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ABSTRACT

The Alum Wash prospect is a weakly mineralized porphyry copper 

occurrence in Precambrian rocks in northwestern Arizona. Located just 

north of the Mineral Park mine, it is genetically related to the 

mineralizing events that produced the copper and molybdenum mineraliza

tion at the mine.

The Precambrian terrane includes an older succession of folded 

metavolcanic and metasedimentary rocks intruded by a granite gneiss 

batholith. Localization of the mineralization was controlled by the 

Precambrian intrusive contact, premineral faulting, and the intrusion 

of Laramide dikes. Mineralized fractures are oriented N 3CP-5CP W, 

N 50°-80° E, east-west and north-south. The NNW to NW direction is the 

dominant orientation of mineralized fractures at Alum Wash.

Hypogene mineralization consists of an upper zone of quartz- 

pyrite-magnetite-chlorite-chalcopyrite veinlets and a lower zone of 

quartz-K-feldspar-molybdenite-anhydrite veinlets. Supergene processes 

have formed an enriched blanket with copper values between 0.15% and 

1.50%. Continued erosion has modified the blanket, which, at present, 

is in the process of being weathered.

viii



CHAPTER 1

INTRODUCTION

The Alum Wash prospect, so named because of the sulfate-rich 

surface water in the area, is located approximately 37 km north of 

Kingman, Arizona, in the Wallapai mining district (Fig. 1). Duval 

Corporation's Mineral Park mine is immediately south of the area 

studied.

The Wallapai mining district has had a colorful history since 

1863 when the first mining claims were staked on Silver Hill. The 

Keystone, New Moon, Queen Bee, White Horse, and Metallic Accident were 

the largest producers within the study area. These mines were developed 

along fault-veins and produced precious metals from the oxide zone.

After the acquisition of the Mineral Park property by the Duval 

Corporation in 1958, the Alum Wash area was evaluated for its copper 

potential and rejected. The area was worked for its turquoise by the L. 

W. Hardy Company but later abandoned. Renewed interest in the area was 

brought about by the depletion of supergene-enriched copper ore at 

Mineral Park and the need to develop additional reserves. Figure 2 is a 

topographic map showing the locations of the physical features around 

the Alum Wash prospect.

1
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Purpose and Method

The purpose of this study has been to (1) construct a comprehen

sive geologic map of the Alum Wash prospect, (2) investigate the factors 

that controlled the formation of metallic and nonmetallic mineral 

phases, and (3) determine the relationship of the mineralization of 

the Alum Wash prospect to that found at Mineral Park. All available 

published and unpublished studies were consulted to evaluate the 

thoughts presented by the numerous workers.
•' .* iDetailed mapping at a scale of 1:2400 was completed over an area 

covering 5.2 square kilometers. Geology, structure, sample location, 

and data location points were drafted on a contoured base map. Altera

tion was first drafted on a mylar overlay and superimposed on the base 

map. Some 60 samples of outcrop and drill core were gathered for thin 

section and polished section studies. Cross sections were constructed 

to present lithologic and mineralization data obtained from surface and 

drill core samples.

Using the Structural Map of Wallapai Mining District, Mohave 

County, Arizona, compiled by W. H. Wilkinson as a base, additional data 

were gathered to supplement the work of previous mine geologists and 

this author.

Previous Work

The first geological reconnaissance in the area was made by Lee 

(1908). Schrader (1909) studied the mining districts of Mohave County. 

Several workers have made detailed studies of the veins. These include 

Haury (1947), Thomas (1949, 1953), Dings (1951), and Eaton (1980).
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The Mineral Park area, to the south of Alum Wash, has been thoroughly 

studied. Previous workers include Eidel, Frost and Clippinger (1968), 

Davis (1971), Drake (1972), Laine (1974), Rehrig and Heidrick (1972, 

1976), Wilkinson (1981), and Wilkinson, Vega, and Titley (1982). The 

only written report on the Alum Wash area is an unpublished report by 

Ellis (1972).



CHAPTER 2

GEOLOGY

Regional Geologic Setting

The Cerbat Mountain range is an eastward tilted fault block 

(Thomas, 1949) consisting of crystalline Precambrian rocks intruded by 

Laramide stocks and dikes, and locally covered by erosional remnants of 

Tertiary and Quaternary volcanic rocks. Thomas (1949) suggested that 

at one time the entire area of the Chloride quadrangle was covered by 

Tertiary volcanic strata. No Paleozoic strata have been identified in 

the range. To the east, a distance of 34 km, is located the Grand Wash 

fault, western boundary of the Colorado Plateau.

The only known occurrence of intrusive Laramide rocks in the 

Cerbat Mountains is along the western flank of the range, including the 

Alum Wash, Mineral Park, and Little Ithaca areas (Fig. 3).

Precambrian Cerbat Complex

A granite gneiss complex is the predominant rock in the Cerbat 

range. The complex is batholith sized and includes two distinct intru

sive granites: the Chloride Granite and the Diana Granite. The granites 

have been radiometrically dated at 1740 m.y. for the Chloride Granite 

(Silver, 1967, U-Pb) and 1350 m.y. for the Diana Granite (Shafiqullah 

and others, 1980, K-Ar). Wilkinson and others (1982) correlated these

6
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plutons with rocks of similar age in the Hualapai Mountains; these rocks 

include an unnamed granite of similar texture dated at 1 8 0 0 + 4 7 0  m.y. 

(Kessler, 1976, Rb-Sr) and a second group of rocks represented by the 

Hualapai Granite, 1397 + 69 m.y., the Holy Moses Granite, 1364 + 24 

m.y., and a medium-grained granite, 1337 + 38 m.y. (Kessler, 1976, Rb-Sr 

whole rock isochron dates).

The layered Precambrian rocks of the Cerbat Complex have been 

separated into various mappable units by different workers. Thomas 

(1949) first identified an older succession of steeply dipping layers of 

hornblende-diopside schist, amphibolite, biotite schist, quartzite, and 

lit-par-lit gneiss intruded by granite. Thomas (1949) described these 

older rocks as having numerous discontinuous exposures surrounded by, 

and interlayered with, the biotite granite gneiss. Based on evidence of 

relict bedding in the quartzites and the disposition of the layered 

rocks in large folds, he determined that the layered rocks represent a 

series of stratified deposits.

Alum Wash Precambrian Rocks

Within the Alum Wash area the Precambrian units that outcrop are

(1) an older metamorphic group consisting of amphibolite, quartz- 

feldspar gneiss, quartz-biotite schist, and minor amounts of quartzite;

(2) granitic biotite gneiss; (3) very small outcrops of metarhyolite; 

and (4) pegmatite dikes.

The older metamorphic group covers the western third of the 

mapped area. The contact between the older group and the granitic 

gneiss is gradational owing to the large number of amphibolite
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inclusions in the granitic gneiss. Wilkinson and others (1982) de

scribed this as a contact between structural domains based on contrast

ing orientations of foliation trends and the abundance of inclusions. 

They described the relationships as suggesting that the granite gneiss 

intruded an already folded terrane. Portions of this folded terrane 

occur as remnants in the granite gneiss. The district-wide importance 

of the contact was pointed out by Wilkinson and others (1982) as 

controlling the location of the Ithaca Peak stock, the Alum Wash and 

Little Ithaca altered areas, the rhyolite dikes, and the distribution of 

the mineralized fault veins.

The exact age relationships of the units in the layered, older 

met amorphic succession could not be determined because of the lack of 

stratigraphic facing. Outcrops of the layered rocks are scattered 

throughout the western portion of the prospect (Fig. 4), but they can 

be divided into three areas based on the predominating lithology. The 

quartz-feldspar gneiss in the southwest corner (Fig. 4) is a portion 

of an extensive unit that includes Roper Ridge. To the northeast of 

this unit is a zone of amphibolite, with minor quartzite lenses grading 

into a quartz-rich quartz-biotite schist. Table 1 lists the modal 

analyses of selected Precambrian rocks.

Rocks at the top of hill 2D-18 and along the ridge near hole 961 

have been mapped as Laramide intrusions by various workers (Ellis, 1972; 

Wilkinson and others, 1982). Eidel and others (1968) used the term 

hybrid to denote rocks that could not be identified as quartz-feldspar 

gneiss or quartz monzonite porphyry. Subsequent pit mapping at Mineral 

Park has shown the hybrid rocks to be quartz-feldspar gneiss.
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TABLE 1. MODAL ANALYSES OF SELECTED PRECAMBRIAN ROCKS

Sam
ple
No.

Mineral

Rock type
Quartz

K-
feld-
spar

Pla-
gio-
clase

Bio-
tite

Horn
blende Other

54-1 0 10 30 0 40 20
Amphibolite

54-2 5 5 20 0 55 15

Siliceous 53-1 60 0 0 10 0 30
metasedimen
tary rocks 53-2 30 45 0 tr tr 20

Quartz
feldspar 65-1 35 45 15 tr 0 5
gneiss

Granite
gneiss 55-2 20 50 0 15 0 15

Metarhyolite 56-1 30 30 0 tr 0 40
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At Alum Wash the strongly altered granite gneiss and portions of 

the quartz-feldspar gneiss have the appearance of quartz monzonite. 

Where weakly foliated, the texture of the granite gneiss is similar to 

that of an unmetamorphosed plutonic rock.

Amphibolite. Eaton (1980) suggested that the amphibolite is the 

oldest unit and concluded that the amphibolite outcrops are large blocks 

"rafted" in the granite gneiss complex. Field observations at Mineral 

Park (Wilkinson and others, 1982) and Alum Wash suggest that the 

amphibolite is part of an old succession that was invaded by the granite 

gneiss. This observation correlates with the description by Thomas 

(1949).

Thomas (1949) described the amphibolite as variable in composi

tion, locally grading into schistose units depending on the amount of 

biotite present. In Alum Wash it is predominantly of the schistose 

variety, similar to that found at Mineral Park. Table 2 compares the 

average modal analyses between amphibolites from the Chloride area 

(Eaton, 1980), Mineral Park (Wilkinson and others, 1982), and Alum 

Wash.

The differences probably are due to original rock chemistry. 

Eaton (1980) suggested that the amphibolites in the Chloride area were 

derived from basalts. The amphibolites occur as prominent massive black 

knobs or ridges, are poorly foliated to nonfoliated, and have an average 

amphibole content of 61%. Contrary to the mode of occurrence described 

by Eaton (1980) for the amphibolites in the Chloride area, the amphibo

lites in Alum Wash are not resistant to erosion. They commonly form
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TABLE 2. COMPARISON OF MODAL ANALYSES OF AMPHIBOLITE SAMPLES FROM 
EATON (1980), WILKINSON AND OTHERS (1982), AND ALUM WASH

Mineral
Wilkinson

Eaton and Alum Wash
others

Hornblende 40 37 44

Augite 21 0 4

Plagioclase 27 38 16

K-feldspar 0 0 4

Biotite 4 4 10

Quartz 0 21 9

Other 8 0 13
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saddles and flank the higher peaks. Weathered outcrops vary from 

greenish gray to dark green or black. The pronounced foliation and the 

increase in the amount of quartz and biotite in the Alum Wash amphibo

lites over the amphibolites in the Chloride area indicate a greater 

percentage of tuffaceous materials in the protolith. Thin lenses of 

dark black hornblende-rich amphibolite probably were interbedded 

basalts.

The amphibolite is variable in composition, averaging 44% horn

blende in equant idioblastic to subidioblastic grains. The hornblende 

has a greenish brown pleochroism. Thomas (1953) recognized a neutral to 

blue-green pleochroism of the hornblende in the Mineral Park area. This 

pleochroism does not occur in hornblende of the amphibolites in Alum 

Wash.

The amount of augite in the amphibolite is variable and depends 

on how much has converted to hornblende. Plagioclase occurs as xeno- 

blastic tabular grains. Polysynthetic twinning according to the albite 

law is common and may be combined with twinning according to the 

Carlsbad law. The An content was measured at 31 by the Michel-Levy 

method.

Accessory minerals include orthoclase, zircon, and apatite. 

Actinolite has formed as an alteration product in fractures and sur

rounding hornblende and augite grains. Sericite is a common alternation 

mineral after plagioclase, and in sample 161-2048 it also replaces 

biotite. Secondary biotite, pseudomorphic after hornblende, was also 

noted in this sample.
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Siliceous Metasedimentary Rocks. To the northeast of the 

amphibolite unit shown on Figure 4 is a succession of siliceous meta

sedimentary rocks that include quartzite, quartz-rich biotite schist 

and fine-grained quartzo-feldspathic schist. Their contact with the 

amphibolites is transitional, with thin lenses of siliceous meta

sediments occurring in the amphibolite. To the north and east the 

metasedimentary rocks interlayer with, and terminate against, the 

granite gneiss along contacts that are locally sharp, but because of the 

interlayering they are difficult to pinpoint. The contacts shown on 

Figure 4 are placed where one unit predominates. To the northwest, the 

quartz content decreases and the unit becomes mafic rich. On the 

northern boundary (Fig. 4) the unit includes a massive, dark black 

amphibolite lense.

Outcrops of the siliceous metasedimentary rocks are not promi

nent and comronly form slopes or low ridges. Weathered outcrops are 

a dull grayish brown. Foliation is not everywhere apparent but is 

increasingly obvious with increasing biotite content. Otherwise, the 

texture is granoblastic with a weak foliation. The metasedimentary 

rocks are composed primarily of quartz. Grains are strongly fractured 

and show undulatory extinction. They are subrounded to subangular. 

Biotite content varies from a trace to 15%. In altered samples, it has 

been replaced by sericite. Accessory minerals include microcline and 

hornblende. In sample 53-2 microcline is more abundant than quartz.

Quartz-Feldspar Gneiss. Strongly resistant to erosion, this 

unit makes up approximately 20% of the older succession in Alum Wash.
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Located in the southwest corner (Fig. 4), the gneiss is a portion of 

an extensive unit that is exposed continuously to the northwest, where 

it forms part of the Roper Ridge fold; beyond the ridge, it is covered 

by alluvium. To the southeast, it forms the Turquoise Mountain fold and 

beyond is interlayered with, and ultimately replaced by, the granite 

gneiss as the predominant rock type. Outcrops are reddish white to 

brown. Foliation is vague to distinct, depending on the degree of 

alteration. Textures are gneissic with alternate quartz-rich and 

feldspar-rich bands. The quartz is xenoblastic and the feldspar is 

idioblastic to subidioblastic.

Granite Gneiss. The granite gneiss covers the eastern two- 

thirds of the study area. The rock type consits of biotite granite with 

numerous inclusions of amphibolite. Where unaltered, it is resistant to 

erosion and forms the higher peaks in the range. Altered exposures are 

easily eroded and generally form saddles or washes.

The contact between the granite gneiss and the older succession 

is a zone approximately 160 meters wide, with the large number and 

size of inclusions making the exact point of transition difficult to 

identify. Wilkinson and others (1982) used contrasting foliation 

directions to define the contact. This criterion was followed in 

this study.

Thomas (1953) noted a diversity of texture and structure in the 

granite gneisses of the Chloride quadrangle, but a uniformity of compo

sition. In Alum Wash the granite gneisses are uniform in metamorphic 

texture. Porphyroblasts of orthoclase and component minerals occur in a
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microcrystalline mosaic of crushed mineral grains. Foliation is weak to 

indeterminate and is due to the alignment of biotite.

The principal minerals are orthoclase, 20% to 30%; quartz, 20%; 

microcline, 10% to 20%; and biotite, 10% to 15%. The mineral grains are 

strongly fractured with quartz, orthoclase, and microcline showing 

undulatory extinction. Accessory minerals include minor plagioclase, 

apatite, and sphene.

Where strongly altered, the granite gneiss is nearly indis

tinguishable from the Laramide quartz monzonite porphyry. Several 

exposures were mapped by Ellis (1972) as quartz monzonite porphyry, but 

are reinterpreted here as granite gneiss, based on new exposures in road 

cuts that show weak foliation, and on a reevaluation of textures and 

structures in drill core samples. Uncertainty of rock types has led to 

problems in both the mapping and age relationships. Because this 

problem involves Laramide rocks, additional details are discussed in the 

section on Laramide rocks.

Metarhyolite. Eaton (1980) was the first to map metarhyolite as 

a separate unit. Based on field relationships and its metamorphic 

texture, he assumed its age to be late Precambrian. Exposures in Alum 

Wash are too limited to adequately assess the age relationships of 

the metarhyolite and, therefore, a late Precambrian age will also be 

tentatively assumed.

The metarhyolite outcrops in three locations that may be expo

sures of a single dike. Eaton (1980) suggested that the metarhyolite 

was injected into fractures related to the axial plane cleavage of the
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last period of folding. The orientation of the dike as interpreted here 

in Alum Wash may also be controlled by the mechanism suggested by Eaton, 

as it parallels the axis of the fold in rocks of Roper Ridge.

Eaton (1980) described both aphanitic and phaneritic phases. 

Only an aphanitic phase was found at Alum Wash. Dike thickness is 

< 1 meter. A weak parting is developed, expressed by foliation that 

exhibits a sheen produced by the alignment of muscovite flakes.

The metarhyolite is porphyroblasto-aphanitic with a mylonitic 

texture. Orthoclase and quartz porphyroblasts occur in a fine-grained 

matrix of crushed minerals. Sericite has almost totally replaced all 

minerals except quartz in sample 56-2, resulting in a quartz-sericLte 

rock. Accessory minerals include sphene and apatite.

Pegmatite Dikes. Dings (1951) described the pegmatite as the 

most abundant type of dike rock. He recognized the possibility of cer

tain pegmatites being older than the "Ithaca Peak Granite" but believed 

that all of the dikes were genetically related to the "granite." 

The dikes were divided into three groups by Thomas (1952): an early 

Precambrian group that he interpreted as a product of differential 

fusion, a later group that are late products of magmatic differentiation 

of the Diana Granite, and the youngest pegmatites related to the Ithaca 

Peak granite.

Pegmatite exposures in Alum Wash are not adequate to establish 

an age based on field relationships because they do not occur near 

Laramide aged rocks. Pegmatite dikes are more common in the amphibolite 

zone, where they form discontinuous lenses that roughly follow the
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foliation trend but locally cut it. In the quartz-feldspar gneiss 

and the granite gneiss they form irregular pods or small pegmatitic 

intergrowths.

Outcrops are off-white in color, very coarse grained, and 

chiefly composed of gray quartz and alkali feldspar. Thomas (1953) 

reported beryl, gadolinite, rutile, and tourmaline from a few isolated 

pegmatites, but these, minerals were not noted in the Alum Wash pegma

tites. ■ . *

Quartz grains are xenoblastic, and orthoclase grains are sub- 

idioblastic. No other minerals were identified in sample 161-2827 owing 

to the strong sericite alteration.

Laramide Rocks

Basalt, porphyritic quartz latite, latite porphyry, rhyolite, 

and breccia occur only as dikes and are believed to be Laramide in age. 

A minimum age is established by the fact that all of the units are cut 

by mineralized veinlets related to the mineralization at Mineral Park. 

Mauger and Damon (1965, K-Ar) obtained an age of 71.5 + 2 m.y. on vein 

biotite in the Ithaca Peak Stock.

The age relationships between the five lithologies has not been 

determined because of the limited exposures. Breccia dikes at Mineral 

Park contain fragments of all Precambrian lithologies and of the rhyo

lite but no quartz monzonite fragments have thus, far been identified, 

even though the breccia dikes are in contact with it.

Previous workers have classified the rhyolite dikes as younger 

than the quartz monzonite porphyry and they are, thus, the last

/
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intrusive event. Eidel and others (1968) and Wilkinson and others 

(1982) based their observations on the fact that the rhyolite dikes cut 

rocks on Santa Rosalia Ridge that are thought to be quartz monzonite 

porphyry.

Thomas (1949, 1953) and Dings (1951) also stated that the 

rhyolite dikes cut the Ithaca Peak stock, but all of these descriptions 

were based on the interpretation that the rock unit cut by the rhyolite 

dikes is in fact quartz monzonite porphyry. This may not be the case. 

Difficulties in distinguishing between quartz monzonite and quartz- 

feldspar gneiss were discussed by Eidel and others (1968). Several 

areas of Gross Peak that were mapped as quartz monzonite, or "hybrid" 

rock, have been shown to be quartz-feldspar gneiss.

Alum Wash Laramide Rocks

At Alum Wash, difficulty exists in distinguishing between quartz 

monzonite and quartz-feldspar gneiss or granite gneiss. Similar dif

ficulty was encountered by Eidel and others (1968) at Mineral Park. 

Ellis (1972) mapped a large quartz monzonite stock on hill 2D-18 and 

a smaller apophysis of quartz monzonite on the ridge near hole 961. 

The alteration in these areas is pervasive and masks original rock 

characteristics, but drill hole data show a gradual change from strongly 

altered "quartz monzonite" to Cerbat complex rocks that include granite 

gneiss, quartz-feldspar gneiss, and amphibolite. The change in the 

appearance of the rock coincides with a decrease in the amounts of 

alteration products, not a rock change. Table 3 lists the modal analy

ses of selected Laramide rocks.
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TABLE 3. MODAL ANALYSES OF SELECTED LARAMIDE ROCKS

Rock type

Rhyolite Latite Porphyritic
Mineral porphyry quartz latite

Sample Sample Sample Sample Sample
No. No. No. No. No.
45-1 961-982 26-5 26-1 26-2

Quartz 1

Phenocrysts

5 0 0 0

Plagioclase 0 (10) (20) (10) (10)

K-feldspar (2) (5) (10) (+2) (+2)

Biotite 0 (tr) (15) (tr) (tr)

Pyroxene 0 (tr) (tr) 0 0

Quartz 47

Groundmass

2 10 10 20

K-feldspar (40) (10) (5) (33) (20)

Plagioclase (10) (55) (40) (40) (40)

Biotite 0 (13) (tr) (5) (8)

Note. Numbers in parentheses indicate alterated minerals.
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The areas mapped by Eidel and others (1968) as "hybrid" and 

Ellis (1972) as quartz monzonite are strongly altered Precambrian 

metamorphic rocks. Areas that were not as resistant to weathering were 

eroded rapidly, losing the strongly altered caps and exposing more of 

the original rock characteristics, therefore permitting a more reliable 

rock identification.

A reinterpretation of the extent of the quartz monzonite sug

gests that the rhyolite may be older than interpreted by Thomas (1949, 

1953), Eidel and others (1968), and Wilkinson and others (1982). A 

possible sequence, suggested from field relationships based on a re

interpretation of lithologies, is that the rhyolite was injected first, 

followed by the formation of breccia dikes, and, last, the intrusion of 

the quartz monzonite porphyry with attendant quartz latite dikes.

Basalt Dikes. Thomas (1949, 1953) and Dings (1951) described 

several lithologies of lamprophyric dikes, including vogesite, spes- 

sarite, kersantite, mimette, and andesite. These were described as 

premineral but post-Ithaca Peak porphyry. As will be discussed in the 

section on rhyolite dikes, this intepretatlon may be incorrect.

Several limited outcroppings of basalt dikes have been noted 

near and next to the Metallic Accident vein in Alum Wash. In the 

footwall, basalt is exposed discontinuous!y from just north of the main 

Metallic Accident shaft to the road cut on hill 2D-18. Several very 

restricted exposures are found in the hanging wall a short distance from 

the vein. Basalt dikes have also been encountered In drill holes.
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In outcrop, the basalt is strongly altered to a greenish gray 

earthy rock with altered laths of feldspar and hornblende. The texture 

is subophitic with partly resorbed plagioclase laths in a matrix of 

chloritized hornblende and remnant augite. Accessory minerals are 

magnetite and apatite.

Rhyolite Dikes. An extensive network of rhyolite dikes outcrop 

along the western flank of the range from near Cerbat Peak in the south 

to the Lucky Boy Mine in the north, a distance of about 14.5 km. (Fig. 

3). At Alum Wash, they surround the area of interest.

The rhyolite is slightly more resistant to erosion than the 

enclosing rock and usually forms outcrops several centimeters to a meter 

above the surrounding surfaces. Weathered exposures are white to light 

buff, stained brownish red by iron oxide.

The rhyolite is aphanitic-microcrystalline with occasional euhe- 

dral to subhedral K-feldspar phenocrysts and round quartz phenocrysts. 

The groundmass is composed of granular K-feldspar, 60%, and quartz, 40%. 

Accessory minerals include apatite and zircon. Flow banding is common 

and usually accentuated by limonite staining. In thin section the 

banding is manifested by quartz-rich and K-feldspar-rich zones in the 

groundmass.

Breccia Dikes. At Alum Wash, breccia dikes have been noted only 

in drill core. Their distribution is unknown. Texturally they are very 

similar to the breccia dikes found on Gross Peak in Mineral Park.

Angular to subrounded fragments of granite gneiss, amphibolite, 

and quartz-feldspar gneiss are present in a matrix of rock flour and
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crushed met amorphic rocks. The matrix-to-fragment ratio is 4:1. The 

matrix consists of 20% identifiable rock fragments, predominantly 

quartz-feldspar gneiss, 40% angular quartz fragments, 20% subangular 

K-feldspar, and 20% biotite. The breccia is a dense rock without voids 

or open spaces.

Porphyritic Quartz Latite and Latite Porphyry. These two rock 

types were first identified at Alum Wash and have since been noted in 

the Little Ithaca area. Occurring only as dikes, the outcrops are 

restricted and discontinuous. Outcrops range from 1 to 3 meters thick 

and up to 200 meters long. The porphyritic quartz latite dikes occur 

west of the easternmost rhyolite dike, whereas the latite porphyry dikes 

occur throughout the area.

The porphyritic quartz latite and latite porphyry dikes can be 

distinguished by the abundance of phenocrysts and, in thin section, 

by the groundmass texture. Porphyritic quartz latite dikes are 

porphyritic-aphanitic with a groundmass-to-phenocryst ratio of 10:1. 

Quartz occurs as phenocrysts and in the groundmass with K-feldspar. The 

groundmass is macrocrystalline with a xenomorphic granular texture. The 

volume percentage of feldspar is difficult to accurately determine owing 

to almost total alteration of the feldspar to sericite and clay. 

Apatite is an accessory mineral.

The latite porphyry dikes have a lower groundmass-to-phenocryst 

ratio, 4:1. Plagioclase is more common and the modal composition 

approaches that of dacite. Quartz content is slightly less than 10%. 

The texture is porphyritic-aphanitic with a macrocrystalline felted
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groundnass composed of accicular needles of plagioclase, minor quartz, 

and biotite. The An content could not be determined owing to the strong 

alteration of the feldspar.

Alluvium

Ferruginous Conglomerate

Detrital material in wash bottoms within and downstream from the 

Alum Wash area is cemented by iron oxides and minor manganese and copper 

oxides. Erosional remnants of conglomerate scattered on hillsides mark 

previous stream bed elevations. Within the main drainage channel of 

Alum Wash up to 3 meters of conglomerate have been deposited. Recent 

runoff has eroded through the conglomerate, exposing bedrock in the 

bottom of drainages and leaving vertical walls of conglomerate on the 

sides.

The clasts are poorly sorted, angular to subrounded, and include 

all rock types. Size of clasts vary from sand to cobbles. Distinct 

bedding is absent.

Hillside Talus and Alluvium

Thin veneers of talus and alluvium are present along the lower 

flanks of hills and ridges. The greatest accumulations overlie the 

easily weathered amphibolite and reach thicknesses of only 3 to 6

meters.



CHAPTER 3

STRUCTURE 

District Structure

The Alum Wash prospect lies near the center of the Wallapai 

mining district. Wilkinson and others (1982) described the district as 

being defined by the lateral extent of base and precious metal veining 

(Fig. 3).

Precambrian rock units are divided into two groups (Thomas, 

1949): an older succession that is folded into open synforms and anti

forms, and a granite gneiss. Wilkinson and others (1982) described the 

contact between the two groups not only as a lithological contact, but 

also as a contact between structural domains.

Within the granite gneiss the foliation is relatively uniform, 

striking N 25° to 8 GPE with steep dips. Amphibolite inclusions within 

the granite gneiss also have a northeasterly striking foliation. The 

northeasterly trend is regional and is common in the metamorphic rocks 

in surrouding mountain ranges.

The folds in the older metamorphic succession have been mapped 

by several workers. Thomas (1949) was the first to describe the Chlor

ide fold as a large antiform with its axis plunging 6 CP, N 45°E. Eaton 

(1980) reinterpreted this fold as a refolded fold with three fold axis, 

based on foliation studies and the premise that the separate amphibolite

24
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units are in fact a single unit. The Alum Wash prospect lies to the 

east of the Roper Ridge fold axis, on the contact of the folded domain, 

as defined by Wilkinson and others (1982), with the granite gneiss 

(Fig. 3).

Alum Wash Structure

Faults and Fault-Veins

One of the most distinctive features of the Alum Wash area is 

the large number of mineralized faults. These form a prominent north

westerly striking system of generally planar to gently curving sub

parallel veins (Fig. 5). A northeasterly striking set is weakly 

developed.

Eaton (1980) determined two types of mineralized faults. The 

first is characterized by brecciation, open-space filling, quartz 

gangue, gold and silver minerals, and sulfide mineralization at depth. 

The second type is characterized by intense alteration, iron staining, 

fractured outcrops, and trace amounts of precious metals. In this 

report Eaton's second type will be termed Jg fractured-altered areas 

after the system of classifying fractures described by Rehrig and 

Heidrick (1972) and named by Held rick and Titley (1982). and J2

fractures are discussed further in the section on fractures.

Mineralized faults in the Alum Wash area are characterized by 

reddish gray prominent siliceous outcrops, locally expressing up to 

3 meters of local relief. Thomas (1953) suggested that the vein 

characteristics of slickensided surfaces, large amounts of gouge, and 

rolled and crushed fragments of wall rock support the contention that
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TOTAL MEASUREMENTS 116

4 0  20  0  2 0  4 0

Figure 5. Strike diagram of fault-veins measured at Alum Wash.

TOTAL MEASUREMENTS 3 0 0

Figure 6 . Strike diagram of mineralized fractures measured at 
Alum Wash.
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shearing stress must have been important in the formation of these 

veins. Various episodes of movement are documented by fragments of 

silicified rock that are rebrecciated and cemented in a second genera

tion of quartz. Thomas (1953) noted five periods of fault activity: an 

initial phase that opened the fissures, three intramineral fracturing 

stages, and a postmineral fracturing episode. The latter is commonly 

represented by slickensided surfaces developed through the silicified- 

brecciated portions, wall rock, or gouge zone.

In the central portion of the Alum Wash prospect, where quartz 

and sericite are the dominant alteration minerals and the frequency of 

quartz-1imonite veinlets is the greatest, mineralized faults become less 

prominent and commonly bifurcate. The Metallic Accident vein, which is 

a single structure southeast of Alum Wash, horsetails and forms a zone 

61 meters wide with numerous fault strands on hill 2D-18.

The mineralized faults also have a profound effect on the rhyo

lite dikes. Wilkinson and others (1982) described the rhyolite dike on 

the west side of Gross Peak as having filled the Gross Peak fault. In 

the Alum Wash prospect, fault structures appear to have controlled 

rhyolite intrusion. On the west side of the Alum Wash prospect the 

projection of the Gross Peak fault, rhyolite dike, strikes N 5°W until 

it encounters the Keystone vein. Here, it is deflected to the northwest 

with the occurrence of several shoots to the northwest (Fig. 4). At 

95,550 N, 76,200 E, the dike is abruptly turned to a N 36°E strike by a 

brecciated and silicified fault structure.

South of the Keystone shaft a rhyolite dike measuring 39 meters 

in width abruptly ends against the Keystone vein. On the north side,
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a short distance from the vein, a thin, < 1 meter, rhyolite dike is 

exposed. Thus the faults have both controlled the intrusion of, and 

modified the distribution of, rhyolite dikes by postdike movement.

An east-west fault trend is also noted, but because faults of 

this "trend" are not silicified as are the mineralized faults, they are 

generally covered by talus. They strike N 450E to N 75°E and commonly 

have shallow dips, 40° to 48° south. Owing to the lack of marker units, 

fault movement is indeterminant.

Fractures

Four types of fractures are noted in the Alum Wash prospect. 

These are defined by their gross characteristics and include: (1) pla

nar, through-going mineralized fractures, commonly referred to as 

stockwork fracturing; (2 ) curviplanar, discontinuous fractures showing 

weak alteration; (3) unmineralized, planar joints; and (4) low-angle 

exfoliation jointing.

Fracture types 1 and 2  are similar to the and J2  type frac

tures described by Rehrig and Heidrick (1972) and Heldrick and Titley 

(1982). The type is described as a "smooth surfaced, continuous, 

planar and through-going mesoscopic structure." The J2 type is de

scribed as "rough-surfaced, discontinuous and curviplanar."

Mineralized Fractures: Ji Type. Planar, through-going mineral

ized fractures of the type are best developed in the central portion 

of Alum Wash. A distinctive webwork is formed on outcrops by the ero

sion of the host rock, leaving ribs of silicified alteration envelopes 

and quartz veinlets. Oxidation of sulfides has left siliceous limonite
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boxworks in the veinlets and limonite staining of the wall rock. 

Veinlet thicknesses range from 1 millimeter to several centimeters. 

Fracture densities range from 0.33 cm“l to 0.20 cm-l near the center of 

the prospect, decreasing to 0.06 cm-3- on the fringes.

The dominant strike orientations of the mineralized fractures 

are N 30°-5CPW with a subordinate set striking N 50o-80°E, both having 

steep dips (Fig. 6 ). Additional sets are east-west and north-south to 

N 20°E. On hill 2D-18 the fracture orientation is strongly controlled 

by the Metallic Accident vein, with 78% of the fractures paralleling the 

vein.

Fracture orientations in Alum Wash are similar to trends at Min

eral Park as measured by Eidel and others (1968) and Wilkinson and 

others (1982). Rehrig and Heidrick (1972) noted that fracture orienta

tions at Mineral Park were generally more complex than those observed at 

other deposits. They suggested that the apparent randomness of the 

orientations indicated a radial pattern.

Wilkinson and others (1982) proposed that the apparent random

ness at Mineral Park is due to changing fracture orientations through 

time. Fractures that were determined to be early in the paragenetic 

sequence, based on cross-cutting relationships, had a dominant east-west 

strike. Subsequent fracture sets developed an orthogonal pattern 

dominated by a northwest strike.

Weakly Mineralized Fractures: Jp Type. Fracturing of the type 

described by Rehrig and Heidrick (1972) and named by Heidrick and 

Titley (1982) as Jg occur in elongated zones throughout the district
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(Fig. 3). Eaton (1980) described these as silicified, iron-stained 

alteration zones with minimal open-space filling and no brecciation. 

They typically form resistant craggy iron-stained bleached ridges. The 

discontinuous curviplanar nature and iron staining of these fractures 

is very distinctive. A through-going rectilinear structure set with 

brecciation and open-space filling is commonly found near the center of 

the zones.

Rocks of Little Ithaca ridge expose one of the largest and best 

developed alteration zones, which contains mineralized fractures as well 

as Jg fractures. In the Alum Wash prospect, Roper Ridge and the ridge 

in the northeast corner (Fig. 4) are areas of Jg fractures with alter

ation. The orientation of these fractures and zones of fractures is 

east-west to northwest.

Joints. Thomas (1953) studied joint trends in the Precambrian 

rocks of the Chloride district. Joints were classified as strong, 

moderate, or weak, based on general characteristics (Thomas, 1953). The 

orientations measured by Thomas correlate well with the orientations of 

mineralized fractures in Alum Wash. Thomas further suggested that the 

orientation of folding, foliation, and fracturing indicate a stress 

field that has had a uniform orientation since Precambrian time, its 

compressive force directed in a northwest-southeast direction. He also 

indicated that the joint pattern was of major importance and influenced 

the location and orientation of subsequent structural and geological

features
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Exfoliation. Horizontal to low-angle, rough-surfaced, concave 

fractures in the granite gneiss are exfoliation features. Erosion of 

unaltered granite gneiss by exfoliation has developed the rounded 

boulders and hilltops commonly observed in the Cerbat range. Within the 

altered area, exfoliation is not as prominent but is still noticeable. 

Turquoise commonly occurs in exfoliation fractures located in the 

granite gneiss above the enriched blanket.



CHAPTER 4

MINERALIZATION AND ALTERATION

Both hypogene and supergene alteration have strongly affected 

all units in Alum Wash. Supergene alteration is pervasive and compli

cates the determination of alteration types. Deep-drilling information 

has aided in the recognition of hypogene effects, but because of the 

limited number of holes, alteration and mineralization zoning are not 

well established.

Hydrothermal alteration occurs as selectively pervasive and 

veinlet controlled. Metallization is of two types: stockwork veining 

and fissure veins. Secondary enrichment has formed an enriched blanket 

of supergene copper, which is presently being eroded.

Mineralization

Drilling in the Alum Wash prospect has primarily been directed 

at evaluating the enriched blanket; data on the deep mineralization are 

based on only two drill holes. The vein mineralization is considered to 

be too restricted to be economically significant; thus a detailed report 

of the veins is not included. Excellent studies of the veins of the 

Wallapai mining district are included in the reports by Schrader (1909), 

Haury (1947), Thomas (1949, 1953), Dings (1951), and Eaton (1980).

32
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Hypogene Mineralization

Hypogene sulfide mineralization is veinlet and vein controlled. 

Three distinct sets of veinlets are distinguished by the sulfide 

mineralization and the associated alteration. The three sets are also 

distinctive because of their age relationships.

The oldest set consists of quartz-K-feldspar-molybdenite + 

anhydrite. A subset, slightly younger, consists of quartz-molybdenite 

with no apparent alteration envelopes. These two veinlets are known 

only from drill core and are rare or absent above a depth of approxi

mately 606 meters from the surface. Drill hole assays below 606 meters 

in depth average 0.020% Mo (Figs. 7 and 8 ).

In the paragenetic sequence the next sets of veinlets noted con

sists of quartz-pyrite-magnetite-chlorite-chalcopyrite (Fig. 9). The 

percentage of mineral components may vary in individual veinlets, with 

quartz-pyrite or magnetite as the predominant mineral phase. Sphalerite 

commonly occurs with this set. Hypogene copper grades average 0.04% Cu 

to a depth of 293 meters. Below this depth the copper assays decrease 

to an average of 0 .0 2 % Cu. The youngest veinlet set consists of 

quartz-pyrite-sericite. Economically, these veinlets are the most 

important because of the supergene enrichment. In outcrop, they form 

the distinctive webwork of silicified ribbing.

Within the central alteration zone at Alum Wash (Fig. 4), total 

veinlet densities reach 0.33 cm"!. Outside of the altered area occa

sional quartz-pyrite-sericite veinlets are observed. With depth, this 

veinlet set becomes less frequent and is rare below a depth of 420

meters.
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Figure 9. Paragenesis of alteration assemblages at Alum Wash.
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Supergene Mineralization

Supergene enrichment has produced at least two blankets. Eidel 

and others (1968) suggested two periods of enrichment: an initial stage 

during pre-Oligocene time and a second stage during Plio-Pleistocene 

time. The existing blanket is perched above the water table. Erosion 

in the major drainages has removed portions of the blanket, and oxida

tion has altered the digenite in the upper portions to goethite and 

hematite. Weakly oxidized sulfides separate the upper blanket from a 

very weakly supergene-enriched zone that is below the present water 

table. Supergene copper sulfides are not oxidized in the lower zone. 

Copper assays in the upper blanket range from 0.15% to 1.50% Cu. 

Thicknesses range from 9 to 31 meters. The blanket is modified by

postmineral faulting. The faulting has increased the permeability, 

thus speeding the rate at which the blanket is oxidized in the fault 

zones (Figs. 7 and 8 ). The dominant supergene mineral, as identified 

in polished sections, is digenite (CU9S5 ). Minor covellite is also 

present. Replacement of pyrite by digenite is never complete, usually 

occurring as thin coatings around pyrite grains and in fractures. 

Chalcopyrite is never seen in this zone, as it is apparently totally 

replaced by digenite.

Turquoise occurs in veins throughout the supergene environment, 

but only in the granite gneiss. Minor thin films of turquoise are 

noted in the amphibolite, but apparently the formation of turquoise is 

enhanced by the apatite content of the granite gneiss, which, upon 

weathering, supplies the phosphate for the formation of turquoise 

(Cu(Al,Fe)6 (P0 4 )4 (OH)g‘4H2 0 ). The association between certain rock
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types and the occurrence of turquoise is also noted at Mineral Park. 

Turquoise is commonly found in Laramide intrusions and the Precambrian 

granite gneiss but almost never in the quartz-feldspar gneiss and only 

as thin films in the amphibolite.

Alteration

Selectively Pervasive Alteration

Titley (1978) described selectively pervasive alteration as 

affecting only certain minerals, leaving others apparently unaffected. 

This alteration type is weakly developed or possibly strongly over

printed by later alteration events. Samples of amphibolite from the 

deeper drill holes show partial to total replacement of hornblende 

by biotite and magnetite. The distribution of this alteration type 

apparently is restricted to deep levels. Surface exposures of amphibo

lite do not show significant replacement of hornblende. The lateral 

extent is not known. Figure 9 graphically depicts the paragenesis of 
alteration assemblages at Alum Wash.

Veinlet-Controlled Alteration

Several different types of veinlet-controlled alteration are 

recognized. Because of the strong supergene effects, the identification 

of different alteration assemblages within the central altered portion 

is impossible. Samples from fringe areas and drill holes are used in 

developing a working hypothesis of the alteration sequence.

Biotite and K-feldspar veinlets are sane of the earliest alter

ation phases formed at Mineral Park (Wilkinson and others, 1982). Thin



37

hairline biotite veinlets and diffuse K-feldspar veinlets were reported 

by Lain£ (1974). To the south of Mineral Park, in the Little Ithaca 

area, drill hole samples also show occasional thin diffuse K-feldspar 

veinlets cutting granite gneiss. Both biotite veinlets and K-feldspar 

veinlets are noted in samples from the deep drill holes and the fringe 

areas. Neither is abundant, but the K-feldspar veinlets are more 

common. Epidote is associated with some of the K-feldspar veinlets 

but not all. These early veinlet assemblages are not associated with 

sulfide mineralization.

Quartz-molybdenitejanhydrite veinlets with K-feldspar alteration 

envelopes are the earliest of the alteration assemblages associated with 

sulfides. A second quartz-molybdenite veinlet set without alteration 

envelopes crosscuts the first set. Copper mineralization is first noted 

in the quartz-pyrite-magnetite-chlorite-chalcopyrite set of veinlets. 

Chlorite commonly replaces biotite adjacent to veinlets. Sphalerite is 

commonly present in this veinlet set.

Quartz-pyrite-sericite veinlets (phyllic alteration) are the 

dominant alteration type observed on the surface. In drill core, this 

set shows a marked decrease and becomes uncommon below a depth of 424 

meters. Sericite envelopes may coalesce in areas of abundant veinlets, 

forming a pervasively altered quartz-sericite-pyrite mass. In all 

cases this veinlet set cuts the earlier sets and is itself cut by the 

complex quartz-sphalerite-pyrite-galena-chalcopyrite fissure veins. The 

phyllic-altered central zone is rimmed by a thin zone of argil lie to 

weak phyllic alteration. Silicified webwork veining is absent from the 

argillic zone (Fig. 4).
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To the south of the central area, alteration continues along a 

ridge of quartz-feldspar gneiss. On either side of the ridge the 

amphibolite is only weakly altered. East of the 78,200 E. grid and 

south of the 92,200 N. grid is a zone of moderate phyllic alteration. 

This zone abruptly terminates along its north side against a fault-vein. 

The two zones of phyllic alteration in the southeast corner (Fig. 4) 

are related to the alteration of Mineral Park.

Supergene Alteration

Pervasive supergene effects are complex and have affected all 

mineral phases within the range of supergene activity. Its effects are 

similar to phyllic hydrothermal alteration on potassium silicate rocks, 

augmenting old and newly forming mineral phases, which are stable under 

relatively strong acid conditions (Beane, 1982).

Veinlet-controlled sericite alteration envelopes appear wider 

within the zone of supergene effects than the sericite envelopes below 

this zone. Also, the host rock is pervasively argillized and sericit- 

ized within the zone of supergene effects. Core from deep drill holes 

shows a decrease in the width of sericite envelopes and unaltered host 

rock mineralogy.



CHAPTER 5 

DISCUSSION 

Geologic History

Rock units in the study area are grossly representative of two 

periods of formation, the Precambrian and Laramide. The geologic 

history of the Alum Wash area is outlined below:

1 . The oldest units are supracrustal rocks. Total thicknesses 

are unknown. Premetamorphic lithologies can be deduced from field 

observations and petrographic studies. Original rock lithologies 

are thought to include psamnitic sediments, basalt flows (?), mafic 

tuffaceous sediments, and quartzo-feldspathic sediments or acid intru

sions. The depositional environment for the sediments may have been 

troughs developed on a Precambrian craton (Stewart, 1976).

2 . The succession of sedimentary and igneous rocks were sub

jected to an erogenic event and metamorphosed to amphibolite facies. 

Eaton (1980) suggested three periods of folding, with the final period 

having temperatures exceeding amphibolite facies conditions and forming 

local pegmatites and migmatites.

3. The folded sequence was then intruded by a granite batho- 

lith. The Chloride Granite, a distinct body of the batholith, has a 

U-Pb age date of 1740 m.y. (Silver, 1967).
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4. A second intrusive event is represented by the Diana Granite 

dated at 1350 m.y. (Shafiqullah and others, 1980, K-Ar). -Thomas (1949) 

proposed that the emplacement of the Diana Granite was controlled by a 

fold in the older sequence.

5. The last Precambrian event is the intrusion of rhyolite 

dikes in, or parallel to, axial plane cleavages synchronously with 

dynamothermal metamorphism, which developed cataclastic textures in the 

Precambrian gneisses.

6 . Thomas (1949) suggested that at one time the entire area was 

once covered by Paleozoic units correlating with those exposed in the 

Grand Wash Cliffs. All evidence of Paleozoic strata in the Cerbat 

Mountains is missing.

7. Intrusive activity was again initiated during the Laramide 

orogeny (40-80 m.y.) with the emplacement of the Ithaca Peak and Gross 

Peak stocks and attendant dikes. Hydrothermal mineralization is 

superimposed on all units. Igneous activity continued with Tertiary 

extrusive volcanism in and around the Cerbat range.

8 . Basin-and-range faulting uplifted the Cerbat range, exposing 

the sulfide mineralization to supergene effects with the formation of 

secondary enrichment. Continued uplift and erosion has modified the 

enriched blanket and deposited large quantities of alluvium onto the 

valley floor.
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Factors Controlling the Formation of Alum Wash 

Various geologic events have exerted a control on the formation 

of the Alum Wash prospect. Important features include host rock, 

structural setting, temperature, and chemical controls.

The amphibolite units in the Chloride area were interpreted by 

Eaton (1980) to be derived from mafic igneous rocks. He could not 

determine if the units were extrusive flows or intrusive sills. Thomas 

(1949) correlated the amphibolites with pillowed amphibolites in the 

Grand Canyon area. Although this correlation may be unsupported, vague 

structures that resemble pillows have been noted west of the Little 

Ithaca area. Also, amphibolites with relict pillow structures in 

Precambrian terrane have been reported from various locations in the 

Hualapai Mountains and Peacock Mountains. Thick successions of amphibo

lites with relict pillow structures are also present in the Cottonwood 

Cliffs. i

The amphibolite units in the interval from Chloride to Mineral 

Park become more schistose with increases in the quartz and biotite 

content. One reason for such a change may be an increase in tuffaceous 

material in the protolith. Eidel and others (1968) reported chlorite- 

biotite schists and chlorite-biotite-amphibolite schists that are 

present only in the mine area. They suggested these units were formed 

as a result of either thermal or hydrothermal effects of Laramide 

intrusions or retrograde metamorphism. Another interpretation is that 

they represent a magnesium-rich metavolcanic phase.

Base metal deposits are known to occur in rocks that may be 

correlative with the rocks of the older folded succession found in
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Alum Wash. The Antler and Copper World deposits are described as 

volcanogenic massive sulfide deposits occurring in Precambrian meta- 

volcanic rocks in the Hualapai Mountains (Moore, 1980). Other smaller 

base metal occurrences, which appear to be of syngenetic origin with the 

enclosing metavolcanic rocks, are located in the Peacock Mountains and 

the Cottonwood Cliffs. Although there are no known occurrences of 

mineralization that are thought to be of the volcanogenic massive 

sulfide type in the Cerbat Mountains, the metavolcanic rocks in the Alum 

Wash area may have contained copper, lead, and zinc in sufficient quan

tities to have been the source rock for the epigenetic mineralization.

Several workers, including Tweto (1960) and Wallace and others 

(1978), have pointed out the possibility that contact zones of Precam

brian intrusions may have furnished molybdenum and tungsten to younger 

deposits in Colorado. The location of the Mineral Park mine on a 

Precambrian contact zone and the higher-than-normal molybdenum values of 

the ore reflect similar conditions.

Thomas (1953) was the first to recognize the importance of the 

Chloride Fold in controlling the emplacement of the Diana Granite. 

Wilkinson and others (1982) indicated the importance exerted by the 

folds in the older succession and the contact between the granite gneiss 

and the older succession. They pointed out that the Mineral Park mine, 

Alum Wash prospect, and Little Ithaca ridge all lie along the contact. 

Alum Wash and Mineral Park lie at the intersection of major folds— Roper 

Ridge Fold and Turquoise Mountain Fold— and the Precambrian contact 

(Fig. 3).
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Thomas (1953) suggested that fracturing in the Cerbat Mountains 

is complex and originated from various sources: horizontal compression, 

hydrostatic pressure related to regional metamorphism, and thermal 

expansion and contraction related to igneous intrusion. Based on joint 

orientation studies in Precambrian and Laramide rocks, Thomas (1953) 

determined that the stress field that produced the fracturing had a 

uniform orientation both in Precambrian and later time, and that the 

joint pattern developed in Precambrian time was of major importance in 

later geologic events.

Rehrig and Heidrick (1972) studied fracturing in a number of 

Laramide stocks in Arizona, including the Ithaca Peak stock. They 

recognized the overwhelming dominance of an orthogonal fracture set 

striking ENE and NNW that is regional in its extent and tectonic in 

origin. The stress field orientation proposed by Rehrig and Heidrick 

(1972) and Heidrick and Titley (1982), which was present across the 

porphyry copper province during Laramide time, places the axis of 

maximum regional compression ( a^) oriented within a vertical plane 

striking ENE+200 . The intermediate (c^) principal stress axis was also 
located in a vertical plane striking ENE+200, and the minimum principal 

stress axis (og) was oriented horizontal to subhorizontal and striking 

NNW+200. The orientation of oi and og varied within the vertical plane 

as conditions varied. During pronounced differential uplift, would 

be oriented vertically, and during periods of ENE-directed lateral 

compression, would be oriented horizontally.

The localized existence of a WNW mineralized fracture set in 

Arizona was recognized by Rehrig and Heidrick (1972), the origin of
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which is thought to be in response to activation of older zones of 

structural weakness. Rehrig and Heidrick (1972) reported a more complex 

fracture pattern at Ithaca Peak than that found at Sierrita or Bagdad. 

They tentatively interpreted the complex pattern observed at Ithaca Peak 

as radial and possibly concentric fractures superimposed on the regional 

ENE and NNW orthogonal pattern. Published reports by Thomas (1949, 

1953), Dings (1951), Eidel and others (1968), and Wilkinson and others 

(1982) documented a preferred N 40o-60°W orientation for mineralized 

fractures and veins in the Wallapai mining district.

The origin of the complex fracture pattern observed at Mineral 

Park has been interpreted by Wilkinson and others (1982) as developing 

in response to a changing stress field. Early stage fracturing of 

Laramide age formed in response to the initial thermal perturbation 

produced by the Laramide intrusions (Wilkinson and others, 1982). 

Later stage fracturing was controlled by the regional stress field as 

the thermal perturbation expanded and homogenized. At Mineral Park, 

Wilkinson and others (1982) recognized an east-west fracture set with 

quartz-molybdenite mineralization that formed early in the mineralizing 

event. A weakly developed east-west fracture set was identified at Alum 

Wash. At depth, the east-west fracture set may contain the quartz- 

molybdenite mineralization. The vast majority of mineralized fractures 

at Alum Wash strike N 30°-5CPW and have a steep dip. A N 50°-80®E 

striking fracture set is of secondary importance.

Orientations of the stress fields that produced the fracture 

patterns at Alum Wash are similar to those proposed for Mineral Park 

by Wilkinson and others (1982). The weakly developed east-west and
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north-south fracture sets developed in response to the initial thermal 

perturbation. The strong N SQO-SCPW fracture set, the lesser N 5CP-8(PE 

set, and the fault veins formed in response to the regional stress 

field: o^, the maximum principal stress axis oriented vertically; Og, 

the intermediate principal stress axis oriented N 40°W; and 0 3 , the 

minimum principal stress axis oriented N 50Pe .

The apparent reversal in the orientations of Og and 0 3  inter

preted for Alum Wash, as compared with the orientations proposed by 

Rehrig and Heldrick (1972) and Heidrick and Titley (1982), may have been 

in response to a modification of the Laramide regional stress field by 

the preexisting Precambrian joint pattern.

The fault-veins played an inportant role in the formation of 

Alum Wash. Movement along the fissues is pre-, intra-, and postmineral. 

Movement is also pre- and postrhyolite dikes. The rhyolite dike in the 

eastern portion of the study area parallels the Precambrian contact, 

striking north-south to north-northwest. At the Keystone vein, both 

the eastern rhyolite dike and the western rhyolite dike are strongly 

affected. The strike of the western dike changes abruptly and the dike 

also splits into various strands. The eastern dike terminates against 

the vein. A few meters north of the vein, a dike that is much thinner 

than the one south of the vein, but with the same strike, outcrops. 

It is believed that the thin dike to the north of the vein is the 

downdropped segment of the dike found to the south of the vein. Without 

marker units, displacement along the Keystone vein cannot be determined, 

but it is inferred that the northern block is downdropped.



46

The Jg fractured-altered areas occur scattered throughout the 

district. Their east-west to northwest orientation is apparent from 

Figure 3, but the controlling factor on their distribution is not known. 

One of the mechanisms for fracturing rocks in a hot pluton envionment is 

the heating of pore water in the cooler wall rocks (Knapp and Knight, 

1977). Heating of these fluids creates increased pressure that may 

exceed the tensile strength of the rocks, thus forming fractures. The 

through-going planar fracture usually located in the center of the Jg 

fractured-altered areas may have served as the channelway for the 

hydrothermal fluids. Heating of the pore fluids resulted in breaking of 

the rock beside the channelway by discontinuous curviplanar fractures.

Outcrops of Laramide-aged dikes, except for the rhyolite, are 

too restricted to infer controls on their emplacement. Breccia dikes 

have been noted only in drill core, but it is assumed the occurrence is 

controlled by a pluton at depth.

District metal zoning (Eidel and others, 1968; Wilkinson and 

others, 1982) supports the contention that the Mineral Park-Alum Wash 

area is at the center of the Wallapai district and that vein and 

porphyry copper mineralization are genetically related (Fig. 10).

The alteration and mineralization exhibit vertical zoning at 

Alum Wash. The earliest fracture-related hydrothermal effects are 

weakly developed but widely distributed. Thin biotite veinlets and 

diffuse K-feldspar veinlets are noted in a broad area around Alum Wash, 

Mineral Park, and, from drill core, at Little Ithaca. The final stages 

of this event are represented by quartz-K-feldspar-molybdenite veinlets
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Figure 10. Metal zoning of the Wallapai mining district based 
on mine production figures (after Wilkinson and others, 1982).
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and quartz-molybdenite veinlets that occur below a depth of 606 meters 

from the surface. Molybdenite is uncommon above this depth.

Between 606 meters and 293 meters in depth lies a zone that is 

low in both copper and molybdenum. Copper assays average less than 

0.04% and commonly are below 0.01%. Molybdenum assays are in the 

range of 0.002%. Above 293 meters in depth, the copper content in the 

hypogene zone increases to an average of 0.04%, with occasional values 

of 0 .1 0%. Quartz-sericite-pyrite veinlets are ubiquotous at the surface 

and, decreasing gradually, continue to a depth of 430 meters. Below 

this depth they are uncomnon.

The vertical distribution of alteration and mineralization 

phases indicates a chemical and possibly a temperature control. The 

chemical controls that played a role in sulfide deposition are expressed 

as changes in alteration assemblages. The changes are essentially 

identical with those described by Wilkinson and others (1982). Changes 

in hydrothermal fluid are represented on Figure 11. Early fluids, A 

(Fig. 1 1 ), are in equilibrium with biotite and K-feldspar. Near the end 

of biotite stability, molybdenite was deposited with K-feldspar and 

biotite was altered to chlorite. At B (Fig. 11), sericite and chlorite 

became the stable mineral phases and pyrite was the dominant sulfide 
species.

Fluid inclusion studies are needed to determine the importance 

temperature played in the control of sulfide deposition. Correlation 

can be made with Mineral Park to infer temperature effects.

Wilkinson and others (1982) suggested that the mineralizing 

event at Mineral Park is not related to exposed Laramide rocks.
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Figure 11. Activity diagram showing fluid evolution during 
mineralization at Alum Wash. Diagram is constructed at 3CKPC and 300 
bars pressure. The diagram is balanced on Al+3 in the presence of 
excess SiOg and HgO. The stability field of biotite takes account of 
solid solution to permit stability with K-feldspar, and the chlorite 
stability field is schematically drawn to depict compatibility with 
K-feldspar as suggested for pure phases at 300°C (after Beane, 1982; and 
Wilkinson and others, 1982).
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Mineralization is thought to have formed 1 km to 3 km above the causa

tive pluton. At Mineral Park, the exposed Laramide rocks would have 

produced a thermal perturbation into which the later hydrothermal 

fluids were introduced. It is conceivable that an extensive area with 

isothermal conditions would have developed above the causative pluton. 

These conditions were reported by Wilkinson and others (1982).

Temperature would not play as important a role in the distribu

tion of sulfide phases under the isothermal conditions postulated for 

Mineral Park. Sulfide deposition would be controlled by chemical 

changes in the hydrothermal fluid, and mineral zonation would not be 

pronounced. The introduction of hydrothermal fluids into host rocks 

that were not thermally prepared by premineral intrusions created an 

environment with a steep thermal gradient. It is suggested that the 

thermal gradient that existed during the mineralizing event at Alum Wash 

is responsible for the vertical zonation of sulfide and alteration 
phases.



CHAPTER 6

CONCLUSIONS

The formation of the mineralization found at Alum Wash involved 

several factors, including host rock, structure, solution chemistry, 

temperature, and Laramide intrusive activity. Alum Wash is genetically 

linked to the formation of Mineral Park but is itself a distinct hydro- 

thermal system.

Wilkinson and others (1982) interpreted the Alum Wash and 

Mineral Park intrusions of Laramide age to be apophyses from a north

west-trending batholith. Hie emplacements of stocks protruding from 

the batholith were controlled by the intersection of major folds in 

the older folded sequence and the granite gneiss. Hydrothermal effects 

of the batholith are represented by (1 ) the extensive area containing 

fissure veins and dikes, (2 ) the numerous and widespread Jg fractured- 

alt ered areas, and (3) the altered and mineralized areas of Mineral Park 
and Alum Wash.

Weakly developed early stage fractures were produced in response 

to the initial thermal perturbation caused by the Laramide intrusions. 

The strongly developed NW-striking fractures formed in a regional stress 

field, after the thermal perturbation had homogenized, modified by 
Precambrian structures.

51
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Differences between Mineral Park and Alum Wash are due to the 

degree to which the hydrothermal systems were developed and the occur

rence of premineral Laramide intrusives at Mineral Park and only minor 

Laramide diking at Alum Wash. The level of exposure may also account 

for the differences noted, but present deep drill hole information does 

not indicate that the known mineralization at Alum Wash becomes stronger 

with depth. The possibility of a second mineralized zone at depth is 

not ruled out, but it appears remote.
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