about 70 ft of thin- to medium-bedded sparites 

and micrites that weather light gray (N7) to very light gray (N8), 70 ft 

of thin- to thick-bedded cherty sparites and intrasparites that contain 

very little silt, 100 ft of thin- to medium-bedded intraclast-bearing 

micrites, and sparites that are silty at the base and contain dolomitic 

intraclasts near the top. Rocks of the latter unit weather medium light 

gray (N6) in the lower part and medium dark gray (N4) in the upper part.

Overlying the micrites is a 55 ft-thick unit of thick-bedded to 

massive sparite that contains minor chert and very thin, discontinuous 

beds of silty microsparite. The upper 70 ft of the Colina consists of 

medium- to thick-bedded intrasparite with spindle-shaped intraclasts of 

light gray (N7) sparite, dolomitic sparite, and dolomicrite. Calcite 

pods in the unit are enveloped by wollastonite while tremolite commonly 

forms around the edges of the dolomicrite intraclasts. This upper unit 

weathers medium dark gray (N4).

The distinguishing features of the Colina Limestone are the 

massive to thick bedding, the relative lack of clastic interbeds, the 

occurrence of locally abundant spindle-shaped, dark gray, dolomitic 

intraclasts, and the paucity of chert nodules.
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Epitaph Dolomite

Dolomite Member

The dolomite member of the Epitaph Dolomite is one of the most 

distinct sedimentary lithologies occurring in the Washington Camp- 

Duquesne district, as it is the only thick sequence of dolomite in the 

entire Permian sequence. It weathers grayish blue (5PB 5/2) to medium 

dark gray (N4) and contains numerous pods and tubular bodies of calcite 

and quartz that are common in this member elsewhere in Arizona (Bryant, 

1968). Excellent correlation of individual units within the member may 

be made between the Washington Camp-Duquesne and the Howry districts. 

Baker (1961) included this member as part of the Earp Formation in both 

districts.

The dolomite member varies in thickness from 200-246 ft in the 

Washington Camp-Duquesne district. On the north-facing slope of Molly 

Gibson Hill, in the Mowry district, the author measured 246 feet of 

sediments belonging to this member (Appendix A); Simons (1974) estimated 

it to be 295 ft thick. It is not known whether or not the dolomite mem

ber exhibits a facies change to dolomite-poor concretionary carbonate in 

the Mowry district, as it does in the Washington Camp-Duquesne district.

The dolomite member can be divided into three units north of the 

Texas fault on the east flank of the Washington Camp anticline; a lower 

thick-bedded to massive dolomicrite, a middle silty dolomicrite unit 

with homfels interbeds, and an upper dolomicrite unit. An identical 

division was found in the Mowry district. The lower unit in the
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Washington Camp-Duquesne district consists of 101 ft of dolomicrite 

(85%) and dolomitic micrite (15%) that contains pods and tubular masses 

of calcite encased by wollastonite and/or homfels; the calcite pods 

are 0.2-0.5 ft wide and 0.5-1.5 ft long. The fresh surface of this 

rock is medium dark gray (N4) and weathers to grayish blue (5PB 5/2).

In the Mowry district, this unit is 88 ft thick and consists of primary 

dolomite sparite and micrite containing round to oval quartz and calcite 

nodules.

The middle unit of the dolomite member in the Washington Camp- 

Duquesne district consists of 67 ft of interbedded thin- to thick- 

bedded dolomicrite and dolomitic micrite that contain less calcite 

nodules and dolomitic homfels. In the Mowry district, this unit is 

represented by 79 ft of interbedded primary dolomite pelsparite, dolo

micrite, silty primary dolomite sparite containing scattered quartz 

nodules, and laminated to thin-bedded dolomitic (5PB 5/2) in the 

Washington Camp-Duquesne district and they weather medium dark gray (N4) 

to very light gray (N8) at Mowry. The homfels interbeds weather pink

ish gray (SYR 8/1) in the Washington Camp-Duquesne district, while the 

unmetamorphosed equivalents weather moderate reddish brown (10R 4/6), 

moderate orange-pink (10R 6/6), and grayish orange (10YR 7/4) at Mowry.

The upper unit of the dolomite member in the Washington Camp- 

Duquesne district consists of 89 ft of thin- and medium-bedded silty 

dolomicrite and silty dolomitic micrite that contain many irregularly- 

shaped nodules of calcite and micrite encased in a narrow sheath of 

tremolite. A pyritic homfels bed, 10 ft thick, occurs 20 ft below the
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top of this unit. In the Mowry district, this unit is represented by 

79 ft of silty primary dolomite pelsparite, primary dolomite, fossilif- 

erous sparite with quartz nodules and a 4 ft-thick bed of calcareous 

sandstone located 25 ft below the top of the unit.

Homfels Silts tone Member

Overlying the dolomite member of the Epitaph Dolomite in the 

Washington Camp-Duquesne district is a sequence of laminated to thick- 

bedded homfels and dolomitic homfels with minor quartzite, silty mar

ble, dolomite, and gypsum interbeds. The homfels is diopsidic near 

intrusive contacts where it may contain as much as 10% biotite and minor 

tourmaline; away from these contacts the homfels consists of quartz 

and tremolite. The fresh surface of the homfels is light bluish gray 

(5B 7/1), greenish gray (5G 6/1), and brownish gray (SYR 4/1). They 

weather dark yellowish-orange (10YR 6/6), grayish orange (10YR 7/4), 

and light gray (N7). An accurate measurement of this member is not pos

sible owing to poor exposures; structural cross-sections suggest the 

homfels member is at least 275 ft thick at Washington Camp.

The unmetamorphosed equivalent of the homfels siltstone member 

in the Mowry district is composed primarily of laminated to thin-bedded 

calcareous siltstone and fine-grained sandstone with minor interbedded 

silty sparite, silty pelsparite, and dolomitic siltstone. Fresh silt

stone is grayish orange (10YR 7/4), light brown (5YR 6/4), pale 

yellowish-brown (10YR 6/2), moderate yellowish-brown (10YR 5/4), and 

light gray (N7). It weathers dark yellowish-orange (10YR 8/6),
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pinkish gray (SYR 8/1), moderate orange-pink (10R 7/4), very pale 

orange (10YR 8/2), pale red (5R 6/2), and light gray (N7). The author 

measured 166 ft of strata in this member on the south slope of American 

Peak in the Howry district (Appendix A); Simons (1974) estimated the 

member of be at least 235 ft thick.

Silty Limestone Member

The author measured 314 ft of wollastonite marble, marble, and 

horafels on the west flank of the Washington Camp anticline on the 

south-facing slope of Lime Peak (Appendix A). The distinctive feature 

of this member is the abundance of laminated homfels interbeds near the 

top and base of the member. These interbeds may be highly deformed, 

are quite discontinuous, and can be traced for several tens of feet 

along strike. Interbeds of 5 ft-thick homfels can be traced for sev

eral hundred feet along strike; they are most abundant in the lower part 

of the member. The carbonates are white (N9) to pinkish gray (SYR 8/1) 

and weather medium light gray (N6), while the homfels interbeds weather 

•moderate greenish-yellow (10Y 7/4), grayish yellow-green (5GY 7/2), and 

light gray (N7). They are either medium- to very thick bedded, coarse

grained, pure marbles, or medium- to very thick bedded marbles that have 

been replaced wholly or in part by wollastonite.

There is very little chert in the silty limestone member, and 

the contact with the overlying cherty limestone member is very sharp. 

These two members were mapped separately by the author because the con

tact between them is easy to determine and is useful to evaluate struc

tural complexities in the district. Baker (1961) grouped the silty
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limestone member with the overlying cherty limestone member and corre

lated the sequence to the Colina Limestone.

The silty limestone member measures 224 ft thick on the south 

slope of American Peak in the Mowry district (Appendix A). The member 

there is very similar to that found in the Washington Camp-Duquesne dis

trict except the marble in the upper half of the member at Washington 

Camp contains less clastic material. The dominant lithology in the 

lower part of the Mowry section consists of dismicrite and intrasparite 

with lesser amounts of interbedded silty, pelletal micrite, -.calcareous 

siltstone, silty, fossiliferous intramicrite, and two thin beds of lime

stone conglomerate; some of the beds are dolomitic. The upper portion 

of the member at Mowry consists of interbedded silty biomicrite, silty 

fossiliferous intramicrite and intrasparite, fossiliferous dismicrite, 

intramicrite, and calcareous siltstone. In addition to the limestone 

conglomerate beds, another marker bed at Mowry is a 20 ft-thick unit of 

silty biomicrite that is dark gray (N3) and weathers medium gray (N5). 

This ledge-former occurs about 90 ft below the top of the silty lime

stone member and contains abundant calcite veins that are perpendicular 

to the bedding.

Fresh surfaces of the carbonate beds in this member at Mowry 

range from dark gray (N3) to medium light gray (N6) and weather medium 

gray (N5) to light gray (N7). The siltstone interbeds are light brown 

(SYR 6/4) and pale yellowish-brown (10YR 6/2) and weather grayish orange 

(10YR 7/4), pale reddish-brown (10R 5/4), pale yellowish-orange (10YR 

8/6), pinkish gray (SYR 8/1), and pale red-purple (5RP 6/2).
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Cherty Limestone Member

The cherty limestone member of the Epitaph Dolomite is 143 ft 

thick, where measured on the south slope of Lime Peak in the Washington 

Camp-Duquesne district (Appendix A). The cherty limestone member may be 

divided into 2 units in the Washington Camp-Duquesne and Mowry districts. 

The lower cliff-forming chert marble unit is 63 ft thick at Washington 

Camp and 98 ft thick at Mowry. The upper unit is a poorly exposed, 

slightly dolomitic, silty carbonate unit 80 ft thick at Washington Camp, 

and is 63 ft thick in the Mowry district.

The chert within this member at Washington Camp occurs as scat

tered nodules or coalescing nodules forming chert beds which can be 

traced for several hundred feet along strike. These nodules are 0.1- 

0.4 ft wide and 0.2-0.8 ft long, elongated parallel to the strike of 

the bedding, and are commonly enveloped by a zone of wollastonite. The 

nodules in the Mowry district are more equant and attain a maximum di

mension of 0.3 ft.

The marble enclosing the chert nodules in the lower unit in the 

Washington Camp-Duquesne district consists of thick-bedded, coarse

grained marble that contains little or no wollastonite except near the 

chert nodules. Sparse laminated diopsidic homfels are interbedded with 

the marble. The marble weathers pale blue (5PB 7/2), very pale blue 

(5B 8/2), and very light gray (N8). These beds are represented in the 

Mowry district by medium- to thin-bedded cherty biosparites and cherty, 

fossiliferous intrasparite that is medium gray (N5) and weathers light 

gray (N7).
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The upper unit of the cherty marble member in the Washington 

Camp-Duquesne district consists of thin- to very thick bedded 

wollastonite-bearing, coarse-grained silty marble with minor chert near 

the base and an increasing number of thin-bedded diopsidic homfels and 

dolomitic marble interbeds toward the top of the unit. The marble 

weathers light gray (N8) to white (N9) or medium gray (N5) to medium 

dark gray (N4). The si'ltstone weathers pinkish gray (SYR 8/1) to yellow

ish gray (5Y 8/1). The contact with the overlying Scherrer Quartzite is 

gradational over a thickness of 20 ft.

The upper unit of the cherty limestone member in the Mowry dis

trict is composed of interbedded dolomitic micrite, silty dismicrite, 

dolomicrite, and fossiliferous intrasparite. The contact with the over- 

lying Scherrer Quartzite is not well exposed at Mowry.

Scherrer Quartzite

Lower Quartzite Member

The lower quartzite member of the Scherrer Quartzite can be 

divided into two units in the Washington Camp-Duquesne district. The 

lower unit consists of 0-37 ft of homfels interbedded with marble and 

dolomitic marble; the unit represents a transitional zone with the 

underlying Epitaph Dolomite. The lower unit seldom crops out because 

it is generally covered by float from the overlying quartzite unit. The 

homfels is thickly laminated to thin-bedded and weathers light gray 

(N8), light brownish-gray (SYR 6/1), and light brown (SYR 5/6). The 

carbonates are thickly laminated to thin-bedded and weather medium light
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gray (N6). The lowest dolomite marble beds in this unit show very ir

regular bedding, occurring as disconnected pods within the homfels that 

may represent penecontemporaneous deformation of the sedimentary rocks.

The upper unit is composed of 84 ft of faintly cross-bedded 

quartzite that weathers pale pink (5RP 8/2) to very pale orange (10YR 

8/2). The quartzite is fine-grained with rounded to subrounded grains 

that display sutured contacts due to metamorphism; minor quartz over

growths were noted. The quartz grains are strained and compose 90-95% 

of the rock. The bulk of the rock is well-sorted, although one thin 

section showed it to be poorly-sorted with subrounded to subangular 

quartz grains in a silt-sized matrix. Other minerals include grains of 

chert, apatite, and zircon. Tremolite, hornblende, and epidote are 

metamorphic minerals identified in this unit.

Middle Carbonate Member

The middle carbonate member of the Scherrer Quartzite is the 

most distinctive-appearing lithology in the Paleozoic strata of the 

Washington Camp-Duquesne district. The lower unit of this member con

sists of as much as 82 ft of dolomitic wollastonite-diopside marble and 

homfels. The dolomitic marble occurs very irregularly as thickly- 

laminated to thick-bedded zones or as pods ranging in size from 0.3 ft 

to several feet in length that are totally engulfed by homfels inter

beds 0.05-2 ft thick. Bedding is very difficult to distinguish because 

of the irregular contacts. The discontinuity of the bedding is probably 

the result of penecontemporaneous deformation rather than metamorphism, 

as this same characteristic was noted in the unmetamorphosed section in
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the Mowry district. Butler (1971) suggested that this could reflect a 

submarine landslide event during Permian time.

The upper unit of the middle carbonate member consists of 39 ft 

of thick-bedded wollastonite marble crowded with chert nodules that 

greatly resembles, the Concha Limestone and the lower portion of the 

cherty marble member of the Epitaph Dolomite. The chert nodules range 

up to 0.6 ft in length and may coalesce to form a bed of chert nodules. 

The chert is partially to wholly replaced by wollastonite. The marble 

weathers bluish white (5B 9/1) to very light gray (N8).

Upper Homfels 
Siltstone Member

The upper homfels siltstone member of the Scherrer Quartzite 

can be divided into two units in the Washington Camp-Duquesne district 

that total 75 ft of strata. The lower unit consists of 38 ft of inter- 

bedded diopsidic homfels and wollastonite marble; the contact with the 

underlying middle carbonate member is transitional. The marble is 

thickly-laminated to thick-bedded; bedding is irregular but to a lesser 

degree than that found in the lower unit of the middle carbonate member. 

The carbonate of the lower part of the homfels member contains a few 

chert nodules. This marble weathers white (N9) to very light gray (N8). 

The diopsidic homfels interbeds are thickly laminated to very thinly 

bedded and weather very pale orange (10YR 8/2) to grayish orange (10YR 

7/4).

The upper unit of the homfels member consists of 37 ft of mas

sive, pitted diopsidic homfels and very fine grained quartzite with
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pods of marble in the upper 10 ft. The homfels weathers the same as 

the hornfels interbeds in the lower unit of this member. The contact 

with the overlying Concha Limestone is very sharp at Lime Peak and is 

gradational over a distance of 20 ft near the Kansas mine.

Concha Limestone

Detailed stratigraphic sections of the Concha Limestone were not 

measured by the writer in either the Washington Camp-Duquesne or the 

Howry districts. Simons (1974, p. 4) described the Concha Limestone" 

as a "gray to light-gray, fine-grained, medium- to thick-bedded lime

stone containing abundant conspicuous lenses and irregular nodules of 

chert." He noted dolomitic and silty limestone in the lower 90 ft and 

estimated the maximum preserved thickness to be about 510 ft.

The Concha Limestone was converted to a massive- to thick-bedded 

wollastonite marble and tremolite marble that weathers light gray in 

the Washington Camp-Duquesne district. The most striking characteristic 

of the Concha is the development of pseudobeds of coalescing chert nod

ules throughout the marble. The pseudobeds can be traced for tens of 

feet along strike; the individual nodules were elongated to ellipsoidal 

shapes by tectonic forces and massively replaced by wollastonite. The 

"tan chart zone" was noted on the north-facing slope of Lime Peak where 

it occurs near the center of the stratigraphic section, as it does else

where in southeastern Arizona (Bryant, 1968). Underground exposures of 

the Concha are very massive and the attitude of the bedding can be ap

proximated only by elongation of individual chert nodules. The marble 

commonly is very coarse grained.
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Duquesne Volcanics

Rhyolite Tuff 
and Flow Unit

The basal rhyolite unit was intensely metamorphosed, silicified, 

and altered by hydrothermal solutions. Locally, the rhyolite was flooded 

with epidote, chlorite, and pyrite, especially adjacent to areas of sul

fide deposition. Where these processes were less intense the rock can 

be seen to have a sparsely porphyritic texture consisting of broken and 

embayed phenocrysts (10-30%) of quartz, plagioclase, and potassium feld

spar set in an aphanitic matrix (70-90%). The rhyolite unit consists of 

recrystallized rhyolite tuff and welded tuff south of the Simplot shaft 

and becomes more massive and weakly foliated north of the shaft. The 

rocks are very light gray (N9) to medium gray (N5) or light brownish 

gray (SYR 6/1) that weathers brownish gray (SYR. 4/1), moderate brown 

(SYR 4/4), grayish orange (10YR 7/4), pale yellowish-orange (10YR. 8/6), 

and moderate reddish-orange (10R 6/6). The unit is at least 530 ft 

thick.

The rhyolite consists of sparsely porphyritic, massive, meta-• 

morphosed rhyolite tuffs with lesser amounts of rhyolite welded tuffs 

and intercalated lenses of quartzite and rhyolite flows. Beds of spotted 

andalusite-bearing tuffs occur in the upper part of the unit. Where 

metamorphism was extreme, it becomes difficult to distinguish quartzites 

from recrystallized tuff. Crosby (1906) and Schrader (1915) mapped the 

rhyolites as Bolsa Quartzite. One lens of quartzite at least 500 ft long 

and several tens of feet thick occurs 250 ft north of the Simplot shaft 

where it exhibits faint cross-bedding on weathered surfaces.
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Microscopically, the massive rhyolite tuff is seen to be com

posed of albite-oligoclase (14.0%), potassium feldspar (34.4%), quartz 

(37.1%), tourmaline (11.1%), pyrite (2.0%), and limonite (1.4%). Pla- 

gioclase occurs as broken phenocrysts 0.15-0.20 mm in length or as small

er grains in the aphanitic groundmass. Potassium feldspar occurs as 

ragged phenocrysts 0.3-1.0 mm in length or as very small (less than 0.01 

mm) grains occurring in irregularly-shaped patches within the groundmass; 

it is coarser and more abundant around pyrite grains and replaces pla- 

gioclase, suggesting some of the potassium feldspar is of secondary 

origin.

Quartz occurs as rounded to subrounded, slightly embayed pheno

crysts up to 0.6 mm in diameter, as particles less than 0.01 mm in di

ameter in the groundmass, or in veinlets 0.01-0.6 mm in width.

Tourmaline occurs as blades and aggregates 1 mm in length or as tiny 

needles and grains throughout the groundmass or within the quartz vein- 

lets. Pyrite occurs as anhedral grains or pyritohedrons 1 mm in width 

or as discontinuous, very fine grained veinlets; pyrite is older than 

the quartz-tourmaline veinlets. Minor sericite replaces plagioclase 

and potassium feldspar phenocrysts. Intensely recrystallized rhyolite 

tuff is composed dominantly of very fine grained to fine-grained rounded 

quartz grains and plogopite.

The spotted tuff near the upper contact of the rhyolite unit is 

composed of quartz (43.0%), andalusite (19.4%), muscovite-sericite 

(27.8%), biotite (4.3%), tourmaline (2.3%), albite (2.0%), and ortho- 

clase (1.2%) with trace amounts of actinolite, chlorite, clinozoisite.
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apatite, and hematite. The quartz occurs as a mosaic of small un

strained grains that contain numerous small fluid inclusions. Huscovite- 

sericite occurs in patchy masses and as reaction rims separating quartz 

from the andalusite. This rock is very similar to beds within the lower 

rhyolite welded tuff unit that crop out south of Duquesne adjacent to a 

diorite sill. The andalusite content requires considerable aluminum in 

the original rock; perhaps it represents reworked volcaniclastic rocks 

deposited with siltstone or clay.

Lower Quartz Latite Unit

Based on a microscopic study of 4 thin sections, the quartz la

tite unit has the following mineralogy: albite and albite-oligoclase

(35.5%), magnetite + apatite + sphene + zircon (4.0%), biotite (2.8%), 

quartz (24.1%), clinozoisite (1.3%), chlorite (0.6%), hornblende (0.3%), 

and trace amounts of pyrite, sericite, and hematite. Plagioclase con

sists of oligoclase (An^) and albite; much of the latter is secondary, 

replacing oligoclase. Quartz occurs mainly in the groundmass, although 

some quartz occurs as rounded phenocrysts crowded with numerous fluid 

inclusions. Potassium feldspar occurs as phenocrysts and.in the ground- 

mass. All thin sections show a fragmental eutaxitic texture with re

crystallized shards and pumice lentils suggesting a pyroclastic origin. 

Megascopically, however, some beds appear to be flow rocks.

Rhyolite and 
Trachyte Tuff Unit

Megascopically, the rhyolite tuff has a mottled to sugary ap

pearance that weathers pinkish gray (SYR 8/1) to brownish gray (SYR 4/1)
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and on fresh surfaces it is very light gray (N8 ), pinkish gray (SYR 

8/1), and greenish gray (5GY 6/1). The mottled appearance is caused by 

clots of muscovite that measure 0.1-0.5 inch in length scattered through

out the rock and, in places, form foliation.surfaces. Silicification, 

in the form of tiny quartz veinlets, and the introduction of secondary 

biotite, is most common within 100 ft of the Bonanza fault. The unit is 

intensely silicifled, iron-stained, and coated with copper carbonates 

immediately adjacent to the Bonanza fault near the Bonanza shaft. Cop

per sulfides were not found in these volcanics.

Four thin sections of the rhyolite show porphyroblasts of musco

vite enclosing rounded grains of quartz, albite, orthoclase, and albit- 

ized plagioclase (oligoclase-andesine). The rock contains minor broken 

phenocrysts of albitized plagioclase and orthoclase. Mosaic patches of 

albite and quartz grains showing optical continuity under crossed nicols 

form recrystallized ghost fragments of former phenocrysts.

The quartz content of the rhyolite totals 75% of the rock near 

the Bonanza fault. Away from the fault 30-40% of the rhyolite is quartz. 

The orthoclase content varies from 5-48%. The bulk of the plagioclase 

is untwinned albite which composes 10-20% of the rock. Secondary bio

tite, zoisite, sericite, chlorite, tourmaline, diopside, hedenbergite, 

and limonite occur in the rhyolite near the Bonanza fault. Minor amounts 

of pyrite, magnetite, apatite, zircon, rutile, and sphene are present.

The trachyte tuff weathers moderate orange-pink (SYR 8/4) and 

pale yellowish-orange (10YR 8 /6 ); the fresh rock is grayish orange-pink 

(10R 8/2). The only quartz seen in thin section is found in tiny
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parallel veinlets. The bulk of the rock consists of equidimensional 

grains of orthoclase, microcline, and albite. Lesser amounts of sani- 

dine and ragged equant phenocrysts of albite (An^) are present. Mafic 

minerals consist of light brown shreds of biotite, zoisite, and magne

tite altered to hematite. The trachyte sample from near the Bonanza 

shaft contains pyrite and clots of muscovite that resemble, but are 

smaller than, those found in the rhyolite tuff.

Lower Rhyolite 
Welded Tuff Unit

Megascopically, the welded tuff member is moderately resistant 

to weathering and forms the first ridge crest east of the metavolcanic- 

metasediment fault contact. The rock is distinctly foliated with very 

thinly laminated quartz stringers forming the foliation surfaces. Indi

vidual quartz laminae are continuous for a distance of one foot or more 

and are evenly spaced; the laminae wrap around feldspar phenocrysts.

The rhyolite is grayish pink (5R 8/2), pinkish gray (SYR 8/1), and very 

light gray (N8 ) and weathers brownish gray (SYR 6/1) and moderate orange- 

pink (SYR 8/4).

A microscopic study shows the rock to be composed of orthoclase 

(49%), quartz (30%), albite (9%), oligoclase (4%), sericite (7%), and 

pyrite (1 %) with trace amounts of tourmaline, epidote, and apatite.

Some of the quartz occurs as secondary veinlets perpendicular to the 

foliation. Phenocrysts of orthoclase and oligoclase have been albitized 

and subsequently altered to sericite. Flow laminae surrounding the 

phenocrysts display, rotation of the phenocrysts. The rock has a patchy
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quilt-work texture caused by alteration of relict quartz grains to fine

grained quartz that is in optical continuity as seen under crossed 

nicols.

The rhyolite welded tuff reveals a spotted texture adjacent to 

diorite, granite, and granodiorite sills and dikes. This same phenome

non was noted in the underlying rhyolite and trachyte tuff member. The 

spotted texture is formed by rounded clots of muscovite and minor tour

maline mixtures that measure 0.2 inch in diameter. Microscopically, 

this rock consists of quartz, muscovite, orthoclase, and andalusite with 

lesser amounts of biotite, sericite, chlorite, plagioclase, and tourma

line. A reaction rim of muscovite surrounds andalusite where the latter 

is in contact with quartz. t
/

Upper Quartz 
Latite Flow Unit

Megascopically, the upper quartz latite flow unit is a compact, 

moderately jointed rock that is medium bluish gray (5B 5/1) to medium 

light gray (N6 ) that weathers yellowish gray (5Y 1/2). Joint surfaces 

are coated with manganese oxides. About 40% of the rock consists of 

elongated subhedral to euhedral phenocrysts of white plagioclase that 

are 0.1-0.2 inch in length. The phenocrysts show an alignment subparal

lel to its upper and lower contacts. A bluish gray, very fine grained 

matrix composes about 60% of the rock. Quartz varies greatly in amount 

dependent upon the amount of recrystallization present. Epidote and 

magnetite compose less than 5 % of the quartz latite.



Upper Rhyolite 
Welded Tuff Unit

The upper rhyolite welded tuff unit has the same color charac

teristics as the lower rhyolite welded tuff unit except the upper unit 

is lighter colored in fresh exposures. The two units can be distin

guished by the nature of the recrystallized shards which define the fo

liation in the two units. The recrystallized shards from the upper 

welded tuff unit are thinner, more numerous, and less continuous than 

those from the lower welded tuff unit. Recrystallized shards from the 

upper welded tuff unit vary in width from 0 .0 1 -0 . 1  inch and in length 

from 0 .0 2 -1 . 0  inch while those in the lower welded tuff unit are 0 .0 1 - 

0.2 inch wide and several inches long. Those from the upper welded tuff 

unit are anastomosing to en echelon in shape, while recrystallized shards 

in the lower welded tuff unit are regular and parallel. The upper 

welded tuff unit contains less crystal fragments and more orthoclase 

than the lower unit.

Microscopically, the upper welded tuff unit is seen to have a 

definite eutaxitic texture with euhedral broken crystals of orthoclase 

and plagioclase and anhedral quartz grains that were rotated by flowage. 

Tuff and lithic volcanic fragments are also present. Flow structure 

is shown by filaments of quartz that flow around the phenocrysts. The 

aphanitic groundmass is composed primarily of orthoclase with a lesser 

amount of quartz. Sericite and tremolite have replaced many of the 

grains. A minor amount of pyrite and magnetite is present.
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Rhyolite Tuff and 
Tuff Breccia Unit

The rhyolite tuff unit is a massive, compact rock that is medium 

light gray (N6 ) with moderate pink (5R 7/4), pale reddish-brown (10R 

5/4) and very light gray (N8 ) fragments of recrystallized pumice. The 

rock weathers in various shades of reddish brown and gray. The rock has 

a eutaxitic texture.

Microscopically, the rock consists of subhedral phenocrysts of 

albite-oligoclase and anhedral phenocrysts of quartz. The ratio of 

quartz phenocrysts to plagioclase phenocrysts increases toward the base 

of the unit. Pumice fragments are frayed and recrystallized and are 

0.1-1.0 inch in length and up to 0.3 inch in width. Shards have been 

recrystallized to fine-grained quartz. The groundmass consists of very 

fine grained orthoclase and quartz that together constitute at least 

75% of the rock. Locally, lithic and pumice fragments constitute from 

one-half to three-quarters of the rock.

Triassic or Jurassic 
Dikes, Sills, and Plugs

Viewed microscopically, the dikes and sills show a porphyritic 

trachytic texture. Commonly the texture is obliterated by metamorphism, 

and tremolite has replaced 50-80% of the rock. The plug cropping out 

southeast of the Deerwater shaft is a quartz latite porphyry with al

tered plagioclase (Au ^q) phenocrysts comprising 25% of the rock; other 

constituents include orthoclase (26%), tremolite (26%), quartz (15%), 

clinozoisite (4%), pyrite (4%), and minor biotite and hornblende.
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Orthoclase and quartz occur mainly in the fine-grained groundmass, al

though some occur as phenocrysts. Tremolite and clay minerals replace 

plagioclase. Relict grains of hornblende are replaced by twinned pla- 

gioclase, tremolite, quartz, and pyrite; the relict grains are rimmed 

by aggregates of sphene. The composition of the plug is very similar to 

that of the lower quartz latite unit of the Duquesne Volcanics and may 

represent a feeder vent for that unit.

One narrow andesite dike which occurs on the 200 level of the 

Simplot mine shows a non-porphyritic trachytic texture containing 50% 

plagioclase (An^g) laths and minor hornblende and biotite. The dike 

was replaced by actinolite and phlogopite. Cross-cutting quartz- 

orthoclase veinlets are fringed by actinolite, and magnetite occurs at 

the outer edge of the veinlet. This dike and a few others in the dis

trict contain a narrow skara zone adjacent to the intruded marble. Many 

of the dikes and sills contain more than 1 0 % magnetite and are easily 

detected with a magnetometer.

Diorite Sills, Plugs, and 
Diorite Intrusive (?) Breccia

The petrography and mineralogy of the larger plugs are described 

in the section on Metamorphism as they were intensely metamorphosed dur

ing intrusion of the Washington Camp granodiorite. In general, meta- 

morphic effects seen in the diorite are more pronounced adjacent to the 

Washington Camp granodiorite than those effects in the rocks adjacent to 

the Patagonia granodiorite.
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The diorite is a fine-grained rock containing equigranular, 

subhedral to euhedral plagioclase and hornblende grains that show a sub

parallel orientation. Chill zones at the borders of the sill at Duquesne 

could not be detected megascopically because of the fine-grained texture 

of the rock.

The mineralogy of the diorite sill consists of plagioclase 

(An3 5 _5 o> composing 50-65% of the rock, biotite (20-25%), hornblende 

(5-15%), orthoclase (5-15%), quartz (0-5%), clinopyroxene (0-5%), and 

magnetite (5%). Samples taken near the diorite-volcanic contact are 

flooded with orthoclase. Sphene and magnetite are especially abundant 

at the very sharp granodiorite-diorite contact. A relatively fresh 

specimen collected by Baker (1961) contained andesine (35%), biotite 

(40%), hornblende (21%), quartz (2%), orthoclase (1 %), magnetite (1%), 

and sphene (trace).

Porphyritic Andesite Sills

This rock displays a porphyritic to glomeroporphyritic texture 

containing laths of unoriented plagioclase (An^g.^g) up to 1  inch in 

length set in a matrix of hornblende, biotite, augite, plagioclase mi- 

crolites and minor orthoclase, clinozoisite, magnetite, and quartz. 

Texturally, it resembles the "Turkey-Track" porphyry found elsewhere in 

southeastern Arizona (Cooper, 1961).

Hornblende replaces both plagioclase and augite, and clinozoi

site replaces both plagioclase and hornblende. Some samples contain 

considerable magnetite. Quartz almost always occurs in secondary
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veinlets except in one sample taken near the porphyry-volcanic contact 

where quartz composes nearly 1 0 % of the rock.

Washington Camp Granodiorite

The petrography and petrology of the Washington Camp granodio

rite are discussed in the chapter on alteration.

Patagonia Granodiorite

The Patagonia granodiorite is an equigranular homblende-biotite 

granodiorite in the Washington Camp-Duquesne district. Porphyritic 

phases, occurring in the Four Metals area (Graybeal, 1972), are not 

present in the mapped area although small areas of porphyritic grano

diorite occur on the east side of the Patagonia Mountains near the Inter

national Border. Minor pegmatitic and aplitic dikes are present and a 

few west-trending quartz monzonite dikes occur west of the mapped area.

Microscopically, the granodiorite consists of subhedral to eu- 

hedral grains of plagioclase (An^g-ss) 4-6 mm in length, anhedral to 

subhedral orthoclase 2-5 mm in length set in a matrix of quartz, horn

blende, and biotite. Not uncommonly, larger plagioclase grains contain 

inclusions of hornblende and plagioclase. The mafic minerals— hornblende, 

biotite, and pyroxene— may occur singly or are grouped together forming 

glomeroporphyritic textures.

Two samples taken west of the Indiana mine contain pyroxene.

The pyroxene is biaxially positive, has a 2V of 60° with a birefringence 

of 0.030 and an extinction angle, ZAC of 44° suggesting it is ferrosalite 

in composition. Pyroxenes were replaced by hornblende in these samples.
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Plagioclase shows normal zoning with the cores ranging from An^g 

to An^Q while the grain edges range from ^ 2 5  to An^y. Baker (1961) 

noted that some plagioclase grains have albite edges. Plagioclase com

poses 42-56% of the rock volume and averages about 49%.

Modal analyses of the granodiorite show the biotite to horn

blende ratio is nearly 1:1 with each mineral composing about 7% of the 

granodiorite. Baker (1961) found this ratio to be about 2:1, and sam

ples of equigranular granodiorite from the Four Metals area have a 2:1 

ratio while the porphyritic phase has a 1:1 ratio (Graybeal, 1972).

Chlorite and sericite are not abundant in the samples studied. 

Magnetite makes up almost 2% of the granodiorite while sphene, epidote, 

and apatite are present in trace amounts.



APPENDIX C

PETROGRAPHIC DATA ON 
ALTERATION OF METASEDIMENTS

Alteration Adjacent to Sulfide 
Mineralization Encased in Marble

Early Anhydrous Phase

There is no marked increase in garnet, diopside, or wollastonite 

on approaching the sulfide-carbonate contact. Individual garnet crys

tals seldom exceed 2 mm in diameter. Anhedral and euhedral garnets oc

cur together with the euhedral:anhedral ratio increasing slightly to

wards the sulfides; garnet within the sulfide zone is usually euhedral. 

Not uncommonly, anhedral garnet grains occur at calcite-calcite grain 

boundaries. Grossularite-andradite garnet is generally anisotropic and 

lacks the strong zoning and penetration twins seen in garnets from mas

sive exoskam bodies. It is colorless to pale brown in plain light and 

occasionally contains a pale pistachio green core when the garnet devel

ops crystal faces. An earlier, darker brown variety of garnet is found 

only at distances greater than 18 ft from the sulfide-carbonate contact.

Wollastonite is only present at distances greater than 4 ft from 

the sulfide-carbonate contact in drill hole D-3 forming as isolated pris

matic grains or as radiating sheaths associated with other silicate min

erals. Garnet-rich bands commonly contain a narrow envelope of 

wollastonite separating garnet from calcite. Diopside occurs as very
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sparse, small, isolated grains less than 0 . 2  mm in length or is occa

sionally intergrown with other calc-silicate minerals. Hedenbergite is 

absent.

Intermediate Phase

Small equant grains of vesuvianite, less than 0.5 mm in length, 

are sparsely disseminated in a zone extending 4 ft from the sulfide- 

carbonate contact. Further from the contact, vesuvianite displays a 

radiating prismatic habit replacing garnet, diopside, and wollastonite. 

Vesuvianite also occurs massively in veins associated with younger 

chalcedony and crystalline quartz at distances greater than 13 ft from 

the sulfide-carbonate contact. There, the vesuvianite contains included 

euhedral grains of garnet, diopside, and wollastonite. Clinozoisite 

was seen only in one petrographic thin section located 4.5 ft from the 

sulfide-carbonate contact.

Late Hydrothermal Phase

Hydrous magnesium silicates, chlorite, talc, and antigorite are 

rarely present in the relatively pure marble units more than 4 ft from 

the massive sulfides. Wollastonite is altered totally to talc and an

tigorite near the sulfide ore zone. Very fine grained quartz in the 

hydrous magnesium silicates was detected by x-ray diffraction. Elsewhere 

in the district, chert nodules replaced by wollastonite occur within the 

ore zones without being replaced by talc. Talc and chlorite partially 

replace garnet and diopside on cleavages and fractures, while vesuvi

anite is rarely altered. Antigorite replaces calcite in masses up to
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2  mm in diameter.



216
Montmorillonite occurs as hazy patches or as small clots re

placing calcite, garnet, and wollastonite. It is rare within 6  ft of 

the sulfide-carbonate contact and increases away from that contact but 

seldom constitutes more than 1% of the marble. Circular patches of 

montmorillonite rarely exceed 2 mm in diameter. Elsewhere, massive 

montmorillonite may occur in fault zones or in isolated pods where it 

has little spatial relationship to the sulfide zones suggesting a super

gene origin.

Sparse, very fine grained hydrothermal quartz (opal?) occurs as 

much as 2 ft from the sulfide-carbonate contact. Fine- and coarse

grained crystalline quartz is a common gangue mineral in the ore zone 

where it replaces the sulfides.

Exoskam Alteration and Mineralization 
at a Reactive-Nonreactive Contact

Early Anhydrous Phase

The host for ore deposition was originally a silty marble that 

was metasomatically replaced by garnet while the footwall beneath the 

ore was a quartz-diopside homfels siltstone replaced by wollastonite. 

The original marble-homfels contact is represented by the sulfide- 

wollastonite contact, although minor thin interbeds of homfels in mar

ble or marble in homfels occur stratigraphically above and below that 

contact. The reactive (marble)-nonreactive (homfels) contact was the 

approximate midpoint of counter-moving diffusion fronts of calcium, from 

marble, into the homfels and of silica and iron, from homfels, into
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the marble forming early anhydrous alteration that converted the rock 

units to massive garnet and wollastonite for 2 0  ft on either side of 

the contact. Sulfide deposition is confined to the garnet exoskam and 

to the marble unit overlying the garnet exoskam (Figure 14).

Textural relationships strongly suggest deposition of the calc- 

silicate exoskarn minerals preceded the sulfide phase. Hydrothermal 

solutions coeval with, or slightly later than, the sulfide phase altered 

the skam to form new calc-silicate phases as well as hydrous magnesium 

silicates.

Destructive reactions seen in thin section study involving the 

original exoskam minerals consist of the following: (1 ) wollastonite,

fringing the ore zone, breaks down to form calcite + quartz, retaining 

the original crystalline outline of the wollastonite (Figure 40); (2) 

within the ore zone, the outlines of former wollastonite sheaths that 

replaced garnet are obvious but the wollastonite was totally replaced by 

granular calcite (Figure 41) while the sulfide phases were replaced by 

secondary euhedral quartz that contains included subhedral grains of 

low-iron zoisite(?); (3 ) diopside, a common metamorphic constituent of 

unmineralized homfels siltstone, is totally absent from the ore zone; 

(4) garnet is replaced partially by calcite, talc, and zoisite(?) in the 

areas of sulfide mineralization such that only the thin outer rims of 

the garnet remain as atoll features in calcite (Figure 42).

The chemical reaction causing this destruction of the original 

exoskam phases to form new phases is:
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A. Acicular crystals of wollastonite (W) that replaced garnet (black). 
Specimen from drill hole RDH-8 at a depth of 134 ft (Figure 14);
2 x 3 mm field of view; crossed nicols.

garnet (G); 2 x 3 mm field of view; plain light.

Figure 40. Replacement of Wollastonite Crystals by Quartz (Q) and 
Calcite (C).
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Figure 41. Radiating Pattern of Calcite (C) Replacing Garnet (G). —  
The calcite totally replaced wollastonite. Specimen from 
hole RDH-8 at a depth of 129 ft; compare with Figures 40A 
and 40B; 2 x 3 mm field of view; plain light.
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Figure 42. Skeletal Garnet Crystals (G) Replaced by Calcite (C) and
Talc (T). —  Specimen from hole RDH-8 at a depth of 156 ft; 
2 x 3 mm field of view; plain light.



Grossularite + Wollastonite + Diopside + CO2  + Water 
3Ca3 Al2 Si3 01 2  + CaSiO^ + CaHgSi2 06 + 7C02  + H20

Calclte + Quartz + Zolsite + MgO 
7CaC03  + 6S102  + 2Ca2 Al3 Si3 01 2 (OH) + MgO

Magnesium, excess water, and silica are available to form the hydrous 

magnesium silicates and montmorillonite. Evidently MgO was unable to 

compete with calcium for the C02, as dolomite did not develop adjacent 

to the ore zones. Sparry calcite is commonly associated with sulfide 

mineralization.

Intermediate Alteration Phase

Clinozoisite composes as much as 20% of unmineralized hornfels 

siltstone adjacent to the ore zones and occurs in veinlets within the 

footwall hornfels siltstone as much as 40 ft from sulfide mineralization. 

While minerals of the epidote group are consistently found only in the 

albite-epidote hornfels facies of contact metamorphosed rocks, they 

rarely occur in the hornblende hornfels facies and are completely ab

sent in the pyroxene hornfels facies (Compton, 1955; Shido, 1958;

Winkler, 1967; Holdoway, 1966). The instability of epidote minerals in 

the pyroxene hornfels facies, in which the wall rocks of RDH- 8  are in

cluded, and the delicate lacework and veining of epidote within the 

hornfels siltstones suggests that clinozoisite is a product of hydro- 

thermal alteration and not a product of metamorphism.
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Late Hydrothermal Phase

The hydrous magnesium silicates consist of several varieties 

that can be distinguished by color, optics, and texture. Chlorites are 

pleochroic bright green to brown or non-pleochroic and brown in color 

and sometimes develop a "bird’s eye" texture. Some phlogopite is also 

present but is not nearly as abundant as in the metavolcanic rocks. Talc 

is commonly dark brownish-green to golden brown in plain light. Antigor- 

ite is pale brown when viewed with plain light under the microscope.

Upon crossing the nicols, the mineral shows a wavy extinction similar 

to chalcedony. Another type is a colorless fibrous mineral, uniaxial 

(-), RI = 1.60 and a birefringence of 0.02. The latter type occurs with 

clinozoisite and chlorite.

The hydrous magnesium silicates occur as circular to semicircu

lar masses 0 .1 -1 . 0  mm in diameter replacing garnet, calcite, and second

ary quartz. They are common in veinlets or on cleavage or fracture 

surfaces. The ratio of garnet to hydrous magnesium silicates within the 

ore zone varies from 36:1 to 0.15:1 and averages about 8 :1 .

Montmorillonite varies in amount from 0-25% of the total rock 

volume, being most abundant within the altered homfels siltstones. It 

occurs as a thin film replacing calcite, quartz, or garnet, as small 

dense clots within the homfels, and as massive zones at the contact of 

epidote and garnet where the montmorillonite is associated with chlorite 

and the colorless fibrous mineral.



APPENDIX D

PETROGRAPHIC DATA ON ALTERATION 
OF THE .WASHINGTON CAMP GRANODIORITE

Propylltic and Argillic Alteration 

Hornblende and biotite are the first minerals that are altered, 

forming chlorite + magnetite and/or rutile. Where epidote is lacking or 

present only in trace amounts the chlorite:mafic ratio undergoes a 

marked change from 1:10 to 30:1 at a point about 1000 ft from phyllic 

alteration and helps to define the contact between the propylitic and 

argillic zones. This ratio is quite variable and some mafics remain un

replaced adjacent to phyllic alteration. The chlorite occurs interleaved 

with biotite, or completely replacing it in radiating clusters, or in 

veinlets on the fracture surfaces. Chlorite is absent in the phyllic 

zone.

When clinozoisite is present in amounts exceeding 1% of the 

total rock volume, the chlorite:mafic ratio rarely exceeds unity and 

averages about 0.5. Clinozoisite occurs as individual grains, as clots 

and veinlets in the argillic and propylitic zones, but is absent in the 

phyllic zone. It is most common in the north and northeast portions of 

the stock, where the wallrock is diorite, but seldom accounts for more 

than 2% of the granodiorite. Clinozoisite irregularly replaces plagio- 

clase, mafic minerals, and chlorite and is commonly associated with 

magnetite and calcite. It occurs in veinlets with orthoclase and
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magnetite near the margins of the stock where it is commonly associ

ated with vugs filled with fragile needles of tremolite.

The clay minerals, kaolinite and montmorillonite, are first de

veloped in the more anorthite-rich cores of plagioclase phenocrysts and 

are found in all parts of the stock. Amounts of clay minerals present 

increase sharply from 1-10%, total volume, 700-1000 ft from phyllic al

teration at the propylitic-argillic contact. Clay minerals compose 

nearly 2 0 %, by volume, of the granodiorite at the argillic-phyllic con

tact, totally destroying most of the plagioclase. They rapidly decrease 

to trace amounts within the phyllic zone, where kaolinite only occurs 

between quartz grains.

Destruction of plagioclase and orthoclase occurs in slightly 

different ways as the phyllic zone is approached. Plagioclase is gradu

ally destroyed, with destruction beginning at the propylitic-argillic 

contact; only 2/3 of the plagioclase remains adjacent to the argillic- 

phyllic contact. The remaining plagioclase is almost totally replaced 

by quartz and sericite within a transitional zone, about 1 0 0  ft in 

width, adjacent to the argillic-phyllic contact. Very small grains of 

albite appear in the groundmass as the plagioclase is destroyed. Ortho

clase remains at a constant amount up to the argillic-phyllic contact 

and is then suddenly and totally destroyed when that boundary is crossed 

(Figure 15).

Phyllic Alteration

The appearance of sericite in the alteration sequence is very 

abrupt, changing the color of the rocks from a medium gray in the
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propylitic and argillic zones, to a creamy white in the phyllic zone.

The bulk of the sericite is fine-grained. Coarse-grained sericite is 

associated with quartz-tourmaline veins. The content, by volume of 

sericite increases up to nearly 40% within a distance of 100 ft (Figure 

15). The northern argillic-phyllic contact is even more abrupt and 

probably represents a fault contact.

The volume percent of quartz rapidly changes from less than 20% 

in the argillic zone to greater than 45% in the phyllic zone. A topo

graphic change also occurs at the argillic-phyllic contact with the 

quartz-rich phyllic zone topographically higher than the surrounding 

alteration zones.

Tourmaline is most abundant in the phyllic zone but is not re

stricted to it. The tourmaline displays compositional variations as 

shown by variations in optical properties. Individual grains and some 

sunbursts are pale green and weakly pleochroic, whereas areas of intense 

tourmaline veining contain black tourmaline (schorl) that is strongly 

pleochroic. Tourmaline replaces sericite and in turn was altered to 

hematite. Northwest-trending veins of quartz-sericite-tourmaline vary 

in width from 1 - 2 0  ft and can be followed along strike for more than 

1000 ft within the argillic and propylitic zones. Their presence in 

these zones suggests the central phyllic zone widens with depth.

Totally replaced ghost remnants of plagioclase grains remain in 

the phyllic zone. All orthoclase found within the phyllic zone appears 

to be secondary, forming small patches that have optical continuity 

over a relatively large area. The patches of orthoclase enclose much



quartz and sericite. The appearance of secondary orthoclase suggests 

that a potassic zone of alteration may be relatively close to the
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APPENDIX E

PETROGRAPHIC DATA ON ALTERATION OF 
VOLCANIC UNITS AND DIKES ADJACENT TO 

PYROMETASQMATIC SULFIDE DEPOSITS

Alteration of Rhyolite Flows 
and Pyroclastics

Rhyolite flows and pyroclastic units of the basal rhyolite mem

ber of the Duquesne Volcanics display a weak but well-defined alteration 

halo adjacent to the sulfide deposits exposed in the Indiana-Kansas area 

of the district. Low-angle, normal faulting tectonically obscures much 

of the alteration at the surface, but underground mapping and drilling 

detected the alteration halo. Systematic sampling of the volcanic wall- 

rocks was not accomplished, therefore the following discussion is 

generalized.

Outer Alteration Zone

The rhyolites are chloritized and contain clinozoisite, mont- 

morillonite, and pyrite at distances exceeding 2 0 0  ft but rarely more 

than 500 ft from the loci of pyrometasomatic sulfide deposition. Abun

dances of these alteration products are highly variable in the outer zone 

zone and are generally restricted to veins or coatings on fracture 

surfaces.

The importance of phlogopite relative to ore deposition was not 

totally resolved by this study. X-ray analysis demonstrated the occur

rence of phlogopite with andalusite and muscovite in rhyolite
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pyroclastic rocks located 500 ft from any known pyrometasomatic ore 

deposit; phlogopite rarely occurs in the outer alteration zone.

Intermediate Alteration Zone

Phlogopite, sericite, zoisite, chlorite, and pyrite are the al

teration products of the intermediate alteration zone. This zone oc

curs 50-200 ft from the pyrometasomatic deposits. The contact between 

the intermediate zone and the adjacent outer and inner zones is grada

tional; often the inner zone is absent and these alteration products oc

cur adjacent to skarn and ore.

In general, phlogopite occurs with minor sericite on the outer 

fringes of the intermediate zone; the amount of sericite increases and 

zoisite appears on the inner fringes of this zone, closer to ore deposi

tion. Phlogopite rarely occurs with chlorite and usually is not in di

rect contact with sericite. Sericite commonly surrounds and sometimes 

replaces disseminated pyrite. Sericite is also present in thin films 

separating quartz grains or as clots measuring up to 1  cm in diameter. 

Chlorite becomes most abundant in the rhyolite at distances of 50-100 ft 

from sulfides and diminishes in amount closer to the ores.

Inner Alteration Zone

Secondary orthoclase occurs only within 50 ft of the pyrometa

somatic deposits where it replaces quartz. It is associated with abun

dant sericite and phlogopite with lesser amounts of pyrite and vein 

quartz. Viewed microscopically, the distribution of orthoclase is very 

patchy and grain boundaries are irregular. It was also seen in veinlets
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with quartz, sericite, and pyrite. Orthoclase is most abundant in a 

breccia zone, adjacent to garnet skarn, where it composes much of the 

matrix between rhyolite fragments.

The epidote minerals are present up to the volcanic-skam con

tact, occasionally forming an epidote-rich skarn accompanied by quartz 

and pyrite adjacent to the garnet skams. Not uncommonly, magnetite or 

secondary hematite are also abundant near the volcanic-skarn contact. 

Iron-poor zoisite is the dominant epidote species near the sulfides 

while clinozoisite occurs with chlorite at the outer fringes of 

alteration.

Alteration of Dacite 
and Quartz-latite Dikes

Several northwest— and east-trending dikes of intermediate com

position intrude the Concha Limestone near the Indiana and Kansas mines. 

Except for the plug east of the Deerwater shaft, they seldom crop out 

at the surface but are found in underground workings and drill core 

taken from this area.

Outer Alteration Zone

Surface samples of the Deerwater plug taken at distances greater 

than 2 0 0  ft from known pyrometasomatic ore occurrences show consider

able iron staining due to surficial weathering of pyrite. This plug 

contains about 4% pyrite and 4% clinozoisite and the silicate phases 

are weakly altered. Tremolite and plagioclase replace the cores of 

hornblende phenocrysts; quartz and sphene surround these phenocrysts.
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Plagioclase phenocrysts are flecked by minor montmorillonite. Tremo- 

lite is the major secondary silicate phase accounting for as much as 

26% of the rock volume and may be a product of contact metamorphism 

rather than hydrothermal alteration.

Drill core samples of quartz latite occurring more than 200 ft 

from known ore show that less than 1 % of the plagioclase phenocrysts 

are replaced by tremolite and montmorillonite. Chlorite seldom exceeds 

1 %, total volume, of the dikes in the outer zone of hydrothermal 

alteration.

Intermediate Alteration Zone

Quartz-latite and dacite dikes occurring 100-200 ft from known 

ore occurrences lack tremolite. There, 5-50% of the plagioclase pheno

crysts are replaced first by motnmorillonite then, closer to the ore, 

by chlorite. Less than 10% of the magnesium-rich biotite is converted 

to chlorite. The matrix of the dikes remains unaltered. Only trace 

amounts of clinozoisite were seen. The only veinlets are composed of 

quartz and minor calcite.

Inner Alteration Zone

Only a thin outer rim of unaltered plagioclase remains in 

phenocrysts from dikes located less than 100 ft from the ore. Up to 

70-90% of these phenocrysts now consist of massive chlorite, talc, and 

lesser clay minerals. In some samples magnesium-rich primary biotite 

may remain; however, in most dikes this biotite is entirely converted 

to phlogopite. Phlogopite occurs as small clumps or as irregular,
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discontinuous veinlets replacing chlorite, talc, and quartz veinlets. 

Clots of sericite-pyrite, in these dikes, measure up to 0.5 cm in 

diameter.

The groundmass of the dikes becomes totally altered to 

chlorite-phlogopite-clinozoisite in the inner alteration zone. The 

groundmass of one sample, taken adjacent to a dike-marble contact, was 

almost totally replaced by clinozoisite and porphyroblasts of scapo- 

lite(?). These minerals also replace feldspar phenocrysts.

Veinlets in the inner zone consist of chlorite-zoisite-calcite, 

chlorite-calcite-quartz, quartz-sericite, pyrite-sericite, and quartz- 

sericite-orthoclase-pyrite. One occurrence of an actinolite-quartz- 

orthoclase-pyrite veinlet was noted.

Alteration of LaramideC?)
Granodiorite Dikes

Only a few granodiorite dikes of supposed Laramide age were 

noted in the underground workings of the Indiana-Kansas mine area. 

Megascopically they greatly resemble the older quartz-latite to dacite 

dikes because of their fine- to medium-grained textures and their simi

lar mafic content. The unmetamorphosed nature of these dikes can only 

be determined microscopically, and possibly they are more numerous than 

is presently thought.

One such dike, occurring within 25 ft of exposed pyrometasomatic 

sulfide deposition on the 300 level of the Simplot shaft, does not con

tain the intense alteration developed in the older dikes. The only
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visible megascopic alteration consists of chlorite on jointing and 

quartz-sulfide veinlets. Minor amounts of montmorillonite replace 

plagioclase, hornblende is unaltered, and less than 1 0 % of the biotite 

is altered to chlorite + very iron-rich epidote.

Veinlets of quartz-pyrite-chalcopyrite-galena-hematite contain 

a very narrow (less than 1  cm thick) sheath of kaolinite-sericite fol

lowed, progressively outward, by a zone of very pleochroic chlorite- 

montmorillonite-epidote-specular hematite and an outer zone of fresh 

granodiorite. The sulfides within the veinlets suggest the dike is 

older than some pyrometasomatic deposition.



APPENDIX F

PETROGRAPHIC DATA ON ENDOSKARN ALTERATION

Post-magmatic Infiltration 
Endoskarn Alteration

Progressive Alteration of 
the Granodiorite Dike

The fresh dike (Figure 19) shows textural and compositional vari

ations ranging from fine-grained, foliated, equigranular biotite-rich 

quartz monzonite to a coarse-grained, porphyritic hornblende granodiorite 

that looks identical to the Patagonia granodiorite which crops out 300 ft 

east of drill hole P—9. The bulk of the dike is a coarse-grained, weakly 

foliated, porphyritic granodiorite containing 45-55% andesine, 10-15% 

quartz, 5—10% orthoclase, 20—25% biotite, 0—5% hornblende, and 0—5% 

pyrite + chalcopyrite + magnetite.

Weak propylitic alteration affects the dike between 10 and 30 ft 

from the exoskarn-endoskarn contact with the formation of chlorite, 

clinozoisite, calcite, montmorillonite, and veinlets and disseminated 

grains of pyrite and chalcopyrite. The thicker sulfide veinlets are 

partially enveloped by a fringe of sericite. Veinlets of pyrite - 

pyrophyllite(?) - orthoclase cross-cut propylitic alteration near the 

higher intensity edge of the propylitic alteration zone. Pyrophyllite(?) 

replaces both orthoclase and pyrite in these veinlets.

A sudden mineralogic and textural change occurs about 7 ft from 

the exoskarn-endoskarn contact which the writer interprets as the

233



234
endoskarn-granodiorite contact (Figure 19). At this point, primary 

biotite is totally destroyed and secondary biotite, characterized by 

orange-brown to brownish red pleochroism, imparts a distinct foliation 

to the rock that is parallel to the attitude of the exoskarn-endoskarn 

contact. The secondary biotite occurs as clots, veinlets, and wispy 

grains; some grains are subhedral.

Plagioclase phenocrysts are still present within the endoskarn; 

however, they now consist of a mosaic of small plagioclase grains. Twin

ning lamellae of the original plagioclase phenocryst are still present 

present but are subdivided into small grains that undergo extinction si

multaneously when viewed in polarized light (Figure 20). This suggests 

that eventual plagioclase destruction begins with recrystallization of 

the phenocryst. This same mode of plagioclase destruction was noted in 

endoskarns at the Christmas mine (Perry, 1968) where albite twinning was 

destroyed.

Pyrite occurs in veinlets and as very fine-grained "dendrites" 

that occur at silicate grain contacts. The iron to form pyrite was prob

ably released when primary biotite was destroyed. Grains and veinlets 

of chalcopyrite occur at the outer edge of the endoskarn as well as with

in the granodiorite dike; their abundance lessens within the main body 

of the endoskarn. Chlorite forms as an alteration product of biotite 

and hornblende. • Epidote appears as plagioclase is destroyed. Quartz 

occurs as large, rounded, embayed phenocrysts and in quartz-pyrite-

orthoclase-biotite veinlets.



Hornblende is entirely converted to chlorite and epidote at a 

distance of 4.5 ft from the exoskarn-endoskarn contact. At this point 

quartz attains its maximum abundance, composing 27% of the endoskarn 

volume. Secondary orthoclase occurs in veinlets and begins to invade 

the groundmass at the expense of plagioclase. Zoned veinlets, consist

ing of a core of pyrite-chalcopyrite-quartz-biotite-orthoclase contained 

in a narrow, incomplete sheath of sericite, increase between 1 . 5  and 

3.5 ft from the endoskarn-exoskarn contact.

Late-stage Hydrogen Metasomatism

The later alteration stage is marked, in the exoskarn, by the 

replacement of grossularite by talc, chlorite, montmorillonite, and paly 

gorskite. In the endoskarn, chlorite and talc replace garnet and second 

ary biotite within 0.5 ft of the exoskarn-endoskarn contact. 

Coarse-grained sericite replaces secondary orthoclase in this zone. 

Sericite is fine-grained where it replaces secondary orthoclase between 

0.5 and 1.0 ft from the exoskarn-endoskarn contact.

Kaolinite and montmorillonite show greatest development between 

1  and 4 ft from that contact, replacing secondary orthoclase in the ma

trix and quartz-orthoclase-biotite veinlets. Pyrophyllite(?) occurs 

from a point 0 . 6  ft from the contact to a point 9  ft away from the con

tact and may have developed during both alteration stages. It only oc

curs in veinlets near the endoskarn-granodiorite contact but closer to
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the exoskarn it is not confined to veinlets.
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Magmatic Diffusion Endoskarn Alteration 

Endoskarn Petrography

The bulk of the granodiorite phase of the Pride dike megascopic- 

ally resembles the Patagonia granodiorite in texture and mineral composi

tion (Figure 24). Phenocrysts of hornblende and biotite, 0.5-1.0 cm in 

length, are most common near the margins of the dike; the biotite:horn- 

blende ratio usually increases toward the center of the dike.

Compositional variations occur in the dike adjacent to the narrow 

skarn zone at the Pride-of-the-West mine (Figure 23). The dike consists 

of hornblende granodiorite within 5 ft of the endoskarn-exoskam contact. 

The orthoclasetplagioclase ratio exceeds unity 2.5 ft from that contact, 

a quartz monzonite composition. At that point, pyroxene begins to re

place hornblende. Optical properties of the pyroxene suggest that it is 

an augitic clinopyroxene. Strongly pleochroic epidote and sphene appear 

as the dominant accessory minerals.

The composition of the dike is granite within 1.5 ft of the 

exoskarn-endoskarn contact where orthoclase composes 40% of the dike 

volume and displays graphic texture with quartz. Hornblende is absent 

and augite composes 8% of the dike volume, epidote 6%, plagioclase 

(An2 Q-3 5 ) 27%, quartz 18%, and sphene 0.6%.

The endoskarn-exoskarn contact is marked by a 3-6 inch-wide band 

of pyroxene. Hedenbergite replaces magnetite and is intergrown with 

plagioclase, quartz, and minor orthoclase in a zone 4 mm thick immedi

ately adjacent to the endoskarn.• The hedenbergite is separated from
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diopside by a thin zone of orthoclase. Brown garnet (andradite) selec

tively replaces thin laminae of coarse-grained diopside in this pyroxene 

zone. Some of the diopside is acicular with a radiating habit, suggest

ing that it grew in open-space fillings. Sphene and epidote are present 

only in trace amounts. Very minor bright green chlorite replaces 

diopside.

Associated Exoskarn

Continuing towards the marble, the next exoskarn zone consists 

of an irregular band of orthoclase (55% by volume), weakly anisotropic 

andraditic garnet (35%), and quartz (10%). The contact between the 

orthoclase-garnet zone and the outer pyroxene zone is very sharp and the 

orthoclase-rich zone appears to cross-cut the pyroxene zone. The total 

width of the orthoclase-garnet zone was not determined but is at least 

1 ft wide.

Massive sulfide deposition is separated from the orthoclase- 

garnet zone by a 3-6 ft-thick zone of massive green garnet (grossularite- 

andradite) and lesser quartz and calcite. Where this massive garnet 

skarn is absent in underground exposures, Schrader (1915) noted a 2 ft- 

wide zone of magnetite separating the sulfide ores from the dike. He 

also found anthophyllite associated with hedenbergite.

With the exception of minor amounts of chlorite and montmoril- 

lonite, hydrous silicates do not occur in the surface exposures of the 

exoskarn and endoskarn at the Pride-of-the-West mine. Very little hydro- 

thermal alteration affected the Pride dike, although it is strongly 

jointed. The skarn was not altered by late-stage hydrogen metasomatism.
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The only cross-cutting relationship between exoskarn and endoskarn pro

ducts occurs where an orthoclase-rich zone veins diopside and garnet
exoskarn.



APPENDIX G

MINERALOGY

Hypogene Replacement Minerals

The present knowledge of all hypogene replacement minerals con

firmed from microscopic, megascopic, and x-ray data are here summarized. 

The scheme after which the minerals are listed follows the order used 

by Palache, Berman, and Frondel (1944) except the silicates, which fol

low the arrangement of Dana and Ford (1926).

Native Elements

Arsenic (As). Native arsenic was reported by Warren (1903) and 

Schrader and Hill (1915) occurring as large reniform masses at the 

Double Standard Mine within the Dolomite member of the Epitaph Dolomite. 

I was unable to find it.

Sulfides

Argentite (Ag^S). Argentite was recognized in 4 polished sec

tions from the Simplot mine. It occurs most commonly as very small blebs 

along cleavage planes in galena. In one instance, however, it occurs 

with small chalcopyrite veinlets that replace galena. Argentite replaces 

galena, sphalerite, and chalcopyrite and appears to be replaced by late- 

stage euhedral pyrite. Argentite is not reported from other mines in 

this district but probably exists as minute grains in the silver-rich
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ores from the Holland mine and in the small lead-silver deposits in 

marble.

Somite (Cu^FeS^). Somite occurs primarily as a supergene min

eral in the Washington Camp-Duquesne ores. A primary origin for bornite 

was noted in 4 polished sections from the Simplot mine where some exso

lution blebs in sphalerite are composed of lamellar intergrowths of 

bornite and chalcopyrite. In other samples, small equant blebs of born

ite are seen in pyrite replacing pyrrhotite. In other samples, chalcopy

rite and sphalerite replace bornite.

Galena (PbS). Galena is the primary lead mineral in the district 

and is common in almost all of the mines. It usually displays a cubic 

cleavage, although several examples of galena with octahedral faces occur 

between the 100 level and the surface at the Holland mine.

Galena occurs primarily with sphalerite on the marble side of 

the massive sulfide replacement deposits in the district. It is less 

frequent within garnet skarn where it usually forms large crystal masses.

Polished section studies show galena replaces garnet, pyroxenes, 

amphiboles, and early pyrite. The deposition of galena was later than or 

overlapped the deposition of sphalerite and chalcopyrite. Galena was 

replaced by late pyrite, specular hematite, and quartz. Marshall and 

Joensuu (1961) analyzed a galena sample from the Holland mine that dis

played prominent octahedral faces. The results of their analysis are 

shown in Table V.
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Table V. Analysis of Galena from the Holland

%Bi_____%Ag_____Cu (ppm)_____ Sb (ppm)_____ Th (ppm)
1.5 'vl 50 120 18

Sphalerite (ZnS). Sphalerite is the most common ore-forming min

eral in the district. It occurs in a vein at the Simplot mine where it 

is associated with quartz, hematite, pyrite, and minor other sulfides. 

Elsewhere in the district it is evenly distributed throughout the mas

sive replacement deposits occurring as small equant grains at the Holland 

mine, in coarse-grained masses from the Indiana, Kansas, and Simplot 

mines, and as large crystalline masses from the eastern portion of the 

district (Anthony, Williams, and Bideaux, 1977).

Most of the sphalerite is medium to dark brown, although pale 

yellowish-brown sphalerite occurs in limestone, and black sphalerite oc

curs in replacement masses and veinlets in garnet skarn. Specimens from 

several mines in the district contain sphalerite in narrow bands 1/8-1 

inch wide alternating with either chalcopyrite or calc-silicate minerals.

Studies of polished sections show that sphalerite replaces the 

calc-silicate minerals, also pyrite, pyrrhotite, valeriite, cubanite, and 

magnetite. Sphalerite deposition is contemporaneous to slightly older 

than galena and is contemporaneous to slightly younger than chalcopyrite. 

Sphalerite is commonly crowded with exsolved blebs and veinlets of chal

copyrite ranging from 0.001-0.3 mm, especially near the edges of
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sphalerite grains. Sphalerite also occurs as blebs, trellis-like fea

tures, and stars within chalcopyrite and pyrite. Minerals that vein and 

replace sphalerite include late pyrite, digenite, arsenopyrite, specular 

hematite, quartz, and calcite.

Chalcopyrite (CUpFe^S^). Chalcopyrite is a common mineral asso

ciated with the Washington Camp-Duquesne ores. Chalcopyrite occurs as 

small replacement masses in garnet skam, where pyrite and pyrrhotite 

are the only other major sulfide minerals, or within the massive sulfide 

bodies that occur at skarn-marble contacts. In the latter, it is most 

frequently found adjacent to or within the skarn.

Microscopic examination of the ores reveals two stages of chalco

pyrite deposition. The earlier stage replaces calc-silicates, pyrrho- 

tite, pyrite, and is contemporaneous with, to slightly older than, 

sphalerite and galena. Early-stage chalcopyrite often contains exsolved 

grains of bornite, digenite(?), cubanite, valleriite(?), and sphalerite; 

sphalerite stars are common. Chalcopyrite is common as exsolution blebs 

in sphalerite and less common in early pyrite.

Late-stage chalcopyrite veins galena, sphalerite, and was once 

seen replacing late-stage euhedral pyrite. This chalcopyrite seldom con

tains other sulfide inclusions.

Both stages of chalcopyrite are veined and replaced by chalco- 

cite, covellite, bornite, and digenite, especially adjacent to late 

calcite-hematite veinlets. Cellular, limonitic boxworks, after chalco

pyrite, are frequently seen in surface outcrops.
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Pyrrhotite (Fe^ ^S). Pyrrhotite was recognized only in the ores 

from the Simplot mine and in drill core from the Deerwater mine, although 

it was seen by Schrader (1915) at the Pride-of-the-West mine. It was. 

the first hypogene mineral to form in the district, although its rela

tionship with molybdenite is unknown.

Pyrrhotite occurs as small- to medium-sized anhedral grains com

monly showing semi-concentric bands 0.05-0.1 mm thick. The bands of 

pyrrhotite are commonly separated by thinner bands of talc and calcite. 

Pyrrhotite is veined and replaced by all other sulfides. It rarely con

tains small blebs of chalcopyrite, bornite, and sphalerite; one sphaler

ite star was found within a pyrrhotite grain. Pyrrhotite rarely occurs 

as small blebs in the early stage of pyrite deposition.

Valleriite(?) (CupFe/.Sy?). A strongly anisotropic, cream to pink 

mineral included in chalcopyrite is tentatively identified as valleriite. 

Seen in 5 polished sections, it occurs as rods, threads, or crystallo- 

graphically arranged lamellae in chalcopyrite. It is replaced by 

globular-shaped grains of sphalerite.

Stibnite (SbgSg). One small specimen of stibnite was found at 

the Dudley Standard Mine in the south-central part of the district.

Pyrite (FeS^). Pyrite is the most common sulfide mineral in the 

district occurring as massive, tabular replacement bodies, as small dis

seminated grains within garnet skarn and granodiorite, as large cubic 

crystals within skarn, and rarely in veins within skarn and granodiorite.



Three ages of pyrite deposition were found. One is framboidal pyrite 

syngenetic with Paleozoic sedimentation. A second form consists of an- 

hedral grains replacing pyrrhotite and replaced by the other sulfide 

species in the epigenetic sulfide zones. A third form consists of cubes 

and pyritohedrons, either as disseminated grains or associated with late 

quartz-calcite-chlorite veinlets.

Pyrite also occurs massively in zones up to several feet thick 

within skarn where it is associated with quartz and chlorite. Not in

frequently, it also occurs massively on the outer edges of the sulfide 

replacement zones and may occur at an ore-bearing stratigraphic horizon 

between two ore zones.

Arsenopyrite (FeAsS). Arsenopyrite is one of the rarest sulfide 

minerals associated with the Washington Camp-Duquesne ores. It was 

recognized in the Simplot, Deerwater, Holland, and Bonanza mines.

Arsenopyrite rarely occurs in grains large enough to be recog

nized megascopically. It is seen as tiny diamond-shaped grains in cal- 

cite and quartz veins that cross-cut other sulfide minerals. Euhedral 

grains of arsenopyrite occur along the walls of these veins perched on 

grains of sphalerite and chalcopyrite.

Molybdenite (MoSp). Molybdenite occurs rarely within the garnet 

skarns of the district as small bent blades usually surrounded by talc.

It was found on the 300 level of the Holland mine at the fringes of the 

massive sulfide replacement zone where it is associated with minor powel- 

' lire and scheelite. Its position in the paragenetic sequence is not 

known for certain, as it rarely occurs with the other sulfides in the
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massive replacement zones. Molybdenite appears to replace chalcopyrite 

and galena in two isolated occurrences seen in polished sections from 

the Holland and Simplot mines. It replaces garnet at the Simplot mine.

Sulfosalts

Tennantite [(Cu^e)^ . Tennantite was reported by Baker

(1961) as occurring in the Holland ores where he found it replacing 

early-stage pyrite while being replaced by later sulfide minerals. Posi

tive identification of tennantite was not made during this study, but it 

is suspected to be present in some of the ores from the Simplot and Deer- 

water mines where it may occur with enargite and tetrahedrite.

Oxides

Hematite (Fe^Og). Hematite is a relatively common mineral occur

ring in the garnet skarn zones of the district. At least two periods of 

hematite deposition are suspected in the district; one is presulfide and 

the other is postsulfide in age.

The presulfide stage can only be surmised from polished section 

study of samples from the Deerwater and Simplot mines. These samples 

contain magnetite pseudomorphs after radiating clusters of hematite.

Later sulfides clearly cross-cut these pseudomorphic crystals. Baker 

(1961) noted crystalline hematite at the Holland mine that was replaced 

by pyrite.
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Rutile (TiOo)■ Rutile is tentatively identified as tiny acicu- 

lar crystals occurring in hydrothermal quartz on the limestone side of 

massive sulfide replacement ores at the Simplot mine. Its location in 

the paragenetic sequence of epigenetic minerals is unknown, as it does

not occur directly with the sulfide minerals. It is suspected to occur
?

late in the paragenetic sequence because of its association with quartz 

crystals that clearly post-date sulfide deposition.

Magnetite (FegO^). Magnetite occurs sparsely in the Washington 

Camp-Duquesne skarn zones. Unlike other pyrometasomatic districts of the 

western United States, such as the Central district of New Mexico, the 

Morenci and Johnson Camp districts of Arizona, and the Ely district in 

Nevada (Bauer et al., 1966), the Washington Camp-Duquesne ores contain 

relatively little magnetite and most ore-bearing zones in the district 

occur as magnetic lows.

Two areas of magnetite deposition occur in the district, one at 

the Pride-of-the-West mine, adjacent to a granodiorite sill, and the 

other at the crest of a northwest-plunging mineralized anticline at the 

Simplot mine. Magnetite at the Simplot mine occurs in bands 1 inch to 

several feet thick where it is interleaved with garnet. There, magne

tite occurs as a massive limestone replacement body several tens of feet 

thick on the 100 level. Magnetite also occurs as pseudomorphs after 

specular hematite in the Simplot and Deerwater mines.

Scheelite (CaW0/(). Although rare, several occurrences of scheel- 

ite were noted in the district. Large crystals up to 2 inches in
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diameter were found in bodies of massive, bull quartz at the granodiorite- 

metasediment contacts north and south of the North Belmont shaft and in 

a small circular mass of quartz occurring in the Patagonia granodiorite 

1000 ft west of that shaft. Elsewhere it was found as small dissemi

nated grains located in garnet skarn at the Holland and Simplot mines.

Its position in the paragenetic sequence of epigenetic minerals is un

known, but is suspected to be contemporaneous with the calc-silicate 

minerals that comprise the bodies of garnet skarn.

Powellite(?) [Ca(Mo,W)0,l. PowelliteC?) is tentatively identi

fied adjacent to massive sulfides at the Holland mine, based on the oc

currence of a yellow fluorescent mineral that is associated with 

scheelite. It is also suspected to be contemporaneous with the calc- 

silicate skarn minerals.

Carbonates

Calcite (CaCOj). Epithermal calcite is a common gangue mineral 

occurring in postore veinlets that contain arsenopyrite, specular hema

tite, and magnanese oxides. Baker (1961) first noted that scalendo- 

hedral calcite occurs as the youngest mineral filling vugs in the skarn 

zones.

Siderite (FeCOj). Siderite was noted at the Holland mine where 

it occurs in masses 1-6 inches in length within garnet skarn as a late- 

stage mineral associated with specular hematite and chlorite.
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Dolomite [Ca MgCCOg)^]. Euhedral, flesh-colored dolomite was 

noted by Baker (1961) as a vug-filling mineral deposited directly on 

sulfide minerals at the Holland Mine; the dolomite is coated with opaline 

garnet. Dolomite was found, in this study, in a similar occurrence at 

the Simplot mine.

Silicates

Quartz (SiOo). Hypogene quartz occurs as massive bull quartz, 

as masses of crystalline quartz, and as late veinlets in the district.

The bull quartz contains rare grains of scheelite and pyrite and is com

monly coated with manganese oxides. The other occurrences are within 

garnet skarn and the pyrometasomatic sulfide deposits.

Specimens of quartz crystals twinned after the Japanese twin law 

range in size from a fraction of an inch to more than one foot in length 

at the Holland, Empire, Simplot, and Bonanza mines where they are inter- 

grown with skarn minerals or occur in vugs within the skarn.

Quartz replaces and veins sulfide and calc-silicate mineraliza

tion in all specimens studied in polished section, ranging in size from 

microscopic crystals to pipe-like bodies several feet in diameter. Milky 

quartz occurs as thin, parallel bands within skarn; the banding is paral

lel to the contacts of the skarn.

Jasper (SiOo). Fine-grained jasper was noted adjacent to skarn 

zones, especially near thin, hornfels siltstone interbeds from the west

ern workings on the 200 level of the Simplot mine. Its relationship to
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sulfide deposition is unknown. Veins of chalcedony were noted in thin 

section at least 10 ft from massive sulfides at the Simplot mine 

(Figure 13).

Orthoclase (KAlSi^Og). Other than its common occurrence in in

trusive rocks of the district, hypogene orthoclase forms narrow zones of 

potassic alteration adjacent to sulfides at the Simplot mine where it is 

an alteration mineral occurring within the volcanic intrusive and extru

sive rocks. It also comprises up to 75% of the endoskarn rock near the 

endoskarn-exoskarn contact. Euhedral masses of orthoclase were also 

found in a zone of altered Patagonia granodiorite located on the hill 

1000 ft southwest of the North Belmont shaft.

Diopside [CaMgCSiO^). Crystalline and anhedral grains of diop- 

side comprise a small portion of the magmatic and postmagmatic exoskam 

bodies in the district. No known correlation exists between diopside 

occurrence and the deposition of sulfide mineralization. Diopside also 

occurs as a metamorphic mineral within the magnesian-rich sedimentary 

rocks of the district.

Hedenbergite [CaFeCSiOg)^]. Acicular masses of radiating heden- 

bergite are common only in the southern part of the Washington Camp- 

Duquesne district, especially near the Duquesne, California, San Antonio, 

Empire, North Belmont, and South Belmont mines where it occurs adjacent 

to zones of massive sulfides. Examples found on dumps from these mines 

are highly oxidized. The temporal relationship between hedenbergite and
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sulfide deposition is uncertain, but megascopically, hedenbergite ap

pears to have been deposited prior to sulfide deposition.

Wollastonite (CaSiO^). Wollastonite is a common metamorphic 

mineral in the Paleozoic sedimentary rocks within the pyroxene hornfels 

metamorphic facies. It also occurs as a minor constituent with other 

calc-silicate minerals in the skam zones. Wollastonite adjacent to 

massive sulfides is commonly replaced by quartz and calcite.

Johannsenite [Ca(Mn,Fe)Si20g]. Johannsenite was identified by 

x-ray diffraction from a specimen collected near the Dudley Standard 

mine where it occurs in radiating clusters resembling hedenbergite.

Anthophyllite FCMg.Pe) SiO^l. Anthophyllite was recognized by 

Baker (1961) from the massive sulfide zones at the Holland mine. The 

aluminum variety, gedrite, was identified in the district by Schrader 

and Hill (1915). Anthophyllite is intimately associated with sulfides 

at the Holland mine where it occurs as radiating crystals nearly perpen

dicular to banded sulfide mineralization in the center of the sulfide 

zone. It was also identified at the Simplot and Deerwater mines. Thin 

section and polished section specimens clearly show anthophyllite is 

replaced by the sulfide minerals.

Tremolite fCaMgo(Si0j)^1 . Tremolite occurs as a metamorphic 

mineral within the Paleozoic sedimentary rocks of the district and in 

Mesozoic volcanic rocks as an alteration product associated with pyro- 

metasomatic mineralization. It was also noted in the propylitic zone of
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alteration of the Washington Camp granodiorite where it occurs as 

masses of delicate needles in small vugs. There, the tremolite occurs 

with orthoclase, epidote, and magnetite near the contact between the 

granodiorite and the Paleozoic metasedimentary rocks.

Actinolite [CaCMg^e^CSiO^) . Actinolite was identified in 

thin section in a metamorphosed andesite dike in the southern part of 

the workings on the 200 level of the Simplot mine. The actinolite in 

the dike is associated with secondary phlogopite and orthoclase adjacent 

to garnet skarn.

Palygorskite [(Mg.AD^Si^Oĵ COH) ♦ AHoOl. Tough, matted, fi

brous masses of palygorskite were found in the South Empire and Silver 

Bill mine areas where it occurs on fault surfaces within garnet skarn.

Garnet (Complex Silicate of Ca, Al, Fe, Mg, and Mn). Garnet com

prises up to 90% of the exoskarn masses in the district. It occurs as 

massive subhedral grains to large euhedral crystals up to 6 inches in 

diameter. The garnet is commonly zoned and is isotropic to slightly 

anisotropic when viewed in thin section. Electron microprobe analyses 

of garnets from the district show the microscopic zoning pattern within 

the crystals is caused by abrupt compositional changes from andradite to 

grossularite garnet (T. Surles, personal communication, 1977). Host gar

net specimens are green in color; some are brown to yellowish brown.

X-ray diffraction of several specimens suggests the garnet is a mixture 

of andradite [Ca^F^CSiO^)^] and grossularite [Ca^Al^CSiO^)^}



252

Viewed microscopically, garnet is clearly replaced by sulfide 

minerals in most specimens; however, it is not uncommon to find isolated 

euhedral garnet crystals surrounded by sphalerite, chalcopyrite, and 

galena.

Vesuvianite (Complex Hydrous Silicate of Ca, Al, and F). Vesuvi- 

anite is a relatively rare mineral occurring as small equant to acicular 

grains replacing garnet and calcite in the Concha Limestone adjacent to 

massive sulfide mineralization at the Simplot mine (Figure 13). It also 

occurs there in veinlets with chalcedony.

Epidote Group (Complex Silicates of Ca, Fe, and Al). Minerals of 

the epidote group occur as alteration products within hornfels siltstone, 

intrusive volcanic rocks, and metamorphosed carbonate rocks adjacent to 

pyrometasomatic sulfide deposition in the northwest portion of the 

Washington Camp-Duquesne district as zoisite and clinozoisite. Iron-rich 

species of the epidote group also occur within and adjacent to the endo- 

skarn zones of the Pride-of-the-West sill (Figure 23) and near the Silver 

Bill mine (Figure 19). Epidote is a common mineral in the propylitic 

alteration zone within the Washington Camp granodiorite (Figure 15).

Tourmaline (Complex Silicate of Fe, Ca, Mg, Al, and B). Sun

bursts of radiating schorl occur in the northwest- to east-trending veins 

with quartz and sericite in the Washington Camp granodiorite in the 

phyllic and propylitic alteration zones. It is also found with quartz 

and sericite in a breccia that occurs on the eastern side of that



granodiorite. Tourmaline also comprises more than 5% of the rhyolite 

units that crop out west of the Kansas mine.

Phlogopite (Complex Silicate of K, Al, and Mg). Phlogopite oc

curs as an alteration product within rhyolitic to.andesitic extrusive 

and intrusive volcanic units immediately adjacent to pyrometasomatic 

mineralization at the Simplot Mine. Secondary biotite from the endo- 

skarn studied near the Silver Bill mine (Figure 21) may be phlogopitic.

Sericite [KAlg(AlSi^O-yj)(OH) . Several occurrences of sericite 

were found in the district. Sericite comprises 20-40% by volume of the 

zone of phyllic alteration in the Washington Camp granodiorite where it 

is associated with quartz and minor tourmaline (Figure 15). It is also 

associated with quartz-tourmaline veins in less altered portions of that 

granodiorite and is a major constituent in the quartz-sericite- 

tourmaline breccia located east of the granodiorite.

Locallized areas of quartz-sericite alteration occur within the 

Patagonia granodiorite in the southwestern portion of the district.

Minor sericite occurs in veinlets and masses replacing the endo- 

skarn portion of a granodiorite dike near the Silver Bill mine (Figure 

19)« Sericite also occurs as an alteration product associated with 

phlogopite, chlorite, montmorillonite, talc, orthoclase, and minerals of 

the epidote group within Mesozoic volcanic rocks at the Simplot mine.

Talc [Mg^CSi/jO]^) (OH)^!. Talc is a common alteration product 

that replaced calc-silicate minerals within the garnet skam. Although 

talc commonly occurs with, or adjacent to, pyrometasomatic sulfide
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deposits, there is no direct correlation between the occurrence of talc 

and sulfide deposition.

Chlorite- [(Mg.Al.Fe)^ (Si, A D ^  . Chlorite was found

within and adjacent to pyrometasomatic ore deposition. It replaces pla- 

gioclase and the ferromagnesian minerals in Mesozoic dikes at the Simplot 

mine, and was noted in the garnet skam.

Chlorite comprises as much as 10% by volume of the altered por

tion of the Washington Camp granodiorite. When viewed in thin section, 

the chlorite is very iron-rich on the outer edges of the propylitic al

teration zone and becomes progressively magnesium-rich towards the cen

tral core of phyllic alteration.

Montmorillonite r(%Ca,Na)0 7CAl,Mg,Fe);(Si,Al)0020CQH);-nH20l. 

Montmorillonite was identified in thin section and by x-ray diffraction 

as an alteration product within homfels silts tone, Mesozoic volcanic 

rocks. Paleozoic carbonate rocks, and Laramide intrusive rocks.

Supergene Minerals

Supergene base metal deposition is seldom found at depths greater 

than 100 ft in the district. Sulfides are still present in outcrops ad

jacent to several of the mines. The deepest occurrence of supergene 

mineralization seen by this writer consists of copper sulfides replacing 

hypogene mineralization on the 200 level of the Simplot mine. The larg

est masses of lead and zinc carbonates occur in the southern part of the

2 5 4

district.
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Native Elements

Silver (Ag). Native silver was not seen by this writer, but was 

noted by Schrader (1915) at the Holland, Pocahontas, and Empire mines 

occurring with smithsonite and cerussite.

Sulfides

Chalcocite (Cu^S). Minute amounts of chalcocite were observed in 

several polished sections of ores from the Simplet mine. Chalcocite oc

curs with digenite and replaces exsolution blebs of chalcopyrite found 

in sphalerite grains. It was also seen replacing pyrrhotite and hypo- 

gene bornite.

Digenite (Cu^Sr). Most polished sections of ores from the Simplot 

mine contain minor amounts of digenite. In two polished sections, super

gene digenite replaces chalcopyrite at the edges of late-stage veins of 

quartz-hematite-arsenopyrite. In these instances, digenite commonly re

places supergene bornite selvages along the vein walls so that bornite 

is seldom in direct contact with chalcopyrite. The supergene digenite 

is replaced by minor amounts of chalcocite and covellite. Elsewhere, 

digenite was seen replacing all the major hypogene sulfide minerals.

Bornite (Cu^FeS^). Although supergene bornite is rarely docu

mented in sulfide deposits (Ramdohr, 1969), it is present on several 

polished sections from the Simplot mine. There, it replaces chalcopyrite 

grains and veins primarily adjacent to quartz-hematite or
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calcite-quartz-hematite-manganese oxide veins. The supergene bornite 

is usually associated with covellite and minor chalcocite and digenite. 

This bornite differs from the bornite(?) selvages described with digenite 

above in that the former has brownish-orange color while the latter is 

blue-gray. Anisotropic orange bornite (idaite) was not found.

Covellite (CuS). Covellite is a relatively rare supergene min

eral and was only seen replacing chalcopyrite grains where the ore was 

intensely fractured and veined by quartz-hematite-manganese oxide. It 

seldom occurs without other supergene minerals, chalcocite, digenite, 

and bornite; covellite always replaces those minerals.

Oxides

Cuprite (CunO). Cuprite was noted as occurring in the district 

by Schrader (1917), but was not found in this study.

Manganese Oxides. Manganese oxide minerals commonly occur with 

large masses of quartz within the skarn deposits of the district. Iden

tification of the minerals comprising this group was not made. These 

oxides also occur in polished sections from the 200 level of the Simplot 

mine where they postdate hypogene sulfide mineralization and occur with 

quartz, hematite, chlorite, and calcite in veinlets or occasionally mas

sively replace pyrrhotite.

Iron Oxides. Iron oxides are most abundant in the surface gos

san zones of the massive sulfide replacement deposits. Limonites,
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hematite, and rarely, jarosite occur with fine-grained silica and other 

oxides to form boxwork textures after sulfide minerals. Hematite is the 

dominant iron oxide, cross-cutting hypogene sulfide mineralization in 

the ores of the district forming as masses or needle aggregates in veins 

containing quartz, calcite, manganese oxides, and rare arsenopyrite. 

Specular hematite commonly occurs in vugs within the skarn where it is 

coated with chlorite.

Iron oxide minerals occurring within the intrusive rocks of the 

district include hematite replacing vein-controlled tourmaline in the 

Washington Camp stock, limonite replacing pyrite in the same stock and 

jarosite associated with a small area of phyllic alteration containing 

more than 5% pyrite within the Patagonia Granodiorite northwest of the 

Holland mine.

Halides

Cerargyrite (AgCl). Cerargyrite was the primary ore mineral 

mined in the district between 1862 and 1880 (Schrader, 1915; Baker, 1961). 

It was mined to several tens of feet deep in the Empire, San Antonio, 

Belmont, and Bonanza mines at which point sulfide ores were encountered 

and the mines lay dormant for nearly two decades. Although very little 

cerargyrite remains, the remaining surface workings suggest areas of 

supergene mineralization were ellipsoidal, pipe-like bodies measuring 

several tens of feet in width and up to 200 ft long. Cerargyrite is also 

associated with tourmaline veins within the Washington Camp granodiorite.
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Carbonates

Smithsonite (ZnCOg). Smithsonite was mined,.with cerargyrite 

and cerussite, from surface and near-surface workings of nearly all the 

major mines in the district. It rarely occurs at depths greater than 

50-100 ft.

Cerussite (PbCO^)» Thin selvages of cerussite coating anglesite 

were noted by the writer only at the Pocahontas mine, on the southeastern 

contact of the Washington Camp stock, occurring as encrustations on 

brecciated and silicified Scherrer Quartzite.

Malachite |Cup(OH)^(COy)1. Malachite is present in many of the 

outcropping gossans in the district and was found along a major 

northwest-trending fault on the 200 level of the Simplot mine. The best 

developed malachite crystals occur at the North Belmont mine and near 

the Bonanza fault south of the San Antonio mine, where it occurs with 

azurite.

Azurite fCu^COiD^CCOj^l . Azurite is associated with malachite 
described above.

Sulfates

Gypsum (CaSO^ • 2 ^ 0 ) . Gypsum is a minor supergene mineral en

crusting calc-silicates in skarn bodies and adjacent to massive bodies 

of quartz associated with the skarn. It also occurs within some units
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of the Epitaph Dolomite near the Pride-of-the-West dike where it ap

pears to be unrelated to sulfide deposition.

Anglesite (PbSO^). The only occurrence of anglesite documented 

by the writer is at the Pocahontas mine where it is associated with 

cerussite. It was a minor ore mineral in the oxidized portions of most 

of the major mines in the district.

Silicates

Chrysocolla (CuSiOj ♦ ZH^O). Chrysocolla was identified as frac

ture fillings and disseminated grains occurring in altered Scherrer 

Quartzite at the North Belmont mine.



APPENDIX H

PETROGRAPHY OF THE PYROMETASOMATIC ORES

The major mode of sulfide deposition in the district involves 

replacement of Paleozoic marble and calc-silicate minerals by base metal 

sulfides. Occasional examples of open-space filling can be recognized 

within vuggy portions of the skarns where crystals of sphalerite and 

galena project into open spaces or into spaces later filled by postore 

calcite. Most of the ore is coarse-grained, containing individual 

grains ranging from 0.1 inch to more than 1 inch in length. Examples of 

finer-grained equant sulfide grains were found at the Holland mine.

Criteria of Paragenesis

General criteria used to determine paragenetic sequences of base 

metal ores are described by Bastin (1950), Edwards (1954), and Ramdohr 

(1969). All these authors warn students of ore petrography that there 

are relatively few textures diagnostic for paragenetic studies. Brett 

(1964, p. 1268) summarizes his study of exsolution textures by noting 

" . . .  veining, mutual boundary textures and textures suggesting re

placement processes may all be products of exsolutions. These results 

coupled with the results of previous workers should serve as an addi

tional reminder of the pitfalls inherent in the interpretation of ore 

textures."

Criteria used during this study of paragenetic determinations

include:
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1) Cross-cutting relations:

a) Veinlets of one or more minerals that cut another mineral 

mass.

b) Prongs of one or more minerals that deeply penetrate another 

mineral mass.

c) Supergene minerals replacing hypogene minerals within and 

adjacent to fractures.

2) Open-space filling relations:

a) Inward projecting crystal faces of one mineral partially 

engulfed by a later mineral, suggesting that the early 

euhedral mineral grew in an open space while the later min

eral filled the open space.

b) Concentric banding of two or more minerals within a vein 

structure.

c) Crystals perched on vein walls.

d) One mineral encrusting another in vugs.

3) Replacement relations:

a) Monomineralic banding of sulfides in skarn, suggesting se

lective replacement of calc-silicate and/or carbonate 

minerals.

b) Pseudomorphs.

c) Inward projections of a later mineral into an earlier min

eral along crystallographic axes of the latter, resulting in 

an "island and sea" or "exploding bomb" texture.
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d) Preferential replacement of one mineral over another by a 

later, third mineral sometimes resulting in an antecedent 

replacement texture.

e) Selective replacement, by a sulfide mineral, of the core or 

a preferred zone of an earlier silicate or sulfide mineral 

resulting in an atoll texture.

f) Selective replacement, by quartz, of one sulfide mineral 

while crystallographically-oriented, exsolution grains of 

another sulfide are unreplaced.

g) Pyrite cubes existing in the same specimen with pyrite ex

hibiting an "exploding bomb" texture, suggesting that the 

cubes represent a later period of pyrite deposition.

4) Simultaneous depositional relations:

a) Mutual boundaries between sulfide grains.

b) Equivocal reentrant relationships between two sulfide grains 

in the same specimen.

5) Exsolution relations:

a) Crystallographically-oriented blebs, stars, and veinlets of 

one sulfide mineral within another.

b) Unoriented blebs of one sulfide mineral concentrated near 

the edge of another sulfide grain forming an "emulsion" 

texture.

c) Graphic intergrowth textures between two sulfide minerals.

d) Exsolution lamellae of one sulfide within another.



e) The occurrence of one sulfide mineral at the grain bound

aries of a second sulfide resulting in a rim or network 

texture.

f) Segregation veins of one sulfide within another.

The data collected from these textural relationships were used 

to construct the diagram of mineral paragenesis shown on Figure 35.

Petrography of the Silicate Stage

Polished section and thin section studies reveal that replace

ment textures are dominant in the silicate stage. Minor open-space 

filling relationships are suggested by the occurrence of garnet and oc- 

cational diopside crystals that project into empty or partially filled 

vugs within the skarn. Likewise, growth rings, marked by sharp rhythmic 

fluctuations in the chemical composition of garnet crystals between 

grossularite and andradite, suggest that the skarn systems were porous 

enough to record these sudden chemical changes (T. Surles, personal com

munication, 1977). Cross-cutting relations are seen where veinlets of 

garnet and epidote cross-cut the postmagmatic endoskarns and where vein- 

lets of orthoclase cross-cut the Pride-of-the-West exoskarn.

Although the majority of the polished sections conclusively show 

that sulfides postdate deposition of the calc-silicate minerals (Figure 

43), some sections show crystal faces of garnet projecting into chalco- 

pyrite and pyrrhotite (Figure 44); unreplaced garnet crystals occasion

ally are surrounded by sulfides. In these instances, there is usually 

a narrow zone of talc separating the sulfides from garnet. Either the
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Figure 43. Sphalerite (SL), Talc (T), and Calcite (C) Replacing Garnet 
Crystals (G). —  Replacement occurs in select zones within 
the garnet; 3.5 x 5 mm field of view.
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A. Chalcopyrite (CP) replacing pyrrhotite (PO). Crystal faces of gar
net (G) project into pyrrhotite; 2 x 3 mm field of view.

B. Sphalerite (SL) and chalcopyrite (CP) replacing pyrrhotite (PO) and 
garnet (G); molybdenite (MO) occurs as blades in talc (T); quartz 
(Q) occurs at contact between chalcopyrite and garnet; 2 x 3 mm view.

Figure 44. Sulfide Relationships in the Washington Camp-Duquesne Ores.
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garnet replaced the sulfides or the sulfides selectively replaced a vug- 

filling mineral interstitial to the garnet, forming an antecedent re

placement texture.

The age relationships between molybdenite and the calc-silicates 

or between molybdenite and the sulfides could not be determined. Molyb

denite only was found in masses of talc or calcite that replaced garnet.

Petrography of the 
Hypogene Sulfide Stage

Pyrrhotite was the earliest hypogene mineral to form in the 

pyrometasomatic deposits of the district. At least two periods of py- 

rite deposition were documented in this stage. Somite, valleriite(?), 

cubanite, and chalcocite only occur as exsolution blebs within chalco- 

pyrite, pyrite, and pyrrhotite while argentite dominantly occurs along 

crystallographic axes within galena.

Early pyrite is replaced or veined by all sulfides except pyrrho

tite. Although there is much evidence for the simultaneous deposition 

of chalcopyrite, sphalerite, and galena (Figure 45), much of the depo

sition of chalcopyrite preceded sphalerite and galena deposition, and 

much of the deposition of sphalerite preceded galena. Late-stage pyrite 

cubes replaced sulfides or occur with quartz in veins cross-cutting the 

earlier sulfides.

Exsolution Textures

Exsolution textures were seen in most of the polished section 

samples taken from the Simplot and Deerwater mines. These textures are 

not as common in samples from the Holland mine. Sphalerite hosts
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A. Chalcopyrite (CP), galena (GN) and sphalerite (SL). Note sphalerite 
stars in chalcopyrite and chalcopyrite blebs in sphalerite; bornite 
and digenite occur adjacent to calcite veins that cross-cut the 
chalcopyrite.

B. Galena (GN) and sphalerite (SL); chalcopyrite (CP) occurs at that 
boundary; veined by calcite (C).

Figure 45. Mutual Grain Boundaries between Sulfides. —  2 x 3 mm field 
of view.
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exsolution blebs and veinlets of chalcopyrite. Emulsion textures in

crease toward the edges of .the sphalerite grains (Figure 45). Indi

vidual chalcopyrite grains range in size from"0.01-0.25 mm in diameter. 

Grains containing exsolution laminae of chalcopyrite-boroite rarely oc

cur in sphalerite host grains. Galena hosts blebs and rods of chalco

pyrite, bornite, and argentine that occur along crystallographic axial 

directions of the galena. The argentite grains seldom exceed 0.25 mm 

in length and 0.20 mm in width.

Chalcopyrite is the host for valleriite(?), sphalerite, bornite, 

and cubanite exsolutions. Valleriite(?), cubanite, and bornite occur 

as small blebs and rods. Sphalerite occurs as stars with 3 or 4 corners, 

as dendritic masses that resemble Rorschach ink blot tests (Figure 46), 

as dumb bell- and ladder-shaped masses. Many of the sphalerite stars 

are aligned, suggesting that they occur along crystallographic axes of 

the chalcopyrite. Some stars were found that transect the boundaries 

between chalcopyrite and pyrite and, more rarely between chalcopyrite 

and pyrrhotite. One star crosses the boundary between chalcopyrite and 

late-stage quartz. The paragenetic age relations between the sphaler

ite stars and the other exsolution blebs within chalcopyrite could not 

be determined. Dumb bell-shaped grains of sphalerite were found which 

replace exsolution blebs of valleriite(?) and cubanite.

Several grains were noted that consist of exsolution lamellae 

of chalcopyrite intergrown with bornite and cubanite.

Pyrite hosts exsolution blebs of bornite, sphalerite, galena, 

and cubanite. Sphalerite stars are most common in early pyrite (Figure 

47) but were also found in a few grains of late-stage cubic pyrite.
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A. Stars and dendritic masses in chalcopyrite (CP); pyrite (PY) and 
calcite (C); 2 x 3 mm field of view.

B. Sphalerite (SL) exsolution stars and trellis figures in chalcopy
rite (CP); veined by calcite (C).

Figure 46. Sphalerite (SL) Exsolutions in Sulfide Ores.
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Figure 47. Chalcopyrite (CP) Replacing Pyrite (PY). —  Triangular py- 
rite surrounded by chlorite is probably younger than the 
chalcopyrite; note sphalerite stars (SL) in pyrite and chal
copyrite; 0.7 x 1 mm field of view.
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Exsolution blebs of bornite, galena, and cubanite are very rare in cubic 

pyrite. One polished section contains a grain of cube-shaped pyrite 

with several sphalerite stars, while another grain of cubic pyrite in 

that section clearly replaces a sphalerite star within chalcopyrite.

Pyrrhotite rarely contains any exsolution grains. Sphalerite 

stars occur in a few pyrrhotite grains. Blebs of sphalerite, bornite, 

and chalcopyrite which could have formed by exsolution were found in a 

few polished sections.

Replacement and 
Cross-cutting Textures

Examples of selective replacement of carbonates and calc- 

silicates can be seen megascopically in all the mines studied in the 

district. Laminae and bands of pyrite-pyrrhotite, pyrite-sphalerite, 

chalcopyrite-pyrite-sphalerite, and sphalerite-galena appear to selec

tively replace zones within the exoskarns on the hanging wall side of 

the ore zones while irregular replacement masses of sphalerite-galena 

replace limestone on the footwall side of the ores. Several examples 

were found where unmineralized chert nodules are surrounded by massive 

sulfides that replaced the enclosing limestone.

Polished section studies show pyrite, sphalerite, chalcopyrite, 

and galena cutting across and massively replacing banded pyrrhotite. 

Chalcopyrite replaced pyrite along crystallographic axes of the pyrite, 

resulting in an "exploding bomb" texture.

Calcite, talc, or sulfides often replace selective bands within 

garnet crystals (Figures 43 and 44). The sulfides may be selectively
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replacing andradite-rich zones within the zoned andradite-grossularite 

garnet.

Numerous examples were found where prongs of one sulfide deeply 

penetrate or vein another sulfide mineral. A consistent order of sul

fide deposition cannot be determined with these relationships as chalco- 

pyrite penetrates sphalerite in one polished section while sphalerite 

penetrates chalcopyrite in another specimen. This same relationship 

was found between chalcopyrite and galena and between galena and sphaler

ite. Pyrrhotite was never seen penetrating the other sulfides.

Antecedent replacement textures commonly occur in the Holland 

mine. There, growing sphalerite nuclei encroached upon and replaced 

chalcopyrite resulting in a network of "pseudoveins" of chalcopyrite 

occurring between grains of sphalerite.

Several polished sections contain two forms of pyrite. Older 

pitted pyrite is intensely replaced by chalcopyrite; adjacent unpitted 

pyrite cubes are enclosed in, but unreplaced by, chalcopyrite. From 

these relationships, the author concludes that there are two ages of 

pyrite with the cubic forms representing a late stage of pyrite deposi

tion replacing chalcopyrite. The cubic pyrite often is partially sur

rounded by talc or quartz (Figure 47).

Three polished sections show intense veining of chalcopyrite by 

sphalerite and digenite that probably represents the last deposition in 

the hypogene sulfide stage. These veins consist of dominant sphalerite 

with minor digenite that is replaced by supergene bornite and minor



covellite. The veins are, in turn, cross-cut by later calcite and 

hematite (Figure 48).

Simultaneous Depositional Textures

Evidence of simultaneous deposition of chalcopyrite, galena, 

and sphalerite is seen in most of the polished sections. Caries tex

tures , a scalloped boundary relationship between sulfide grains, can be 

used to demonstrate that any of the above sulfides, except pyrrhotite, 

replaced another while other grains within the same specimen show the 

opposite relations. Likewise, equivocal relations are found in the 

same specimen where one sulfide will deeply penetrate another.

Open-space Filling Textures

The only open-space textures formed during the hypogene sulfide 

stage resulted from deposition of sulfides in unfilled vugs within 

skam. Crystals of sphalerite and galena occur in vugs on the 300 foot 

level of the Holland mine. Many of these vugs were later filled by 

coarse-grained calcite, quartz, hematite, and chlorite.

Petrography of the 
Late Oxide Stage

Open-space filling textures are dominant in the late oxide stage 

of mineralization. The mineralogy of this stage includes crystal masses 

and veins of specular hematite, manganese oxides, quartz, and calcite 

(Figure 49). The only sulfide minerals found consist of isolated euhed- 

ral arsenopyrite crystals that occur within calcite veins or are perched 

on the walls of those veins. Minor chlorite occurs coating specular 

hematite, and anhydrite coats quartz crystals in vugs.
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Figure 48. Chalcopyrite (CP) Replaced by Bornite (B) and Digenite 
(D). —  Sulfides are veined by hematite (H) and calcite 
(C); 0.7 x 1 mm field of view.
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Figure 49. Chalcopyrite (CP) and Galena (GN) Cut by Late Oxide Stage 
Vein of Calcite (C) and Hematite (H). —  Late stage pyrite 
cubes (PY) occur in the chalcopyrite; 0.7 x 1 mm field of 
view.
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Quartz occurs as veinlets with botryoidal manganese oxides and 

hematite crystals, as individual euhedral crystals or bunches of crys

tals replacing sulfides, or as large pipe-like and kidney-shaped masses 

replacing skarn. Spectacular Japanese-twinned quartz crystals are most 

common in the latter instance and were found at the Holland, Simplot, 

Bonanza, Indiana, Kansas, Empire, and North Belmont mines.

An unusual replacement relationship, noted in several polished 

sections, is the highly selective replacement of chalcopyrite by euhedral 

quartz crystals. There, sphalerite exsolution stars that occur in ad

jacent chalcopyrite were not replaced by the quartz, resulting in spha

lerite stars occurring within the quartz crystal (Figure 50). In several 

instances, the crystallographically-aligned stars can be traced from 

the chalcopyrite into the quartz with no apparent offset of alignment.

In one specimen, a sphalerite star transects the quartz-chalcopyrite 

contact, suggesting a volume-for-volume replacement of chalcopyrite by 

the growing quartz crystal. No physical or chemical explanation for 

this phenomenon is known to the author. Ramdohr (1969, p. 210) noted a 

similar occurrence of stannite stars within euhedral quartz where the 

quartz also selectively replaced chalcopyrite.



Figure 50. Chalcopyrite (CP) and Pyrrhotite (PO) that Were Replaced By
Quartz (Q). —  Garnet (G) is replaced by talc (T). Note that 
the quartz selectively replaced the chalcopyrite while spha
lerite stars (SL) were unreplaced and occur within the 
quartz; 0.7 x 1 mm field of view.
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2  Bonanza
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4  David Alien
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6  Dudley Standard
7  Duquesne
8  Empire
9  Estelle -Lou ise  
ID Holland
U Illinois
!2 Indiana 

!3 Indianapolis
!4  Kansas 
!5  Maine 
!6  Manzanita 
!7  M ary Jane 
!8  New York 
!9  North Belmont
2 0  Pride -o f-  the - Wes t 
2 ! Silver Bill
2 2  San Antonio
2 3  Simplot
2 4  South Empire
2 5  Texas -  Smuggler
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O
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4,000'

Figures 3 1 ,3 2 ,33  and 34
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Demetrie Vo!conics (K )
Rhyolite crystal tuff, welded tuff, 

and flows with shale, ss., and 
qtzite. interbeds; 1 0 0 0 '

Red vole, eg.-, minor red  shale 
and s i I t  stone; 1 0 0 0 '

X TUCSON

Maroon shale, argillite, and 
minor ss., qtzite.;
1 6 0 0 -1 8 0 0 '

Coarse conglomerate; 2 0 0 '
Rhyolite flows, welded tuff, a n d /1  

t u f f  brx. ■, minor red  beds, /
* 1200' , 

Porphyritic andesite flows; 6 0 0 '

Rhyolite and rhyo'dacite tu ff, 
welded tu ff  and q tz ite .;0 -l5 0 0 ‘

Porphyritic andesite flows; 6 0 0 'z /
Rhyolite 6  rhyodocite tu f f  brx., 

welded tu ff  8  tu ff; minor vole, 
pebble cg ,ss., & eg.-, 1200-1500'

Whitcomb Quartzite
(K)

"Andesite flows and brx., 
vole. eg. 8  red beds 
1100' _

Red 8  gray clastic rocks,
pebble eg- 
+ 1300'

s 5 S

Temporal Fm. (K )
-Arkose, tuff, ss., rhyolite tuff, 

eg. 8  qtzite.; 8 6 5 ^

Vote, eg., arkosic eg. S 'ss^'JdO i.

Ra invalley 
2

PEAK
Schistose tu ff 8  eg.*, base intruded 

by 1 9 0 *2 0  my pluton{ 700 '

S.W. S/ERRIT/t'
2,11

MTNS.

Fm. (P)

Sandstone (50%), dacite and 
andesite flows (40%); rhyo- 
dacite flows (10%); 2 0 0 0 '

z ^ | \  S ift, arkosic ss., j^ g j^ 6 3 0 '

Red beds, tu f f  (192 - 2 0 m yj^350 ' 
SHtstone, 2 0 0 '

l

.Pitoikam Fm. (K )
~Phyllite, phyllitic eg.,3 0 0 '
Qtzite., tu ff, 3 0 0 '
Andesite, I at it e, qtz. lot it e 
flows, flow brx. 8  tu f f  
t !2 0 0 \ faulted or intruded 
at base

BABOQUIVARI MTNS.
8

Ora Blanco Fm 
(K)

Rhyolite 8  qtz. latite 
welded tu f f  and tu f f  

4 8 0 0 '

X

Rhyolite tu ff, faulted at base 
+ 4 7 0 0 '

GUM A 8 s MTNS.

Arivaco

Sosabe

Sources 4 %
% \

8

^Boker, 1961 
'Cooper, 1971 
^Drewes, 1971 
1 Finn ell, 1971
' Hayes, Simons, and Roup, 1965  --1000
^Hayes and Raup, 1968 
Hayes, 1970  
Heind! and Fair, 1965 

9 Knight, 1970 
^Simons, 1972 
Thoms, 1966 
This study

\

\

Oro Blanco Fm. (K )

Granitic arkose 
/  0  - 2 6 0 0 '

Rhyolite and latite flows 
welded tuff, flow brx. and 
tu ff  brx.-, minor dacite, ss., 
qtzite., and eg.-, date at 
center - 2 2 0  *  3 0  my

5 0 0 0 '

Glance Conglomerate (K)

^Canelo Hills Volcanics: Tuff, ss., siliceous tu ff,
\_ o n d  eg; 6 0 0 '

Gardner Canyon Fm'* Red beds, Hthic tu f f  OTO^ 3 5  8  210 -3 0 m y )  
and volcanic conglomerate
1200'

\ \ *
^Ro/nvolley Fm. (P ) BENSON

EMPIRE MTNS.

D oate and andesite flows; 
minor latite, rhyolite, and 
clastic rocks; base intruded 
by pluton dated at 184 * 2 0  my

*1 5 0 0 '

-Siliceous flows and welded t u f f  
\| top not exposed, * 5 0 0 '

Red beds with local rhyolite 8  latite flows 8  tu ff; 
exotic blocks o f Paleozoic rocks, 6 0 0 '

SANTA RITA MTNS.

Qtz. la tite  welded t u f f  and tu f f  
with mterbedded sandstone

5 6 0 0 '
X Sonoito

Noco Group (P, IP)
/  6 

MUSTANG MTNS.

Btsbee Fm (K )

W a te r-b id  rhyolite tu f t  with minor 
qtz. latite near base*, faulted at base

+ 6 7 0 0 1

\
Bisbee Fm. (K)

Qtz. latite welded tuff*, 3 5 0 '
Rhyolite welded tuff; 7 0 0 '

Volcanic conglomerate-, 3 5 0 '

Rhyolite tu f f  breccia, 6 2 5 '

Rhyolite welded tu f f  and lavas*, 
minor tuffaceous ss.; 7 5 0 ' \

Qtz^Totite lava*, 4 7 5 ' \
Flow-contorted rhyolite I ova, 4 0 0 '  
Qtz. latite welded tu ff and tuff; \ 
600 \  , \ 

Andesite flow, 0  ~ 2 0 0 ^  V
Rhyolite welded tu f f  and lava; 
faulted at base; * 100O'

Trachy andesite on 
Meadow Valley (72. / -Jm/yl

Flow - contorted, silicic 
lava, flow brx., tu ff, \
welded tu f f  and mmoF" 
vole. eg. and qtzite. 

2 0 0 0 - 2 5 0 0 '

x  9
. ORO BLANCO MTNS.

«/>

i
i

V

Flow-layered porph. . 
andesite, silicic welded; 
tu ff, feld. ss.*, 6 5 0  750  

Jb ff, welded tuff, red b eds^  
lovo^jSOO-ZOO' \

Tuff, lava, flow brx., porph. 5  
andesite{ 9 0 0 /0 0 0 '  \

Tuff, vole, eg., red beds, 
faulted at base; /  5 0 0 \ \

CORRAL CANYON

DUQUESNE

FINLEY 8
-\ 4 12

ADAMS CNYN.

NOGALES
Jx

20 miles

Figure 8. Tentative Correlation of the Duquesne Voicanics with Other Mesozoic 

Volcanic Units o f Southern Arizona

Upper welded tu f f  member*, sparsely porph. 
densely welded tu ff and massive alkali rhyolite*, 
top not exposed*, + 6 4 0 0 '  
dated at 173 ±8 , 173 ±7, 1 6 5 *6 , 8  144 * 4  my

X SIERRA VISTA

Rhyolite lava member. sparsely porphyritic, flow - 
contorted rhyolite with minor tuff, ss., and eg.; 
exotic blocks o f Paleozoic rocks; * 1 0 0 0 '

Lower member *. Red beds and eg. (60% )  
rhyolite welded tu ff  a id  flows (4 0 % ) 
exotic blocks o f Paleozoic rocks; 
faulted at top ond base,
*2000 '

CANELO HILLS
Tertiary gravel

-Rhyolite welded tuff, 
volcanic pebble cq., and 
tu ff brx.; * 1000

Rhyolite flows; 5 5 0 '

Qtz. latite welded tuff; 3 0 0 ' 
Rhyolite lava*, 2 0 0 '
Rhyolite welded tu f f  and lava*, 
1100'

Rhyolite tu ff brx. 5 0 0 '
Rhyolite welded tu ff and 

volcanic eg. *, 8 0 0 '

Qtz. latite* lava; 2 7 5 '
Rhyolite welded tu ff: 4 5 0 '

—  Rhyolite trachyte turf, faulted a t base;
- +35 O'

5 J
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EPI DOTE

'RNFELS

RNFELSdLA L B IT E -E P ID

HORNFELS

py»oXI-:m- HORfi/Fcts
-7 A  «- -1 ^  ' V  v >  L A  1 ' u > r  *  *  L  ±  -I *  , '

'^ —HORNBLENDE HORNFELS

Figure 12 Distribution o f  Metamorphic Facies in the 
Washington Camp -  Duquesne District.

Facies Index Minerals 

Vo/conicsSediments

A Ibite - Epidote Hornfets ( ! )  Tote, Chlorite 

Atbite-Epidote Hornfe/s (II)  Tremolite

Muscovite, Chlorite

Biotite

Hornblende Hornfe/s Diopside, Forsterite 

Pyroxene Hornfe/s WoHastonite, Garnet

Hornblende

Diopside, Enstatite

Lithology

Alluvium

Garnet Shorn

Silicic Plutonic Rocks

Mofic Plutonic Rocks

Duquesne Metavolcanics

Paleozoic Metasediments
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