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Abstract

The early Proterozoic volcanogenic United Verde massive sulfide orebody is situated within
the Cleopatra Member of the Deception Rhyolite. The Cleopatra Member, a porphyritic
rhyodacite, has been subdivided into an upper unit and a lower unit. The United Verde orebody,
previously interpreted to lie at the top of the Cleopatra Member, is now recognized as lying
within the basal section of the upper unit of the Cleopatra Member.

The upper unit and lower unit are differentiated on the basis of alteration mineralogy,
mineral and rock geochemistry, and lithologic peculiarities. The contact between the two
units is marked by sediments at the base of the upper unit, including a distinct green calcite-
bearing feldspar tuff, chert and hematitic chert layers, and a quartz porphyry conglomerate.

The Cleopatra Member contains six distinct alteration types. Five alteration types charac-
terize the lower unit and include two types of moderate chloritic and sericitic alteration
(designated B1 and B2), two spatially distinct types of sericitic and silicic alteration (designated
S1 and S2), and an area of intense chloritic alteration (designated C). These five alteration
types record the effects of hydrothermal alteration by the massive sulfide ore-forming system
and of a regional greenschist facies metamorphic event. The upper unit contains the least
altered rocks of the Cleopatra Member and the bulk of the sixth alteration type, designated
H. The rocks included within H-type alteration have disseminated hematite and/or hematitic
chert veining.

Whole-rock and mineral geochemistry of the lower unit may be used to establish position
within the paleohydrothermal system. The distal area of moderate alteration (B1) con-
tains samples enriched in MgO, slightly depleted in alkalies, and having ratios of
Fe;03,,..,/Fe203,,, + MgO for whole rocks and Feqotan/Feqo) + Mg for chlorites that are
low relative to other Cleopatra Member samples. These attributes are suggestive of the low-
temperature seawater-rock interaction expected in the domain of fluid recharge. Rocks of
alteration type C experienced significant additions of iron and magnesium, and losses of CaO,
Na,O, and K,0, presumed to reflect alteration in the main discharge conduit for the hydro-
thermal fluid. Chlorite and whole-rock iron to iron-plus-magnesium ratios decrease within
the area of alteration type C toward the sediment-water interface. This is consistent with
mixing of an evolved ore-forming fluid with seawater in the upper levels of the area of alteration
type C. Samples from the area of alteration type B2, which is intermediate between the
recharge (B1) and discharge areas (C), are greatly depleted in CaO and Na,O, and are enriched
in iron. Alteration types S1 and S2 are interpreted to reflect localized sites of fluid discharge
where SiO, and K,O have been added and other major elements, except for Al;O3, have been
removed. )

Whole-rock and mineral chemistry of the alteration types record progressive changes in
the hydrothermal fluid from seawater to an ore-forming fluid. The fluid that was discharging
and depositing ore apparently had a log ao, between —41.7 and —35.5, a log au,s between
—5 and —2.6, and was saturated with respect to iron sulfides, magnesium silicates, and ore-
forming metals.

Introduction 1987). Variations in host-rock mineralogy, mineral

VOLCANIC-hosted syngenetic massive sulfide deposits
are interpreted to have formed in association with
convecting cells of heated seawater (cf. Spooner,
1977; Franklin et al., 1981; Pisutha-Arnond and
Ohmoto, 1983; Muehlenbachs, 1986; Solomon et al.,
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chemistry, and rock geochemistry have been used to
define recharge and discharge areas for the hydro-
thermal fluid associated with some massive sulfide
forming systems (cf. MacGeehan, 1978; Franklin et
al., 1981; Gregory and Taylor, 1981; Pisutha-Arnond
and Ohmoto, 1983). For many massive sulfide de-
posits, especially those in Paleozoic and Precambrian
terranes, the distribution of recharge and discharge
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areas and the effects of hydrothermal alteration have
been obscured by deformation and metamorphism.

The United Verde orebody is a stratiform volca-
nogenic massive sulfide deposit (Anderson and Nash,
1972; Lindberg and Jacobson, 1974; Anderson and
Guilbert, 1979) that was formed on the sea floor at
approximately 1.8 Ga (Anderson et al., 1971; Karl-
strom et al., 1987). The orebody is located within the
Cleopatra Member of the Deception Rhyolite, a unit
composed of rhyodacitic lavas and volcaniclastic
rocks. Distinct alteration types are recognized within
the Cleopatra Member despite the superposition of
regional deformation and metamorphism upon the
hydrothermally altered rocks. Alteration types are
used as one criterion for differentiation between the
upper and lower units of the Cleopatra Member, and
their distribution is indicative of recharge and dis-
charge areas for a portion of the United Verde hy-
drothermal cell.

This paper presents the results of detailed mapping
of alteration types within the Cleopatra Member,
petrographic study of samples of the Cleopatra Mem-
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ber, and evaluation of whole-rock and mineral geo-
chemical data from samples of the Cleopatra Member.
Stable isotope data, also obtained during this research
project, will be presented in another paper. The major
contributions of the research presented in this paper
are a breakdown of the Cleopatra Member into two
units, a relocation of the stratigraphic position of the
United Verde deposit, a description of the effects of
the United Verde ore-forming hydrothermal cell on
the Cleopatra Member, and an evaluation of the
physicochemical nature of the hydrothermal system.

General Geology

The United Verde orebody is located in central Ar-
izona in the transition zone between the Basin and
Range and the Colorado plateau tectonic provinces.
The orebody is the largest of the Proterozoic volca-
nogenic sulfide deposits exposed in this belt of rocks
(Lindberg, 1986b). Approximately 30 million metric
tons of 4.80 percent Cu, 1.61 oz/metric ton Ag, and
0.043 oz/metric ton Au, plus a small amount of zinc

FIG. 1. Geologic map of part of the Ash Creek Group modified from Anderson and Creasey (1958)
and Anderson and Nash (1972). Once-active mines include the United Verde (UV), United Verde

Extension (UVX), and Verde Central (VC) deposits.
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by-product, were produced from the United Verde
deposit between 1883 and 1975 (Lindberg, 1988).

The United Verde orebody is included within the
Deception Rhyolite of the Ash Creek Group of the
Yavapai Series (Anderson et al., 1971). The Deception
Rhyolite, which lies stratigraphically above the Shea
Basalt (Fig. 1), was initially subdivided by Anderson
and Creasey (1958) into an upper unit and lower unit.
The Cleopatra Member was considered by them to
represent an intrusive body that postdated the De-
ception Rhyolite. Anderson and Nash (1972) recog-
nized that the Cleopatra contained extrusive units and
included it as a member within the Deception Rhy-
olite. In this paper the Cleopatra is retained as a
member of the Deception Rhyolite. The upper and
lower units of the Deception Rhyolite (Anderson and
Creasey, 1958), located stratigraphically below the
Cleopatra Member, are lumped as the Deception
Rhyolite (Fig. 1). Based on lithologic similarity to the
Cleopatra Member, a small lens of the upper unit of
the Deception Rhyolite of Anderson and Creasey
(1958) and Anderson and Nash (1972), located south
of highway 89a, is now recognized as a component
of the upper unit of the Cleopatra Member (cf. Figs.
1 and 2). The largest area of outcrop of Anderson and
Creasey’s (1958) upper unit (upper succession rhy-
olite; Lindberg, 1986a) is traversed by U. S. 89a (Fig.
1) and is a fine-grained dacitic unit with sediments
marking its base. It is locally silicified and hematitized
and is distinctively different from the Cleopatra
Member. This small localized unit is herein included
within the Grapevine Gulch Formation for simplicity.
The Grapevine Gulch Formation consists of turbidite
sediments intercalated with andesitic and dacitic vol-
canic rocks. It overlies the Cleopatra Member.

A metadioritic intrusion has concealed the hanging
wall above the massive sulfide body and, in general,
is concordant to bedding (Anderson and Creasey,
1958; Lindberg, 1986a) (Fig. 1). The Proterozoic
rocks of the Ash Creek Group are overlain uncon-
formably by Paleozoic sediments.

Metamorphism of the Ash Creek Group has not
been definitively constrained. Lanphere (1968) ob-
tained Rb-Sr whole-rock ages for metamorphism of
1,640 to 1,660 Ma. However, the Cherry Creek
batholith, which is 7 km to the south of the United
Verde mine, is postfolding (Anderson and Creasey,
1958) and has been dated at 1,740 £ 15 Ma (Anderson
et al., 1971; Karlstrom et al., 1987). Formations
within the study area, the upper Shea Basalt, the De-
ception Rhyolite, and the Grapevine Gulch Forma-
tion, are characterized by the mineral assemblage
sericite + chlorite + quartz + albite, indicative of
lower greenschist facies metamorphism (Turner and
Verhoogen, 1960; Winkler, 1979). Vance and Condie
(1987) reported an assemblage of sericite + chlorite
+ oligoclase for the felsic rocks of the study area and
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FIG. 2. Geologic map of the Cleopatra Member showing ex-
posures of alteration types of the lower unit. Upper and lower
Cleopatra Member boundaries are adapted from Anderson and
Creasey (1958). See Table 2 for description of alteration types.

suggested metamorphic conditions transitional be-
tween greenschist and amphibolite facies. Microprobe
analyses of samples from the Cleopatra Member (Ta-
ble 1) indicate that the feldspar is albite, suggesting
that metamorphic conditions were not as high as
Vance and Condie (1987) predicted for the study area.
However, it is possible that higher grade metamorphic
facies occur to the south of the study area in the Cop-
per Chief mine area, where hornblende has been re-
ported (Vance and Condie, 1987; D. Armstrong, pers.
commun., 1988).

A minimum of two episodes of deformation were
superimposed upon the Ash Creek Group (Anderson
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TABLE 1.  Electron Microprobe Analyses and Structural
Formulas of Feldspar from the Cleopatra Member

Lower unit Upper unit

Sample no. 157 75 127 205 117

Number of

analyses 3 3 2 4 4

Wt percent oxides
Na,O 11.27 12.10 11.19 11.47 10.36
K,O 0.21 0.11 0.19 0.06 1.35
CaO 0.18 0.18 1.09 0.86 0.86
Al O3 19.64 19.51 20.19 19.90 20.49
SiO, 67.49 68.50  66.00 66.33 67.82
Total 98.79 100.40 98.66 98.62 100.88
Molecules per 32 oxygens

Na 3.83 4.09 3.82 3.95 3.51
K 0.05 0.02 0.042 0.013 0.25
Ca 0.03 0.03 0.205 0.16 0.16
Al 4.06 4.01 4.19 4.17 4.22
Si 11.96 11.94 11.78 11.79 11.86

and Creasey, 1958; Lindberg 1986a). All rocks have
been penetratively deformed into near-isoclinal folds
(Lindberg, 1986a; Lindberg and Gustin, 1987).

‘ Cleopatra Member
Lithologic units

The Cleopatra Member has been subdivided into
two units, designated as the upper and lower units.
Both these units consist predominantly of porphyritic
rhyodacitic lavas and volcaniclastic rocks. One- to
four-mm-wide quartz and plagioclase phenocrysts
may make up 10 to 40 percent of a hand sample. These
phenocrysts characterize the Cleopatra Member and
render it a distinct lithostratigraphic unit.

The Cleopatra Member was originally considered
to be a felsic intrusion (Anderson and Creasey, 1958).
Kothavala (1963), however, recognized that the
member contained a high percentage of extrusive
rocks; Anderson and Nash (1972) subsequently rein-
terpreted the unit as a package of intertonguing flow-
banded porphyritic rock, breccia, and tuff. Lindberg
(19864a) called the unit the Cleopatra crystal tuff and
Anderson (1986) described the unit as consisting of
phenocrystic agglomerate and quartz crystal ash-flow
tuff.

Mapping for this study indicated that the Cleopatra
Member comprises lava flows and shallow intrusions,
vitroclastic tuffs, and fine- to coarse-grained volca-
niclastic rocks. Lava flows are most abundant in the
lower unit on Cleopatra Hill, which is located between
the Hull fault and the orebody, and in Mescal Gulch
(Fig. 1). Medium- to coarse-grained volcaniclastic
rocks abound between these two areas.

The upper unit contains a higher percentage of

clastic rocks than the lower unit. Coarse-grained vol-
caniclastic rocks and some lava flows or high-level
intrusions occur at the stratigraphic base and inter-
mediate levels. Fine- to coarse-grained sediments and
crystal tuffs are abundant at the stratigraphic top.

The United Verde massive sulfide deposit and an
eastward-thickening package of epiclastic and chem-
ical sediments occur at the base of the newly defined
upper unit. Sediments and chemical precipitates in-
clude chert, hematitic chert, fine- to medium-grained
volcaniclastic sediments, a dolomite-chlorite lens, and
conglomeratic layers. A green calcite-bearing feldspar
crystal tuff is a marker unit for the base of the upper
unit south of the orebody. A comparable green tuff
from the hanging wall to the orebody in underground
exposures is described (Hansen, 1930; Kothavala,
1963; Anderson and Nash, 1972).

Several outcrops of sediments exposed in the walls
and floor of the United Verde open-pit area, previ-
ously interpreted to represent the Grapevine Gulch
Formation (Fig. 1; Anderson and Creasey, 1958; An-
derson and Nash, 1972; Lindberg, 1986a), are now
interpreted as the basal portion of the upper unit
(Gustin, 1988; Fig. 2). These sediments are inter-
preted to have been deposited at approximately the
same time as the United Verde orebody, based on
their stratigraphic position and the presence of sul-
fide-rich interlayers in the sediments. Lindberg
(1986a) notes that the chert layers in the sediments
exposed in the southwest wall of the pit are coeval
with the United Verde orebody, also suggesting that
the sediments with which they are interbedded are
coeval with the orebody.

Most of the upper unit in the immediate hanging
wall to the United Verde orebody is concealed by a
postore metadiorite intrusion. Units that are exposed
and described as occurring in underground exposures
include the green calcite-bearing feldspar tuff, he-
matite-bearing tuffaceous units, and cherts (Hansen,
1930; Kothavala, 1963; Anderson and Nash, 1972).
A quartz-feldspar porphyry with lithologic charac-
teristics and chlorite chemistry similar to the upper
unit overlies the United Verde Extension orebody
(P. A. Handverger, oral commun., 1975). Lindberg
(1986a) has proposed that the United Verde Extension
orebody formed contemporaneously with the United
Verde orebody. The presence of a hanging-wall rock
similar to the upper unit overlying the United Verde
Extension orebody suggests that the upper unit may
have overlain the United Verde but was largely con-
cealed by the intrusion.

On the basis of the distribution of lithologic types
in the lower unit of the Cleopatra Member, it is pos-
sible that massive flows accumulated or domes formed
in the vicinity of the United Verde orebody and in
Mescal Gulch. Deposition of medium- to coarse-
grained volcaniclastic rocks between these two areas

was perhap
two areas o
was deposit
on the edge
that the sec
of the orebe
east. Follov
the upper u
predominar
sive flows.
at the top o
clastic sedi
Lindberg
ore-forming
posed on th
pit. He sugj
dera collap
patra Meml{
wall of the
and lower 1
There is no
collapse w
Member.
There are
of abunda
signs of gr
Matsuda (1
ous pyrocl
berg’s mod
logic evide

Petrograp
|
Phenocr
teration ty!‘
well-develc
tion textur
samples, al
placed by 1
groundmas:
to 0.2-mm,
qQuartz agg
grained rec
Trace amon
present.
The pol;
described |
unit (Ande
intense gre
(Vance and
gates were
subsequent
hydrotherr
silicate mir
alteration,
preted to
to segregat



UNITED VERDE HOST ROCK STRATIGRAPHY & ALTERATION 33

was perhaps a result of slumping of material off the
two areas of massive lavas. The United Verde orebody
was deposited during a period of volcanic quiescence
on the edge of a basin. This is suggested by the fact
that the sediments that crop out to the east and west
of the orebody in the basal upper unit thicken to the
east. Following deposition of the basal sediments of
the upper unit, renewed volcanic activity introduced
predominantly volcaniclastic rocks with minor mas-
sive flows. Diminished volcanic activity is recorded
at the top of the upper unit by the preponderance of
clastic sediments and chert layers.

Lindberg (1986a) proposed that the United Verde
ore-forming fluids were ponded against a fault ex-
posed on the southwest face of the United Verde open
pit. He suggested that this fault was a product of cal-
dera collapse responsible for extrusion of the Cleo-

patra Member. The contact exposed in the southwest.

wall of the open pit is that between the upper unit
and lower unit; there is no evidence of a fault scarp.
There is no geologic evidence to suggest that caldera
collapse was responsible for extrusion of the Cleopatra
Member. There is no apparent ring fracture system.
There are also no abundant broken crystals, evidence
of abundant glass and pumice, welded textures, or
signs of graded bedding, all reported by Fiske and
Matsuda (1964) as common components of subaque-
ous pyroclastic flow deposits. This is not to say Lind-
berg’s model is incorrect but that there is little geo-
logic evidence to support such a model.

Petrography

Phenocrysts in least altered lower unit samples (al-
teration type B1, Fig. 2) include quartz, some with
well-developed secondary overgrowths and resorp-
tion textures, and sericitized albite. In more altered
samples, albite has been completely removed or re-
placed by polycrystalline quartz pseudomorphs. The
groundmass is characterized by 20 to 30 percent, 0.1-
to 0.2-mm, subrounded to subangular polycrystalline
quartz aggregates surrounded by a matrix of finer
grained recrystallized quartz, sericite, and chlorite.
Trace amounts of zircon, rutile, and calcite are also
present.

The polycrystalline quartz aggregates have been
described by previous writers as clasts in a tuffaceous
unit (Anderson and Nash, 1972) and as products of
intense granulation due to shearing during folding
(Vance and Condie, 1987). I suggest that the aggre-
gates were products of hydrothermal alteration and
subsequent metamorphism and deformation. During
hydrothermal alteration both quartz and the phyllo-
silicate minerals were added to the rock. Following
alteration, metamorphism and deformation are inter-

preted to have caused the quartz and phyllosilicates-

to segregate into discrete domains. The polycrystal-

line nature of the quartz aggregates suggests that their
present texture is metamorphic in origin.

The polycrystalline quartz aggregates are found in
outcrops of lava flows, vitroclastic lapilli tuffs, and
volcaniclastic rocks that contain at least 20 percent
chlorite and/or sericite. Kothovala (1963) describes
similar textures in chloritized samples of the upper
Shea Basalt. The upper unit and some distal (>1 km
from the United Verde orebody) lower unit outcrops
do not exhibit this texture. This is presumably because

they did not contain the requisite amount of phyllo-

silicate minerals necessary for segregation of the min-
erals into distinct domains.

Samples of the upper unit, in contrast to the lower
unit, typically exhibit a groundmass that is an apha-
nitic equigranular mixture of quartz, feldspar, and
sericite. In general, quartz phenocrysts of the upper
unit do not exhibit secondary overgrowths. Albite
phenocrysts are slightly calcic in composition (Table
1), and mildly saussuritized and sericitized.

Alteration

The lower unit of the Cleopatra Member contains
essentially no unaltered rocks. Rocks of the lower unit
exhibit widespread alteration which is identified by
the addition of moderate amounts of chlorite and
sericite. Two types of moderate chloritic and sericitic
alteration are present, designated Bl and B2 (Table
2). Also present are localized areas of sericitic and
silicic alteration (designated S1 and S2) and an area
where chlorite metasomatism was the dominant hy-
drothermal process (designated alteration type C).
The upper unit contains the least-altered volcanic
rocks of the Cleopatra Member. However, much of
the upper unit has been affected by hematitic and
silicic alteration, designated as alteration type H.

Vance and Condie (1987) studied alteration im-
mediately beneath the orebody on Cleopatra Hill.
They defined three zones of alteration. Their zone 1
corresponds with the zone of chlorite schist of alter-
ation type C; their zone 2 includes some of both the
area of alterafion type C and rocks subjected to B2-
type alteration; and their zone 3 includes both B2-

TABLE 2. Alteration Types of the Cleopatra Member

Alteration
type Mineral assemblage
Bl Albite + quartz + sericite + chlorite + calcite
B2 Quartz + chlorite + sericite
S1 Quartz + sericite + carbonate * chlorite
S2 Quartz + sericite + carbonate + sulfides
6 Quartz + chlorite + sulfides + ankerite
+ monazite * leucoxene
H Albite + quartz + hematite + sericite * chlorite

+ calcite = epidote
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type alteration of the lower unit and H-type alteration
in the upper unit.

Areas of moderate alteration (B1 and B2) are char-
acterized by the mineral assemblage chlorite + seri-
cite + quartz * albite + calcite. This assemblage is
the result of both hydrothermal alteration and meta-
morphism. During hydrothermal alteration, primary
minerals and volcanic glass were most likely altered
to phyllosilicate minerals and zeolites similar to un-
metamorphosed kuroko deposits (Urabe et al., 1983).
Superposition of the metamorphic event changed the
mineral assemblage to one that was stable at green-
schist facies conditions, but, as will be demonstrated,
the chemical composition of rocks and mineral phases
is distinctive for each of the two areas of moderate
alteration.

The area of Bl-type alteration comprises the least
altered outcrops of the lower unit and, unlike B2-
type alteration, contains calcite and albite. Volca-
niclastic rocks are mildly chloritized and sericitized,
whereas flows appear relatively unaltered. More ex-
tensive alteration of the volcaniclastic rocks suggests
that they were permeable to fluid flow.

In the area of B2-type alteration, feldspars have
been replaced by quartz, chlorite, and/or sericite. A
few polycrystalline quartz pseudomorphs attest to the
previous presence of feldspar phenocrysts. Replace-
ment of feldspar phenocrysts by quartz is also typical
of kuroko deposits in the sericite-chlorite zone that
surrounds the feeders and orebodies (Green et al.,
1983). Quartz overgrowths on quartz phenocrysts and
feldspar pseudomorphs are irregularly corroded by
chlorite and sericite.

The rock matrix of samples from the area of B2
alteration ranges from a mixture of sericite, chlorite,
and quartz to one of only chlorite and quartz. In some
samples, relict islands of fine-grained chlorite float in
a sericite-quartz matrix and sericite veinlets crosscut
areas of chloritization. These textures suggest that
sericitization postdated chloritization.

Vance and Condie (1987) describe chlorite as cor-
roding quartz phenocrysts prior to development of
secondary quartz overgrowths in samples from B2-
and C-type alteration. Textural evidence for this in-
ference was not observed in this study. Instead, chlo-
rite, concentrated on the contact between the quartz
grain and the secondary overgrowth, is intercon-
nected to the rock groundmass by veinlets crosscut-
ting the overgrowth. This, along with the observation
that quartz overgrowths are corroded by chlorite and
sericite, suggests that selective hydrothermal altera-
tion occurred along a zone of weakness in the quartz
grain and that chlorite corrosion postdates overgrowth
development and silicification.

Alteration types S1 and S2 consist of the mineral
assemblage quartz + sericite * carbonate =+ chlorite

+ sulfides. Areas of the S1 type crop out as semicon-
formable resistant lenses along the top of the lower
unit. One area of S1 alteration exhibits a zoned dis-
tribution of silica concentration, with quartz content
increasing toward the center of the area. The silicified
center is interpreted to be a site of focused fluid dis-
charge. S2-type alteration surrounds the chlorite pipe
and, unlike S1, contains sulfide minerals and ankerite.
The carbonate mineral in areas of S1-type alteration
is dolomite north of the Hull fault and calcite south
of the fault (Gustin, 1988).

The area of type-C alteration, referred to below as
the chlorite pipe, is interpreted to be the principal
hydrothermal fluid discharge area. It is characterized
by the alteration mineral assemblage chlorite + quartz
+ sulfides # ankerite + monazite =+ rutile = leucoxene.
The chlorite pipe is subdivided into three zones on
the basis of mineralogy: the chlorite schist zone, the
stockwork zone, and the main pipe (Fig. 2). The area
immediately beneath the orebody, the chlorite schist
zone, consists predominantly of chlorite, with lesser
amounts of quartz and sulfides and minor leucoxene
and monazite. The rock type that characterizes this
area is best known as black schist (Anderson and
Creasey, 1958; Anderson and Nash, 1972). The chlo-
rite schist represents the lower unit completely re-
placed by two generations of chlorite. These two gen-
erations of chlorite were found to be chemically in-
distinguishable on the basis of microprobe analyses.
The early generation of chlorite commonly consists
of fine-grained low birefringence chlorite and is
veined by the late coarse-grained generation of chlo-
rite. The latter is characterized by anomalous inter-
ference colors. Islands of quartz are corroded by
chlorite.

The chlorite schist zone has a gradational contact
with the massive sulfide orebody (Anderson and
Creasey, 1958) and with the main pipe and stockwork
zones (Figs. 2 and 3). Samples from the main pipe are
distinguished from the chlorite schist by the presence
of contorted quartz-ankerite veins and the absence of
sulfide minerals. Monazite, which occurs as elongate
trains of anhedral crystals, is most abundant in this
zone of C-type alteration. As exposed on Cleopatra
Hill (Fig. 2) from north to south, the pipe grades from
a completely chloritized lower unit to a recognizable
lower unit with a pervasively chloritized matrix and
minor quartz veining. As in the chlorite schist, the
upper level of the main pipe contains two generations
of chlorite. Angular clasts of fine-grained low bire-
fringence chlorite and fragments of contorted quartz-
ankerite veins are surrounded and crosscut by rela-
tively coarse grained high birefringence chlorite.
These textures suggest brecciation of the first-formed
fine-grained chlorite and of the quartz-ankerite veins.
This is interpreted to reflect hydrothermal processes
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FIG. 3. Interpretative cross section of the Cleopatra Member
constructed to show the spatial distribution of alteration types
prior to deformation. Sediments deposited at the base of the upper
unit are denoted by the stippled pattern. Other patterns are the
same as in Figure 2. See Table 2 for description of alteration

types.

rather than effects of later deformation and meta-
morphism, primarily because the brecciated texture
diminishes with depth in the main pipe.

The stockwork zone is directly adjacent to the main
pipe and it embodies silicified and chloritized blocks
of the lower unit separated by sinuous chlorite veins
up to 20 cm wide. Minor sulfide mineralization is
present within this zone. Monazite is present in the
chloritized veins surrounding the altered blocks.

Alteration of the H type is volumetrically most im-
portant in the upper unit. It also is found in limited
areas of outcrop at the tops of the upper unit and the
Deception Rhyolite. Alteration mineralogy consists
of the assemblage quartz + albite + hematite =+ seri-
cite + calcite =+ relatively Fe-rich chlorite (avg Fe o)/
Fe(ora) + Mg = 0.57) + epidote (Table 2). Hematite
" occurs as veins, as a component of chert veins, and as
disseminations throughout the rock groundmass.

Much of the alteration designated as H in the upper
unit is characterized by volcaniclastic rocks in which
irregularly shaped pink clasts lie in a greenish-gray
matrix. The boundaries between clasts and matrix are
diffuse, giving the rock a mottled appearance. Clasts
and matrix are distinguished on the basis of dominant
alteration minerals present and the degree of pres-
ervation of phenocrysts. The clasts have a matrix of
quartz and sericite, and the quartz and albite phe-
nocrysts are fairly well preserved. The groundmass
for the clasts consists predominantly of fine-grained
quartz and lesser sericite, and crystal fragments are
partially replaced by fine-grained quartz. Hematite,
carbonate, chlorite, and epidote are present in both
domains. Some of the clasts in the mottled rock con-
tain hematite veins that terminate at the boundary

with the silicified matrix. These textural relations
suggest pre- and post fragmentation periods of alter-
ation.

Ore Mineralogy

Epigenetic and syngenetic ores are present at the
United Verde mine. Epigenetic mineralization occurs
in the chlorite schist zone of C-type alteration and in
areas of S2-type alteration where it is juxtaposed
against the massive sulfide body. The latter was re-
ferred to as ““quartz porphyry ore” by Anderson and
Creasey (1958, p. 123).

Pyrite, chalcopyrite, and sphalerite, the most
abundant sulfide minerals, are associated with trace
amounts of galena, tetrahedrite, tennantite, and ar-
senopyrite. In the syngenetic ore, pyrite is the most
abundant sulfide. Specularite was noted by Reber
(1938) as locally intergrown with pyrite and quartz
in the syngenetic ore and by Anderson and Creasey
(1958) as occurring in veins that cut chalcopyrite and
sphalerite mineralization. Magnetite was found in
sulfide interlayers in sediments adjacent to the ore-
body.

Figure 4, modified from Eastoe and Nelson (1988),
depicts the stability relationships for Fe- and Cu-
bearing minerals deposited in the United Verde chlo-
rite schist, stockwork zone, and massive sulfide on a
log am,s versus log ao, plane. Under the parameters
specified (Fig. 4), the stability field of the ore-forming
fluid lies within the chalcopyrite field and is further
constrained by the contours for mZZn in the fluid and
the contours of Xges in sphalerite. The mZZn contours
are plotted by calculating the molality of zinc as the
sum of zinc chloride complexes. A minimum mZZn
of 1075 was assumed necessary to precipitate a sig-
nificant amount of sphalerite from the hydrothermal
fluid (cf. Anderson, 1977; Ohmoto et al., 1983). The
Xr.s contours were calculated using an activity coef-
ficient of 2.4 for FeS in sphalerite (Barton and Toul-
min, 1968). The mole fractions of FeS in sphalerite
from the chlorite schist and the massive sulfide ore-
body, measured by microprobe analyses of several
thin sections, are 0.01 = .05 and 0.1 * .05, respec-
tively. These parameters constrain the mineralizing
fluid as having a log ap,s between —5.0 and —2.6, and
alog ao, between —41.7 and —35.5. These values are
similar to those estimated for the mineralizing fluid
associated with kuroko ore deposition by Ohmoto et
al. (1983) and with mineralization at the Permian Af-
terthought-Ingot area, California (Eastoe and Nelson,
1988). However, the log ao, is lower than the value
of —29.8 calculated for the 350°C solutions being
emitted at 21° N, East Pacific Rise (Janecky and Sey-
fried, 1984) and lower than the range of —35 to —33
estimated for fluids necessary for massive sulfide ore
deposition by Dickson (1977).
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FIG. 4. Diagram of log au,s an,s,, versus log ao, showing the
stability region (stippled) of the hya)rotherma] fluid responsible
for massive sulfide and chlorite schist formation. Conditions as-
sumed other than those listed in the figure include partial pressure
of water vapor at 50 bars (Haas, 1976), 0.5 m NaCl solution 90
percent disassociated, and a fluid saturated with pyrite (cf. Ohmoto
etal., 1983). Thermodynamic data are from Barner and Scheuer-
man (1978); data on Zn complexes are from Ohmoto et al. (1983);
data for NaSOj are from Ohmoto (1972). Activity coefficients
were calculated using the modified Debye-Huckel equation of
Helgeson (1969); 4 represents a size parameter for the ionic spe-
cies of interest, estimated from Garrels and Christ (1965). Standard
states for solids are pure crystalline substances at pressure and
temperature of interest; standard states for dissolved species are
hypothetical ideal 1 m solutions at pressure and temperature of
interest; standard states for gasses are hypothetical ideal gasses
at 1 bar and temperature of interest. Abbreviations: anh = an-
hydrite, BN = bornite, CP = chalcopyrite, dol = dolomite, HM
= hematite, Mg = magnetite, mZ = molarity sum, PO = pyrrhotite,
PY = pyrite.

The presence of magnetite in association with py-
rite in sediment layers at the edge of the massive sul-
fide orebody suggests a lower log ay,s in the hydro-
thermal fluid at the periphery of the massive sulfide
orebody. Hematitic chert and hematite-bearing sed-
iment above the orebody, along with hematitic alter-
ation of the upper unit, suggest a higher ao, in fluids
that postdated those responsible for ore deposition.

Whole-Rock Geochemistry
Methods

Major element oxides, together with loss on igni-
tion, Zr, Nb, and Y were measured by XRAL Labo-
ratories in Don Mills, Ontario, Canada (Table 3; Fig.
5). All analyses were determined by wavelength dis-
persive X-ray fluorescence spectrometry on a fused

disk, except for Y, Nb, and Zr, which were analyzed
on pressed pellets. The analytical precision is £0.01
wt percent for oxides, +2 ppm for Y and Nb, £3 ppm
for Zr, and 10 ppm for all other trace elements.

Whole-rock geochemistry

Trace element plots, utilizing the method of Fin-
low-Bates and Stumpfl (1981), to test for element im-
mobility in all samples of the Cleopatra Member were
generated using TiOg, Al,O3, Zr, Nb, and Y. Plots
utilizing TiOy, Al;O3, and Zr in pairs yield linear ar-
rays (Fig. 6), suggesting that those elements remained
immobile during hydrothermal alteration and meta-
morphism of the Cleopatra Member. Vance and Con-
die (1987) also found that TiO, remained relatively
unchanged in zones of alteration immediately beneath
the orebody and used it to monitor qualitatively major
element changes. On plots utilizing Al;O3, two sample
points consistently deviate radically from the array
(Fig. 6). These samples represent the chlorite schist
zone of type-C alteration. Their deviation suggests
that aluminum was added to rocks that are completely
chloritized. Interelement ratios utilizing Nb and Y
were inconsistent in samples that were chloritized.
Lesher et al. (1986) indicated that Y was mobile in
the Cleopatra Member during alteration.

The Cleopatra Member is interpreted to represent
a series of flows and tuffs produced from one magma
chamber. The best evidence is the homogeneous lith-
ologic appearance of both units and immobile element
ratios that do not suggest fractionation (cf. Finlow-
Bates and Stumpfl, 1981). The Winchester-Floyd dis-
crimination diagram shown in Figure 7 also supports
this contention in that all samples from the Cleopatra
Member, regardless of degree of alteration, cluster
along and just below the boundary between the rhy-
olite and rhyodacite-dacite fields.

The method of Gresens (1967), which utilizes im-

mobile elements, rock-specific gravities, and calcu- -

lated volume changes was used to establish major ele-
ment fluctuations accompanying hydrothermal alter-
ation. In Gresens’ method, volume factors are
calculated for each altered rock relative to an unal-
tered equivalent. Volume factors, which represent the
change in volume a rock has experienced as a result
of alteration, were calculated for each rock utilizing
elements considered to be immobile, in this case
Al,O3, TiO,, and Zr. Once the volume factor is cal-
culated, major element losses and gains may be cal-
culated using the equation A(fv (g,/g.) Ci — Ci) = X,
where C is the amount of component i, X is the loss
or gain of that component, fv is the volume factor for
a particular sample, g is the rock specific gravity, u
designates unaltered rock, and a designates altered
rock. A is an arbitrary factor which in this case is equal
to 100 because of the utilization of whole-rock anal-
yses that total 100 percent.

TABLE 3. Geochemistry (in wt % and ppm) of Select Samples from the Cleopatra Member

Feoo':./

Rank
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FIG. 5. Location of samples analyzed by microprobe and XRF.

In this study, two least altered samples taken from
the upper unit were chosen to represent the least al-
tered Cleopatra Member. They were selected on the
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basis of chemical composition within the range of av-
erage rhyolites and dacites (LeMaitre, 1976), whole-
rock oxygen isotope values within the range of rhyo-
dacitic rocks (Taylor, 1968; Gustin et al., in prep.),
relatively unaltered feldspar phenocrysts, and a lo-
cation at least 200 m from the United Verde orebody.
Average volume factors were calculated for each al-
tered sample utilizing the three immobile elements
and each of the two least altered samples, yielding a
value that was an average of six factors (Table 3). Mass
balance equations representing average major ele-
ment oxide changes associated with each of the six
alteration types are presented in Table 4.

Grant (1986) rearranged Gresens’ equation into a
linear relationship between the concentration of
components in altered rock and those in the original
rock. Those elements exhibiting no loss or gain will
define a line called an isocon which intersects the or-
igin. Figure 8 is an isocon diagram (Grant, 1987) for
the average least altered upper unit samples versus
three least altered lower unit samples from the area
of Bl-type alteration. In the figure, TiO3, AlsO3, and
Zr define the isocon. Those elements and oxides that
plot above the line were added to the lower unit; those
below were removed. The percent loss and gain of
each component may be read off the scale within the
diagram. For example, 35 percent K;O has been
added to rocks of the Bl type relative to the least
altered Cleopatra Member. The diagram demon-
strates that samples from Bl-type alteration have
higher average abundances of MgO, Fe;Os,,,,, and
K,0, slightly less SiO2, and much less Na,O an(i CaO
relative to upper unit samples.

Major oxide changes accompanying alteration of
most samples from B2-type alteration are represented
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FIG. 6. X-Y plots of elements used to compare component ratios.
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FIG. 7. Plot of Zr/TiO2 vs. Nb/Y, with boundaries from Floyd
and Winchester (1978). Analyses from Cleopatra Member. Filled
squares represent completely chloritized Cleopatra Member.

by equation (2) of Table 4. Samples from the area of
B2-type alteration have 35 percent more iron and 40
percent less CaO and NayO than those from the area
of Bl-type alteration.

Addition of SiO, and K20, and loss of all other ma-
jor element oxides except Al;O3, are typical of areas
of S1- and S2-type alteration. Areas of S2 alteration
exhibit the addition of iron and calcium when min-
eralization is present.

A fourfold increase in MgO and a sevenfold in-
crease in Fe;0y,,,,, were calculated for the area of C-
type alteration relative to the least altered upper unit
samples. In addition, SiOg has been added to samples
of alteration type C that are not completely chlori-
tized; Al;0; and MnO have been added to samples
that are completely chloritized (Table 4). Completely
chloritized samples fall into Vance and Condie’s
(1987) zone 1, in which they documented higher rare
earth element (REE) concentrations than other zones
and suggested that this may be due to removal of silica
accompanying alteration. Petrographic study and
verification by EDS microprobe analyses showed that
what was once interpreted to be abundant residual
zircon in the chlorite pipe is 95 percent monazite and
is inferred to have been deposited in the pipe during
hydrothermal alteration. This suggests mobilization
of the REE from areas surrounding or beneath the
chlorite pipe, with subsequent deposition in the chlo-
rite pipe. Lesher et al. (1986) indicated that REE ex-
hibited variable ratios with Zr and were mobile during
hydrothermal alteration and metamorphism of the

e e - - s oy

Cleopatra Member. Similar results were documented
by Campbell et al. (1984) for the Kidd Creek massive
sulfide deposit.

In general, Fe;Oy,, /Fes0s,,,, + MgO ratios of
whole rocks increase from alteration areas B1 through
B2 to the chlorite pipe. Ratios decrease within the
chlorite pipe from the base of the main pipe to the
chlorite schist zone.

Major element oxide deviations for areas of H-type
alteration in the upper unit were estimated using two
samples of pervasively hematitized porphyritic
rhyodacite and two samples of the mottled volca-
niclastic rock. The former has undergone a gain of
Si0O,, Ca0, and Na,O, and a loss of MgO and KO
(Table 4). No enrichment in iron is shown chemically,
despite the abundance of hematite (Table 4). No no-
table gains and losses were calculated for samples of
the mottled rock, except for a slight addition of Na,O.
Enrichment of Na,O has also been demonstrated for

TABLE 4. Mass Balance Equations for Alteration Types
of the Cleopatra Member
(calculated using the method of Gresens, 1967)

Equation 1: alteration type Bl

100 g lauu’ + 1.15 g Fe,05° + 1.64 g MgO + 0.87 g K0
= 97.3 g altered rock + 0.78 g CaO + 0.89 g Na,O + 466 ¢g
SiO,

Equation 2: alteration type B2

100 g lauu + 14.4 g SiO, + 1.03 g MgO + 1.85 g Fe;05°
= 112.67 g altered rock + 1.79 g CaO + 2.04 g Na,O
+0.78 g K;0

Equation 3: alteration types S1 and §2

100 g lauu + 23 g SiO, + 0.7 g K,O = 117.46 g altered rock
+1.77 g CaO + 0.83 g MgO + 1.99 g Na,O + 1.65 g Fe, 0,

Equation 4: alteration type C (chloritized rocks from deep
within the main pipe and from the stockwork zone)

100 g lauu + 52.84 g SiO, + 4.99 g MgO + 8.27 g Fe,05°
=161.11 g altered rock + 1.54 g CaO + 2.13 g Na,O
+1.32 g K,0

Equation 5: alteration type C (chloritized samples from the
chlorite schist and the main pipe immediately beneath the
chlorite schist)

100 g lauu + 14.7 g Al,O3 + 20.5 g MgO + 27.4 g Fe;05°
+0.23 g MnO = 131.42 g altered rock + 25.2 g SiOp + 1.2
g CaO + 2.81 g Na,O + 2.3 g K;0

Equation 6: alteration type H (pervasively hematitized
rhyodacite)

100 g lauu + 31.7 g SiO; + 1.3 g CaO + 2.0 g Na,O = 132.76
g altered rock + 0.39 gMgO +1.35gK,0+ 0.5 g Fe;05°

1 Jauu = least altered upper unit, Fe,0,° = total iron

]
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FIG. 8. Isocon diagram (Grant, 1986) comparing least altered
upper unit and least altered lower unit samples from alteration
type B1. See text for explanation. Major element oxides and trace
elements have been multiplied by the following factors in order
for all analyses to plot on the same diagram: SiO, = wt percent
X 0.25, CaO = wt percent X 15, MgO = wt percent X 6, Na,O
= wt percent X 10, K,O = wt percent X 3, Fe;O3,,,, = Wt percent
X 4, MnO = wt percent X 10%, TiO, = wt percent X 10%, Y = ppm
X 10, Zr = ppm X 1072, and Nb = ppm X 0.4. Scale on diagram
is in either wt percent or ppm, depending upon the element.
°indicates total Fe.

the hanging-wall rocks of kuroko-type deposits
(lijima, 1974).

Mineral Chemistry

Methods

The composition of chlorites, sericites, carbonates,
plagioclase, and sphalerite were determined using the
wavelength dispersive method on the automated ARL
electron microprobe of the Department of Earth and
Planetary Sciences, University of Arizona. For silicates
and sphalerite, analytical conditions were: 15 kV ac-
celerating voltage, 30 nA sample current (0.03 pA),
and a 10-um beam diameter. For carbonates, a 20-
pm beam diameter and a 10-nA sample current were
used. Intensity data were reduced to concentrations
using the program of Bence and Albee (1969). Ana-
lytical precision is +0.5 percent for those oxides hav-
ing a wt percent of greater than 10, £0.2 percent for
those of 1 to 10 wt percent, and +0.03 percent for
those less than 1 wt percent.

Upper unit versus lower unit mineral chemistry

Variations in mineral chemistry may be used to dif-
ferentiate between the lower and upper units of
the Cleopatra Member. In general, Mn/Mn + Mg
+ Feotal) ratios of chlorites, and Feota) /Fe tota)) + Mg
ratios of chlorites and sericites, are higher in the upper
unit than in the lower unit (Tables 5 and 6; Fig. 9).
Although sericite wt percent totals in Table 6 are low,
most likely owing to the fine-grained nature of the
material and the presence of interlayers of other
phyllosilicates, calculated Feota)/Fe tota) + Mg ratios
show consistent variation between upper unit and

lower unit samples. Similar ratios are reported by
Nash (1973).

A plot of Feotaly/Fetora) + Mg ratios of coexisting
chlorites and sericites displays a fairly linear array
(Fig. 10). Sericite and chlorite from upper unit rocks
and basal sediments plot slightly above points rep-
resenting the lower unit phyllosilicates, suggesting
that they may have formed in equilibrium with fluids
of different chemistry.

Chlorite chemistry

According to the classification of Hey (1954),
chlorite from the Cleopatra Member is primarily rip-
idolite (Fig. 9). Chlorite from basal sediments of the
upper unit and Bl-type alteration includes the most
siliceous variants and is pycnochlorite and clinochlore.

Fe tota))/Fé tota)) + Mg ratios of chlorite increase from
the area of Bl-type alteration to areas of alteration
types B2 and C (Fig. 11). Ratios in the chlorite pipe
decrease vertically upward toward the inferred sed-
iment-water interface (Fig. 11). Sediments deposited
above the orebody have ratios that range from 0.08
to 0.49. Low values correspond to chloritized tuffs
and sediments; high values correspond to hematitic
cherts and tuffs.

Walshe (1986) developed a solid solution model
for chlorite using available thermodynamic data and
constraints imposed by measured composition of
chlorites from systems where the physicochemical
parameters of formation were estimated on the basis
of other geochemical data. The model utilizes two
geothermometers and the Gibbs-Duhem relation,
along with the assumption that the chlorite formed
in equilibrium with quartz and an aqueous phase, to
calculate the temperature of chlorite formation, the
Fe*® value of chlorites, and the mole fraction of
Walshe’s (1986) sixth thermodynamic component.
With these three parameters, other constraints on the
chemistry of the chlorite-forming hydrothermal fluid,
including ag, , as,, and ag,s, may be obtained. Walshe
et al. (1986) state that fluid parameters calculated at
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FIG. 9. Classification of chlorites according to the scheme of
H'ey (1954). Key for symbols is given in upper right-hand corner.
Si given in wt percent. See Table 2 for description of alteration
types.
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temperatures of less than 300°C are underestimated
and that temperature estimates are +20° to 30°C.
Problems with Walshe’s (1986) solid solution model
include the assumption of a value for Fe*® for some
chlorites, upon which the model is based, and possible
errors in estimated physicochemical conditions of
formation of those chlorites, also used as a basis for
the model. Some results of the solid solution modeling
are given in Table 5.

The log ao, and log ay,s values calculated for chlo-
rites from the chlorite pipe using Walshe’s model are
—33 to —38 and —3.35 to —3.45, respectively. Both
are within the range predicted by ore mineral equi-
libria (Fig. 4). J. L. Walshe (pers. commun., 1986)
believes that the Fe*® values calculated using his
model are overestimated. Despite the fact that esti-
mated Fe*? values based on stoichiometry (Table 5)
differ from those calculated according to the solid so-
lution model, both Fe*? values are highest in chlorites
from the area of Bl-type alteration.

Calculated temperatures of chlorite formation
generally increase laterally from the area of Bl-type
alteration to the chlorite pipe (Fig. 11). The 252°C
temperature calculated for one sample in the area of
Bl-type alteration was obtained from a chloritized
coarse-grained volcaniclastic rock. The high temper-
ature and alteration of the sample suggests that it may
have been a part of a fluid conduit. Highest temper-
atures of formation were calculated for chlorites from
the base of the chlorite pipe and from chlorites from
veins in B2-type alteration well below the massive
sulfide orebody (Fig. 11).

Cathelineau and Nieva (1985) used chlorites to
develop an alternative geothermometer based on a
strong correlation between aluminum in the tetra-
hedral site and the temperature of chlorite formation,
and the number of vacancies in the octahedral site
versus temperature. They derived their geother-
mometer by comparing microprobe analyses of chlo-
rites with formation temperatures estimated from
fluid inclusions and actual temperature measurements
from the Los Azufres geothermal system. Velde and
Medhioub (1988) suggested that aluminum content
is a more reliable indicator of temperature variation
compared with other compositional parameters but
noted that precursor rock types may also influence
Al content. Cathelineau and Nieva (1985) indicated
that their equations must be used with caution be-
cause other unrecognized intensive and extensive
variables may explain the compositional variation.

Temperatures estimated using Cathelineau and
Nieva’s correlation equations are 20° to 40°C higher
than temperatures calculated by Walshe’s model.
However, both sets of calculated temperatures show
the same basic distribution trends which are similar
to those expected of massive sulfide systems (cf. Pi-
sutha-Arnond and Ohmoto, 1983). In general, tem-

peratures increase from the area of alteration type Bl
to B2 to the base of C and then decrease within the
chlorite pipe toward the seawater-rock interface (Fig.
11). Although the temperatures are somewhat lower
than those found at active sea-floor spreading centers,
the spatial variations are consistent with the inter-
pretation that chlorites were formed during hydro-
thermal alteration and were not homogenized or sig-
nificantly modified during the greenschist facies
metamorphic event.

Carbonate mineralogy

Carbonate mineralogy was determined using elec-
tron microprobe analyses (Gustin, 1988). Carbonate
minerals have a distinct spatial distribution in the
lower unit. Calcite is characteristic of areas of B1-
and S1-type alteration south of the Hull fault, whereas
the area of B2-type alteration contains no carbonate
minerals. S1-type alteration north of the Hull fault
contains dolomite. Magnesium-rich ankerite is the
carbonate in veins of exposures of $2- and C-type al-
teration.

Carbonate mineral distribution in and surrounding
the chlorite pipe is postulated to reflect the spatial
variation in the chemistry of the hydrothermal fluid.
Mg-rich ankerite, found at the top of the main pipe
and in alteration type S2, is interpreted to have been
deposited from an Fe- and Mg-rich fluid which pro-
duced alteration type C and the orebody. Dolomite
in S1 alteration and the orebody may have resulted
from Fe depletion in the fluid resulting from depo-
sition of iron sulfides in the massive sulfide deposit.
Calcite in the distal area of B1-type alteration in the
lower unit was most likely a product of low-temper-
ature seawater-rock alteration.

Discussion

Although the greenschist facies metamorphic
overprint has changed mineral assemblages, the gen-
eral geochemical trends associated with the ore-
forming system were preserved. Differences in the
distribution of alteration types, and in rock and min-
eral chemistry; are used to distinguish rocks of the
stratigraphic hanging wall from those of the footwall
to the United Verde ore horizon. They also serve to
document recharge versus discharge areas for the hy-
drothermal fluid and to allow for interpretation of
some physical and chemical parameters of the hydro-
thermal system.

Upper unit versus lower unit

The two units of the Cleopatra Member are distin-
guished primarily on the basis of alteration types, al-
though lithologic and petrographic differences are
present. Hematitized, silicified, and relatively unal-
tered rocks characterize the upper unit, whereas
chloritic and sericitic alteration characterize the lower
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TABLE 5. Electron Microprobe Analyses of Chlorite Along with Parameters of
Lower unit
Upper unit Basal sediments upper unit Chlorite schist ~ Stockwork
Sample no. 240 117 32 114 82 133 4500 458 357 140 UV-9 480 17
Number of analyses 9 5 5 4 4 3 3 3 8 8 3 6 5
SiO, 27.82 24.80 25.06 26.45 25.27 25.24 25.89 31.36 26.97 29.90 26.45 26.64 26.35
TiO, 0.02 0.08 0.05 0.01 0.21 0.04 0.00 0.00 0.05 0.06 0.00 0.04 0.04
Al;O4 23.43 20.70 21.49 22.01 21.22 22.60 22.22 24.16 20.45 26.37 21.85 23.92 23.04
FeO°! 17.29 30.93 24.89 16.17 26.55 24.95 22.22 3.80 24.83 3.98 19.74 19.10 19.12
MnO 0.34 0.48 0.33 0.26 0.30 0.19 0.06 0.23 0.14 0.06 0.12 0.13 0.11
MgO 17.92  9.37 12.07 17.60 10.89 14.92 13.56 24.86 14.36 23.56 17.61 16.92 16.55
Total 86.82 86.35 83.88 82.49 84.44 87.94 83.95 84.41 86.79 83.93 85.76 86.75 85.22
Molecular proportions based on 28 oxygens
Tetrahedral cations
Si 5.59 5.48 5.53 5.60 5.56 5.27 5.55 5.99 5.69 5.77 5.50 5.44 5.50
Al 2.39 2.52 2.47 2.52 2.44 2.73 2.46 2.10 2.31 2.23 2.50 2.51 2.50
Octahedral cations
Al 3.18 2.88 2.97 3.10 3.07 2.84 3.26 3.42 2.75 3.74 2.86 3.25 3.16
Ti 0.00 0.16 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01
Fe 2.92 5.72 4.64 2.87 4.89 4.36 3.93 0.61 4.39 0.64 3.44 3.26 3.33
Mn 0.06 0.09 0.20 0.04 0.06 0.03 0.01 0.04 0.03 0.01 0.02 0.02 0.02
Mg 5.39 3.09 3.90 5.56 3.57 4.65 4.40 7.08 4.52 6.79 5.46 5.15 5.14
Total 11.55 11.93 11.71 11.58 11.59 11.89 11.60 11.15  11.70 11.20 11.78 11.69 11.66
Fe/Fe + Mg 0.35 0.65 0.54 0.34 0.58 0.48 0.47 0.08 0.49 0.09 0.39 0.39 0.39
Mn/Mn + Mg + Fe 0.76 1.00 2.26 0.51 - 0.66 0.37 0.14 0.52 0.29 0.14 0.23 0.27 0.23
Fe*® 0.11 -0.22 0.07 0.27 0.18 0.11 —0.01 0.38 0.16 0.09 0.07 —0.13 0.03
Fe*3/Fe® 0.04 -0.04 0.01 0.09 0.04 0.03 0.00 0.62 0.04 0.15 0.02 —0.04 0.01
Parameters calculated by J. L. Walshe and B. P. Harrold (pers. commun., 1986)
Fe*? 0.27 0.39 0.27 0.39 0.41 0.34 0.07 0.36 0.07 0.32 0.31 0.31
Fe*?/Fe® 0.09 0.08 0.10 0.08 0.09 0.09 0.11 0.08 0.11 0.09 0.09 0.09
Temperature (°C) 228.30 249.00 230.10 238.70 291.80 239.20 179.40 221.00 210.40. 254.20 256.90 249.30
Log ao, —-38.10 -38.30 —37.80 —40.20 —32.30 -38.70 —36.80 —41.70 -32.00 -35.60 —35.00 —36.10
Log ay,s -3.21 -3.34 —3.39 —3.40

! FeO® and Fe® represent total iron
2 Fe*? estimated based on stochiometry

unit. The upper unit contains a higher percentage of
volcaniclastic rocks than the lower unit and lacks the
polycrystalline quartz grains that typify the ground-
mass of the lower unit.

All samples of the lower unit are enriched in MgO
and depleted in alkalies relative to least altered upper
unit samples. In contrast, altered upper unit samples
are enriched in alkalies. The presence of hematite,
excess silica, and relatively Fe-rich phyllosilicates, and
the preservation of albite suggest that the upper unit
equilibrated with a silica-saturated fluid of alkaline
or neutral pH that was more oxidized relative to the
ore-forming fluid. In contrast, the lower unit equili-
brated with an Mg- and Fe-rich fluid that was reducing

“and slightly acidic, as evidenced by the depletion of
alkalies and the stability of sericite and chlorite. The
lower unit is interpreted to have been altered by an
evolving ore-forming hydrothermal fluid, assumed to

have been seawater that was modified progressively
through water-rock interaction. Upper unit alteration
postdated ore deposition and was produced by inter-
action with a geochemically distinct fluid that may
represent subsea-floor metamorphism (cf. Harper et
al., 1988; Zierenberg et al., 1988), perhaps associated
with the waning stages of the hydrothermal system.

Alteration of the lower unit

Major element distribution trends from the area of
B1 to C alteration include progressive removal of CaO
and Na,O, increasing additions of Fe;O3,,,,, and MgO,
and increasing values for iron to iron plus magnesium
ratios of whole rocks and chlorites (Fig. 12). These
geochemical variations are typical of traverses in the
stratigraphic footwall of other massive sulfide deposits
from relatively unaltered rocks at some distance from
the orebody to altered rocks immediately beneath the
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Chlorite Formation Calculated Using Walshe’s (1986) Solid Solution Model

Verde
Main pipe B2-type alteration Bl-type alteration Mescal Central
gulch mine
482 31 39 102 143 47 42 372 354 200
9 11 6 10 5 8 4 5 4 8 6 11
26.64 26.15 26.23 25.87 27.63 26.27 26.27 27.02 28.93 27.20 26.76 27.11
0.03 0.03 0.04 0.04 0.04 0.05 0.00 0.05 0.04 0.08 0.33 0.06
22.00 22.92 22.61 22.84 22.43 23.51 24.09 19.91 20.92 21.76 24.41 19.03
20.44 23.55 20.24 21.38 18.00 23.32 22.00 19.00 13.54 19.39 11.81 23.12
0.11 0.12 0.08 0.30 0.11 0.17 0.18 0.14 0.13 0.14 0.06 0.12 -
16.61 16.20 17.26 14.47 19.39 16.38 13.41 17.43 22.82 18.87 21.73 16.84
85.83 88.96 86.46 84.90 87.59 89.69 85.95 83.53 86.38 87.44 85.11 86.29
5.54 5.35 5.42 5.48 5.56 5.32 5.49 5.75 5.75 5.54 5.36 5.73
2.46 2.65 2.58 2.52 2.45 2.68 2.51 2.25 2.36 2.46 2.64 2.27
2.98 2.84 2.93 3.17 2.93 2.93 3.40 2.75 2.65 2.76 3.13 2.53
0.00 0.00 0.02 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.05 0.01
3.57 4.03 3.51 3.82 3.03 3.95 3.84 3.38 2.25 3.14 1.98 4.09
0.02 0.02 0.01 0.05 0.02 0.03 0.03 0.02 0.02 0.02 0.01 0.02
5.16 4.95 5.31 4.57 5.82 4.94 4.18 5.53 6.77 5.72 6.49 5.27
11.73 11.84 11.78 11.62 11.80 11.85 11.46 11.69 11.70 11.65 11.67 11.92
0.41 0.45 0.40 0.46 0.34 0.44 0.48 0.38 0.25 0.35 0.23
0.22 0.21 0.15 0.64 0.21 0.32 0.38 0.27 0.24 0.27 0.13 0.23
0.02 0.13 0.07 0.12 —0.09 0.06 0.19 0.12 0.32 0.40 0.17 -0.08
0.01 0.03 0.02 0.03 -0.03 0.01 0.05 0.04 0.14 0.13 0.09 -0.02
0.32 0.38 0.33 0.33 0.29 0.38 0.33 0.31 0.23 0.31 0.36 0.21
0.09 0.09 0.11 0.09 0.10 0.10 0.09 0.09 0.10 0.10 0.18 0.05
242.10 280.20 248.90 265.60 244.80 284.30 244.90 210.60 217.10 252.00 225.40 277.60
-37.50 -33.20 —37.00 —34.30 —36.10 —-32.60 -37.70 —41.50 —38.20 —-35.70 —40.60 —29.60
-3.35 -3.02 -3.22 -3.26 -3.55 -3.03

orebody (Franklin et al., 1981; Costa et al., 1983;
Green et al., 1983; Urabe et al., 1983). These trends
are interpreted to reflect changes in hydrothermal
fluid chemistry due to fluid-rock interaction and in-
creases in the temperature of the hydrothermal fluid.

The recharge zone for the hydrothermal fluid as-
sociated with massive sulfide formation should be
characterized by alteration that suggests low-tem-
perature seawater-rock interaction. Experimental
work has shown that during the initial stages of sea-
water-rock reaction, rocks become enriched and sea-
water becomes depleted in Mg (Dickson, 1977; Mottl
and Holland, 1978; Mizukami and Ohmoto, 1983).
This exchange increases the acidity of the fluid and
the ability of the solution to break down feldspars and
volcanic glass, which releases Ca and Na from the
rocks. The fluid should also become depleted in car-
bonate as it reacts with the excess calcium to make

calcite (Reed, 1982; Mizukami and Ohmoto, 1983).
Pisutha-Arnond and Ohmoto (1983) have defined for

-kuroko deposits a low-temperature recharge zone

(zone b, Fig. 13) which has the geochemical charac-
teristics described above. In their zone b, analcime,
calcite, illite, and quartz have been added to rhyoda-

citic rocks already altered to an assemblage of Mg-

Na-type montmorillonite, clinoptilolite, mordenite,
saponite, and low cristobalite (Fig. 13).
Geochemical data suggest that alteration type Bl
of the lower unit located south of the Hull fault was
part of the recharge area for the United Verde ore-
forming hydrothermal fluid. This area of alteration is
analogous to a metamorphosed zone b of Pisutha-Ar-
nond and Ohmoto (1983). Depletion in alkalies and
silica, the presence of calcite, and low Fe o) /Fe(total)
+ Mg ratios of rocks and chlorites are evidence for
low-temperature seawater-rock interaction (Fig. 12).
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Chlorite Fe/Fe+Mg

FIG. 10. Feota/Fepota) + Mg ratios of chlorites versus sericites
from samples of the Cleopatra Member. Open circles = upper
unit samples, triangles = basal upper unit sediments, filled circles
= lower unit samples.

Estimated values of Fe™ for chlorites from this area
of alteration are relatively high, suggesting interaction
with a slightly more oxidizing and therefore less
evolved fluid than that interacting with other altera-
tion types. High Fe™ values and low Fe/Fe + Mg
ratios of chlorite were predicted by Roberts and
Reardon (1978) for chlorites formed in the area of
fluid recharge. Chlorites from the area of Bl-type al-
teration also have the highest silica contents obtained
in the study. This may be attributed to silica saturation
in the fluid owing to the breakdown of primary silicate
phases at low temperatures. Silica solubility may have
been enhanced, owing to increased salinity caused by
the absorption of water by alteration phases (Fournier
et al., 1982; Mizukami and Ohmoto, 1983).

The intensity of hydrothermal alteration increases
progressively in the lower unit from Hull Canyon to-
ward the United Verde orebody. Alteration effects
culminate in the chlorite pipe, interpreted to repre-
sent the main discharge conduit for the hydrothermal
fluid. The brecciated nature of the rock at the top of
the main pipe, the pervasive replacement of the lower
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FIG. 11. Schematic cross section showing the distribution of
Feoun/Fegota + Mg ratios of chlorite and temperatures of chlorite
formation, calculated using the scheme of Walshe (1986). See
Figure 2 for alteration types.
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FIG. 12. Diagram summarizing major element losses and gains
from alteration types of the lower unit. See Figure 2 for alteration
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unit by chlorite, and the presence of a large accu-
mulation of massive sulfide directly above this area
suggest that this area was a highly permeable zone of
fluid discharge. A rough estimate of the amount of
fluid discharged through the chloritized pipe can be
made by considering the amount of iron deposited in
the massive sulfide orebody. Based on calculations by
J. L. Walshe and B. P. Harrold (writ. commun., 1987)
the log ag.+2 of the fluid associated with chlorites in
the chlorite pipe was approximately —3.8. Assuming
that FeCl™ was the dominant iron complex in the hy-
drothermal fluid (cf. Barnes, 1979) and using log K
values from Ohmoto et al. (1983), an activity coeffi-
cient of 0.366 for FeCl™, and a pH of 5, an estimated
1.52 X 10'7 kg of fluid would have been necessary to
deposit 85 million tons of pyrite. This figure is a rough
approximation of the amount of pyrite deposited in
the United Verde orebody. This is a minimum esti-
mate; the iron lost in solution and deposited in other
phases is not considered.
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FIG. 13. Diagram summarizing the types of alteration asso-
ciated with kuroko-type deposits, from Pisutha-Arnond and
Ohmoto (1983). Dotted lines represent isotherms with an uncer-
tainty of 50°C. Arrows indicate flow directions for pore fluids.
Alteration types: a = clinoptilotite- and mordenite-bearing zeolite
zone, b = analcime- and calcite-bearing zeolite zone, ¢ = mont-
morillonite zone, d = transition zone, e = sericite and chlorite
zone; ms = massive sulfide, INT = intrusion.
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The zone of exposed B2-type alteration is transi-
tional between the recharge and discharge areas for
the hydrothermal fluid. It is very similar geochemi-
cally to Pisutha-Arnond and Ohmoto’s (1983) zones
¢ and d of alteration associated with kuroko-type de-
posits (Fig. 13). In their zones ¢ and d, montmoril-
lonites, illites, and sericites are the dominant phyl-
losilicates; plagioclase is incompletely to completely
replaced. At Jerome, plagioclase is completely re-
placed in samples from alteration type B2. Rocks from
this area are more enriched in iron than in magnesium,
suggesting interaction with an evolved fluid enriched
in iron. This fluid most likely overprinted earlier low-
temperature alteration by Mg-rich seawater. Inter-
action with an acidic fluid undersaturated in Ca and
Na is suggested by the removal of Ca and Na, feldspar,
and calcite from rocks of this area of alteration (Fig.
12). Thus the area of B2-type alteration was subjected
to alteration by low-temperature seawater during the
initial stages of the development of the United Verde
hydrothermal cell, and to later alteration by an as-
cending evolved hydrothermal fluid.

Exposures of S1-type alteration are interpreted to
be the result of early small circulation cells developed
within the lower unit prior to the development of the
large cell necessary to form the United Verde deposit
(Fig. 14). Small cells are described by Solomon et al.
(1987) as forming in the initial stage of development
of a convection system in a permeable medium. Dur-
ing the development of small precursor cells in the
lower unit, as a result of seawater-rock interaction,
Mg*? and OH™ ions would have been removed from
seawater, causing the fluid to become somewhat acidic
and silica saturated. Fluid in these cells, upon rising
toward the interface between the lower unit and sea-
water, cooled and interacted with the wall rock, re-
sulting in sericitic alteration and silica precipitation.

The area of S2-type alteration surrounding the
chlorite pipe is interpreted to have been produced
by changing fluid chemistry owing to the deposition
of chlorite in the pipe. Upon formation of chlorite,
Fe'? and Mg*? are removed from the fluid. The re-

FIG. 14. Schematic cross section showing the size of the study
area in relation to the entire United Verde hydrothermal cell.
Cell A represents a precursor small cell responsible for alteration
type S1. Cell B represents the cell responsible for forming the
United Verde Extension orebody. Cell C represents the large cell
that produced the United Verde orebody.

sulting increase in the activity of K™ would shift the
fluid chemistry into the sericite stability field. Larson
(1984) proposed the same model for similar zonation
of alteration mineralogy at the Proterozoic Bruce de-
posit of Arizona.

Evidence for mixing

Mixing of seawater with the hydrothermal fluid is
inferred to have occurred at the top of the main pipe
and in the chlorite schist zone on the basis of: de-
creasing Fe otal) /F€ tota) T Mg ratios of both rocks and
chlorites, decreasing temperatures of chlorite for-
mation and increasing silica content of chlorite toward
the sediment-water interface, and oxygen isotope ev-
idence (Gustin et al., in prep) for decreasing temper-
atures toward the sediment-water interface and for
mixing of an isotopically distinct hydrothermal fluid
with seawater. Roberts and Reardon (1978) and Costa
et al. (1983) suggested that magnesium enrichment
in the upper level of the discharge pipe at the Mat-
tagami Lake mine could be attributed to the mixing
of an ascending acidic ore fluid with seawater im-
mediately beneath the sea floor. Mixing of seawater
with the hydrothermal fluid in the upper level of the
main pipe would cause the seawater to increase in
temperature, facilitating removal of Mg from the sea-
water. If the fluid was venting rapidly, as suggested
by Franklin (1986) for most Cu-Zn deposits with
chlorite-rich pipes, cold seawater would be drawn into
this zone. Franklin (1986) explained rapid venting as
a product of density differences between seawater
and the hydrothermal fluid.

Chlorite samples with the highest Fe concentra-
tions, highest calculated formation temperatures, and
relatively low silica values are from deep in the chlo-
rite pipe and from veins in the area of B2. These in-
clude samples 31, 47a, 39, and a few analyses of sam-
ple 102 (Table 5). Chlorites from the chlorite schist
zone are more silica rich. This may be a product of
mixing of the hydrothermal fluid with cooler seawater
in the upper level of the pipe, which would decrease
silica solubility in the fluid, or it may reflect higher
solubility of quartz in the fluid deep within the chlo-
rite pipe. Kranidiotis and MacLean (1987) explain a
similar, but more extreme, distribution of chlorite
compositions at the Precambrian Phelps Dodge de-
posit, Quebec, as a product of increased quartz sol-
ubility at high temperatures possibly near the critical
point of water (cf. Kennedy, 1950) occurring deep
within the pipe.

Source of components, heat source,
size of the hydrothermal cell

The presence of ankerite in the upper level of the
main pipe necessitates a source of COs, assuming that
CO, in seawater was lost owing to initial water-rock
interaction. Fluids rich in CO, relative to seawater
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are reported from fluid inclusions associated with the
area of fluid discharge at kuroko-type deposits (Pi-
sutha-Arnond and Ohmoto, 1983) and were measured
from fluids collected from discharge sites at the East
Pacific Rise (Janeckey and Seyfried, 1984). Morton
and Nebel (1984) summarized several means of en-
riching a hydrothermal fluid in CO, following initial
depletion of seawater CO; in the area of low-tem-
perature fluid-rock interaction. These_include (1)
leaching and transporting of diagenetic carbonate, (2)
Jeaching of CO; from basalts deeper in the section
(Seyfried and Mottl, 1 982), and (3) decarbonation re-
actions occurring during metamorphism deep in the
volcanic section concurrent with convection. Another
potential source of COy is seawater. If mixing of sea-
water with a fluid enriched in Ca and Fe occurred in
the upper level of the chlorite pipe, it s plausible that
carbonate minerals could have been precipitated. All
of the above are reasonable; however, carbon isotope
data (Gustin et al., in prep) suggest that the CO, was
derived from diagenetic carbonate in the host rocks.

Neither the Cleopatra Member nor any other unit
of the Deception Rhyolite appears to have been the
source of the ore metals, iron, or magnesium added
to the chlorite pipe and orebody. Neither shows no-
table depletion in copper or zinc relative to unaltered
rhyolites and dacites (Gustin, 1988). Mass balance
calculations demonstrate that rocks of the lower unit
are enriched in total Fe;O3 and MgO. Iron and mag-
nesium were added to the Deception Rhyolite as
components in chlorite. If a large part of the seawater
Mg was deposited during initial seawater-rock inter-
action, an additional source of magnesium other than
seawater is required.

Below the Deception Rhyolite, the Shea Basalt may
have provided the additional CO,, Fe, Mg, Mn, and
metals that enriched the chlorite pipe and the ore-
body. Mottl et al. (1979) demonstrated that temper-
atures in excess of 300°C are necessary to derive a
significant amount of iron from a basalt. Franklin
(1986), citing evidence from sea-floor spreading cen-
ters and experimental work, concluded that temper-
atures must be as high as 385°C and water/rock ratios
must be low in order to promote metal leaching. These
prerequisite conditions for removal of metals could
only have occurred at a stratigraphic level below the
Deception Rhyolite.

The study area represents only a small portion of
the United Verde hydrothermal cell. Figure 14 is a
schematic diagram illustrating the size of the study
area in relation to the entire hypothesized United
Verde cell. The circulation of the United Verde hy-
drothermal cell below the Cleopatra Member and the
Deception Rhyolite is suggested by the lack of a metal
or heat source for the system in either of these units.

Solomon et al. (1987) estimated, on the basis of
metal solubilities in ore solutions associated with

massive sulfide systems, that catchment areas on the
order of 100 km? are theoretically required for mas-
sive sulfide deposits similar in size to the United Verde
deposit. They suggested that this figure could be re-
duced with an alternative source of metal such as a
magmatic component. The largest intrusive body in
the area is a granodiorite located approximately 7 km
south of the United Verde mine, an unreasonable
depth for hydrothermal fluid circulation associated
with massive sulfide-forming systems, on the basis of
both experimental work (Sleep and Woolery, 1978;

Bischoff and Rosenbauer, 1984) and estimates from -

natural settings (Gregory and Taylor, 1981; Morton
and Nebel, 1984; Muehlenbachs, 1986; Polya et al.,
1986). It is possible that a mafic sill-dike complex in
the Shea Basalt reported by Anderson (1986) may
have provided a magmatic component as well as the
heat source that drove the hydrothermal system. The
Shea Basalt is approximately 2.5 km below the ore-
body, a much more reasonable depth for hydrother-
mal fluid circulation. One must not rule out the pos-
sibility that a cryptic magma chamber responsible for
erruption of the Cleopatra Member contributed a
magmatic component.

It is possible, as suggested above, that the United
Verde ore-forming fluid interacted with the Shea Ba-
salt and leached Fe, Mg, and ore metals, with little
being contributed from a magmatic source. Despite
these conjectures, the heat and metal sources still re-
main enigmas in the history of the United Verde ore-
body.
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