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ABSTRACT

The Copper Chief deposit, Jerome district, Arizona, is 
a Proterozoic volcanogenic massive sulfide deposit hosted 
by the Yavapai Supergroup. Several exhalite horizons, 
precipitates of ore-bearing hydrothermal fluids upon mixing 
with seawater, are present in the vicinity of the Copper 
Chief mine. Two exhalite horizons, were sampled and 
analyzed by INAA for 32 major, trace and rare earth 
elements. The findings of this study are: 1) that
hygromagmatophile elements (Zr, Ta, Hf, REE) were expelled 
early in the evolution of the hydrothermal fluid; 2) the 
concentration of Ni, Ti, Zn, As, Sc, Co and P in the 
exhalites is a function of their concentration in the 
hydrothermal fluid; 3) only As and Zn are more highly 
concentrated proximal to the orebody, and 4) the gold 
content of exhalites peripheral to economic concentration 
of gold will be several orders of magnitude greater than 
average crustal abundance of gold (.004 ppm) .
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INTRODUCTION

Since the recognition that many massive sulfide 
deposits were volcanogenic in origin, much scientific study 
has been devoted to understanding the chemical processes 
involved in the ore deposition and wall rock alteration of 
these mineralizing systems. This work has, in turn, led to 
the understanding that the chemical sedimentary units, or 
exhalites, are commonly associated with the massive sulfide 
ore and are precipitates of the ore-bearing hydrothermal 
fluid upon mixing with seawater. Although considerable 
controversy stems from the use of the genetic term exhalite 
the cherty rocks in question here do have a very unique 
genesis (that being a precipitate of the exhaled 
hydrothermal fluid) and so the rock name exhalite will be 
used in this report. It is this unique genesis coupled 
with the intimate association of exhalites with massive 
sulfide mineralization that has led many exploration 
geologists to suggest that exhalites may be useful tools in 
the search for hidden orebodies.

Purpose of Investigation
The purpose of this study was to determine the trace 

and rare earth element geochemistry of two exhalite 
horizons in the vicinity of the Copper Chief mine, Jerome 
district, Arizona. The data were then used to determine



those elements which may be useful exploration tools in the 
search for gold-rich volcanogenic massive sulfide deposits 
in the Jerome district.

Location
The Copper Chief mine, located in the Cottonwood 

Quadrangle, T15N, R2E, Sections 1 and 12, Yavapai County, 
Arizona, is perched on the eastern flank of Mingus 
Mountain, approximately three miles south-southeast of the 
historic mining town of Jerome (Figure 1). Elevations in 
the area studied range from 5250 feet to 5900 feet.
Exposure is generally good with scrub oak (Quercus 
terbinella) and cat claw (Mimosa biuncifera) most dense on 
east to northeast facing slopes. Access to the mine area 
is gained by turning west from State Route 279 onto Forest 
Service Rd. No. 493 (Mingus Ave., Cottonwood airport road), 
southwest of the town of Cottonwood.

Minina History
Historical accounts of mining activity at the Copper 

Chief mine are neither abundant nor complete. The 
following is a summary of the available information.

Anderson and Creasey (1958) reported that the massive 
sulfide orebody was an elongate lens trending N80E and 
plunging to the east. The surface expression of the ore 
zone was approximately 800 feet long and up to 60 feet wide 
at its western end. During the early part of the century
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the ore zone was divided by a property line; the western 
half owned by the Copper Chief Mining Co. and the eastern 
half owned by the Equator Mining and Smelting Co. (Reber, 
1922) . The Equator claim was called the Iron King; 
however, this name is hereafter avoided to eliminate 
confusion with the better known Iron King mine near 
Humboldt, Arizona.

Lindgren (1926) reported that at the time of his visit 
in 1922, the Copper Chief was one of few producing mines in 
the district, with a 350 foot shaft and cyanide mill in 
operation. The majority of the ore on the Copper Chief 
property was oxidized and enriched in Au and Ag, with 
values reported at 0.3 oz. Au/ton and 6 oz. Ag/ton. This 
siliceous oxidized ore contained a small amount of both 
copper and lead carbonates and extended 230-240 feet below 
the surface. Lindgren (op. cit.) also reported that during 
his visit a five foot thick secondary enrichment zone 
("black powdery mass") between the oxide and sulfide ore 
was mined. This chalcocite ore was reported to have 
contained up to 0.75 oz. Au/ton, 40 oz. Ag/ton, and 1-2% Cu 
(in chalcocite and carbonates).

Production figures given by the Arizona Bureau of Mines 
(Elsing and Heineman, 1936) for the period 1916-1933 are: 
$530,000 Au (average price from 1900-1933 taken to be 
$20.67/oz.) and $372,000 Ag (average price from 1900-1936 
taken to be $0.66/oz.). No copper or lead values were
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reported. The bulk of the production took place during the 
period 1916-1918 by the Hayden Leasing Co.. Total output 
during this time, as reported by Lindgren (1926), was 
71,849 tons of ore valued at $875,000.

Additional output is documented by Reber (1938) who 
reported that a few hundred tons of sulfide ore were mined 
when the price of copper was high, and 6,000 tons of low 
grade ore were mined as flux for the United Verde Extension 
smelter in Jerome.

Owing to the fact that the ore lens plunged and thinned 
to the east, less oxide ore had developed on the adjacent 
Equator property. The majority of the production from this 
property came during 1904-1905 when 1,300,000 pounds of 
copper valued at $185,000 were mined (Elsing and Heineman, 
1936). This ore was low grade pyrite and chalcopyrite with 
bands of sphalerite. A maximum of 70 feet of oxide ore was 
developed below the surface on the Equator property, as 
compared to 230 feet on the Copper Chief property. The 
sulfide orebody is reported to have been 80 feet wide, 
several hundred feet long, and less than 50 feet thick 
beneath the oxide ore (Lindgren, 1926). The orebody was 
believed to have been cut off by a shallow, west to 
northwest, dipping fault; however, a diamond drilling 
program undertaken in an effort to find the remainder of 
the orebody was unsuccessful and it was concluded that the 
ore bottomed out and had not been cut off by the fault



(Reber, 1938). During World War II, the Copper Chief and 
Equator properties were leased by R. L. d'Arcy and A. B. 
Peach and produced oxide ore from both ends of the orebody. 
No production figures are available for this period of 
mining activity.

The Shea vein, immediately south of the Copper Chief 
mine (Figure 2, back pocket) was owned and mined by the 
Shea Mining Company. The vein, which strikes east-west, 
dips approximately 42°S, and is cut off by a low-angle 
fault, consists of quartz, pyrite, ankerite, siderite, 
chalcopyrite, arsenopyrite, and tetrahedrite. The 
tetrahedrite-bearing ore is reported to have carried 600 
oz. Ag/ton (Anderson and Creasey, 1958). The Shea vein 
produced 1,200-1,300 tons of Ag, Cu, and Au ore worth 
$65,000, with Ag accounting for 80% of this value (Reber, 
1938).

All three properties are currently owned by Phelps 
Dodge Corporation.

Previous Literature
Relatively little has been published regarding the 

smaller prospects in the Jerome district; however, several 
excellent papers regarding the Yavapai Supergroup and 
Jerome have been written. Most noteworthy of these works 
is Anderson and Creasey1s 1958 U. S. Geological Survey 
Professional Paper 308. Although written when the Jerome
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massive sulfide orebody was believed to be a replacement 
phenomenon rather than a volcanogenic deposit, this report 
provides an excellent descriptive account of the geology 
and mining activity in the Jerome-Prescott area. Older 
accounts of the mining history within the district, 
including activities at the Copper Chief mine, can be found 
in Lindgren (1926), Reber (1922 and 1938), and Rising and 
Heineman (1936). More recently, the stratigraphy in the 
Jerome area was revised (Anderson et al., 1971) and the 
Jerome orebody was reevaluated as a subaqueously deposited 
volcanogenic massive sulfide body (Anderson and Nash,
1972).

Although there has certainly been a substantial amount 
of study devoted to determining the character of 
geochemical halos associated with exhalites, the majority 
of these data are undoubtedly stored as confidential 
company material and are not available in the literature.

Ridler (1970) was one of the first to recognize the 
importance of exhalite horizons in the exploration for gold 
and base metal deposits associated with the volcanogenic 
greenstone terranes of Ontario. He reported in 1970 (op. 
cit.) and again in 1974 (Ridler and Shilts, 1974) that gold 
values are anomalously high, by several orders of magnitude 
with respect to average crustal abundances, in economically 
significant exhalite horizons. This finding led many 
geologists to study the geochemical trends present in



several volcanogenic massive sulfide districts in greater 
detail. Most noteworthy of the studies which have focused 
on ancient examples, include a dissertation by 
Kalogeropoulos (1982, Univ. of Toronto) in which a study 
and comparison of the geochemistry of the Kuroko 
tetsusekiei beds with the Main Contact Tuff at the 
Millenbach mine, Noranda, was reported; a paper by Graf 
(1977) discussed the significance of the rare earth 
elements in exhalites found at Bathurst, New Brunswick, and 
a Masters thesis by Cummings (1983, Univ. of Arizona) 
discussed geochemical halos in exhalites associated with 
the United Verde massive sulfide at Jerome. Studies 
pertaining to chemical dispersion halos around recent 
submarine hydrothermal vents include papers by Holmes and 
Tooms (1972) concerning vents along the Atlantis II Deep 
and Ruhlin and Owen (1986) concerning the distribution of 
the rare earth elements in sediments surrounding submarine 
hydrothermal vents. Papers reporting gold values in 
exhalites include: Sager, Meyer and Muff (1982), Bavinton 
and Keays (1978), Boyle (1979), and Fripp (1976).
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REGIONAL GEOLOGY

The massive sulfide deposits of the Jerome district (as 
defined by Reber, 1922) occur within the Proterozoic 
Yavapai Supergroup (Conway, 1985) which outcrops in the 
central portion of the Transition Zone (Figure 1). The 
rocks are a complexly interbedded and folded series of 
mafic to felsic submarine volcanic flows, volcaniclastics, 
and sedimentary units that have undergone regional 
greenschist facies metamorphism.

Stratigraphy
The Yavapai Supergroup is divided into two units, the 

Ash Creek Group and the Big Bug Group, which are 
geographically separated by a quartz-diorite intrusion and 
the Shylock zone (see Figure 2 in Anderson et al., 1971). 
The Ash Creek Group, which hosts the massive sulfide 
deposits at Jerome and the Copper Chief, comprises two 
mafic to felsic volcanic successions that have been further 
subdivided into seven formations as shown in Figure 4.
U/Pb isotopic age dates obtained from zircons indicate 
that, at 1770 + 15 m.y., the Big Bug Group is younger than 
the Ash Creek Group, dated at 1820 + 10 m.y. (Anderson et 
al., 1971).
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Structure

Following deposition of the Yavapai Supergroup, the 
rocks were subjected to intense folding. Although there 
has been no definitive work published concerning the 
complex structure in the Jerome district, a series of tight 
to open, cross-folds have been documented by Anderson and 
Creasey (1958), Lindberg (1986), and Armstrong (1986, oral 
commun.). The primary fold axes trend N15-20W and dip 
steeply to the northeast. These folds are in turn folded 
about east to northeast trending, north dipping axial 
planes. Owing to the massive nature of most of the rock 
units, foliation is only sporadically obvious in the 
tuffaceous sedimentary units where it parallels the axial 
planes. Viewed microscopically, foliation of platy 
minerals in the volcanic units also parallels the fold 
axial planes (Anderson and Creasey, 1958). Boudinage is 
apparent in the thin exhalite layers that occur throughout 
the volcanic assemblage.

The Jerome district is crossed by three major northwest 
to west trending normal faults; the Hull fault, the Pine 
fault, and the Oak fault (see Figure 3, Anderson and 
Creasey, 1958). Numerous smaller faults occur throughout 
the district? among them is the Shea fault within the study 
area, along which the Shea vein was emplaced. Movement 
along the Pine and Oak faults is confined to Precambrian 
time as they do not offset the overlying Paleozoic section;



however, the Hull fault crosses the Paleozoic section and 
is thought to have been active since the Precambrian. All 
three faults are truncated to the east by the Verde fault.

Intrusions
Two intrusive events, resulting in emplacement of 

dikes, can be distinguished within the Ash Creek Group.
The first event resulted in the intrusion of dioritic or 
gabbroic dikes. These rocks have undergone greenschist 
facies metamorphism and are difficult to distinguish from 
the older, more massive basalt flows. Anderson and Nash 
(1972) reported that because non-foliated gabbroic dikes 
cut foliated Ash Creek volcanics, the dikes were emplaced 
after folding; however, owing to the fact that these 
gabbroic dikes are folded in the vicinity of the Copper 
Chief mine, Lindberg (1983) concluded that this diking 
event occurred in the late stages of volcanic pile 
development and before regional folding ended.

In addition to the diabase dikes, granodiorite dikes 
also cut the Ash Creek Group in the Jerome district. These 
dikes are believed to be related to the quartz diorite that 
intruded the Ash Creek Group in the southern part of the 
Mingus Mountain Quadrangle. Because these dikes are post
folding, as is evident in Figure 2 (this work) and Plate 1 
in Anderson and Creasey (1958), a U/Pb zircon date of 1760 
+ 15 m.y. for the quartz diorite places a minimum age on

20



the deformation of the Ash Creek Group (Anderson et al., 
1971) .

Phanerozoic Geology
The Precambrian rocks in the Jerome district are 

unconformably overlain to the west by a 2200 foot thick 
section of Paleozoic sedimentary rock and Tertiary basalt 
flows. These rocks are described in greater detail in 
Anderson and Creasey (1958). The eastern edge of the 
Jerome district is truncated by the north-northwest 
trending Verde fault. This high-angle normal fault drops 
the Yavapai Supergroup several thousand feet to the east 
where the Precambrian rocks are covered by the Paleozoic 
strata, Tertiary basalts, Tertiary gravels and the Tertiary 
Verde Formation.
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LOCAL GEOLOGY

Because the rocks in the Jerome district have been 
subjected to multiple phases of deformation, considerable 
stratigraphic ambiguity exists. Using a 1:1200 scale 
geologic map compiled by Paul Lindberg for the Phelps Dodge 
Corporation (Lindberg, 1983) as a base, reconnaissance 
mapping, resulting in minor changes to Lindberg1s map, was 
done to determine stratigraphic facing. The stratigraphic 
succession was then worked out and correlation of 
interbedded exhalites became more than just speculation.

Structure
Although this project has not focused on the structure 

within the mine area, an understanding of the complex 
folding is necessary in determining the stratigraphy.

A series of primary north to northwest trending, 
northeast dipping folds and secondary northeast to east 
trending folds have been documented (Lindberg, 1983 and 
1986, and Armstrong, 1986, oral commun.). An example of 
the resulting outcrop pattern can be seen at 9000E, 1760OS 
(Figure 2). Here a primary anticline exposes the quartz 
porphyry, with two northeast trending cross-folded 
synclines creating the pod shaped quartz porphyry outcrop. 
To the northeast. Forest Service Rd. No. 493 follows a 
tightly folded primary syncline with the "MAINX" exhalative



horizon forming the southwest limb of a northeast dipping, 
overturned anticline (cross-section A-A*, Figure 3, back 
pocket). A block diagram model of this polyphase folding 
style taken from Lindberg (1986) is shown in Figure 5.

High-angle north-northwest trending faults related to 
Tertiary Verde faulting undoubtedly exist within the study 
area; however, owing to complex folding and alteration of 
the rocks, these faults have gone unrecognized.

A low-angle fault, referred to as the flat fault, is 
present within the study area. This fault dips to the west 
and is marked by a zone of silicification which varies in 
thickness from an inch to several feet. The rock units in 
the upper and lower plates are similar with the massive 
sulfide mineralization being confined to the upper plate. 
The amount of displacement along the fault is unknown but 
is not thought to be great. The age of the flat fault is 
also unknown and may range from post-granodiorite 
Precambrian to Tertiary.

The Shea silver-rich vein was emplaced along the east- 
west trending Shea fault. This fault dips roughly 50°S 
(calculated from Figure 2 , Lindberg, 1986), is pre-flat 
fault in age (because it does not cut the upper plate of 
the flat fault) and is believed to merge with the flat 
fault north of the Shea mine dump (Lindberg, op. cit.).



24

Figure . Block diagram modified from Lindberg (1986) 
showing outcrop pattern typical in polyphase 

folded terrane.



25
Volcanoqenic Rock Units

At the Copper Chief mine, eight distinct lithologies 
comprising a complexly interbedded succession of altered 
volcanic and sedimentary rocks within the Ash Creek Group 
have been distinguished (Lindberg, 1986; Johnson, 1986) and 
are shown on the geologic map (Figure 2). This group of 
rocks was later intruded by diorite dikes, poly-phase 
folded, intruded by granodiorite dikes and cut by a low- 
angle fault. Although the volcanic succession at the 
Copper Chief mine has been considered lower in the Yavapai 
Supergroup succession than the Jerome volcanic sequence 
(Figure 4), there appears to be no conclusive evidence that 
this is the case. For this reason, the stratigraphic names 
will be abandoned in this report and the units are given 
lithologic field names (as suggested by Lindberg, 1983). 
Furthermore, although the rocks in the Yavapai Supergroup 
were subjected to greenschist facies metamorphism prior to 
1770 + 10 m.y. (Anderson et al., 1971), original textures 
have been preserved; thus, the prefix meta- has been 
dropped as suggested by Anderson et al. (1971). In the 
following geologic description, key outcrops with known 
facing are described as is the disposition of the exhalites 
in the stratigraphic section.
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Lower Basalt

The oldest rock unit in the study area is the Shea 
Basalt, which, for the reason given above, is hereafter 
called the lower basalt. Petrographic work done by Phelps 
Dodge personnel indicates that this rock is a moderately 
chloritized basalt that becomes andesitic in its upper 
portion (Duhamel, 1985, oral commun.). The basalt is 
amygdaloidal and contains minor disseminated pyrite.
Pillows in the basalt are evidence for the subaqueous 
extrusion of the lava. Waning basaltic volcanism is 
evident in the vicinity of 10250E, 17900S (Figure 2) where 
the flows become thin thick) and are overlain by a
thin and discontinuous layer of argillite immediately 
beneath the rhyolite.

Rhyolite
The unit mapped as rhyolite within the study area has 

been petrographically determined to be a rhyodacite 
(Duhamel, 1985, oral commun.) which is locally albitized, 
silicified, and chloritized. The contact between the lower 
basalt and the rhyolite is seldom sharp but is more 
typically marked by a thin and discontinuous, brecciated to 
bedded exhalite layer.

Two textural varieties of the rhyolite, breccia and 
massive, can be distinguished in the field. At 10300E, 
18075S (Figure 2) the lower basalt is overlain by one to
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two feet of brecciated felsic tuff containing elongate 
exhalite fragments averaging one to two inches in length. 
The amount of chert and tuffaceous fragments rapidly 
decreases away from the lower basalt and the unit becomes a 
silicified and sericitized rhyolite pyroclastic breccia 
with local chlorite alteration (Figure 6). The massive 
variety of rhyolite, seen in the vicinity of 10500E,
18000S, is typically cryptocrystalline and featureless; 
however, flow banding is locally present between the 
massive variety and the breccia.

The upper rhyolite contact is not easily defined owing 
to the fact that rhyolite extrusion was occurring 
synchronously with other volcanism. The best example of 
this contact is seen at 9305E, 17150S (Figure 2, NJ-OH 
sample site). Here the breccia contains rhyolite, exhalite 
and gossan fragments, disseminated pyrite in both matrix 
and clasts, and abundant carbonate veinlets. Overlying the 
rhyolite breccia is a finely brecciated to bedded chert pod 
(approximately nine feet thick at its widest point), which 
is in turn overlain by a thin (6-10 inch thick) bed of 
rhyolite breccia. This chert pod can be traced and shown 
to be the lateral equivalent of the Copper Chief orebody. 
This finding indicates that some rhyolitic volcanism 
postdated ore deposition; however, intense chloritization 
of the rhyolite immediately adjacent to the massive sulfide
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Figure 6. Photograph of chlorite altered rhyolite breccia.



deposit indicates pre-ore deposition for most of the 
rhyolite in the mapped area.

Quartz Porphyry
The unit mapped as quartz porphyry is a pinkish-beige 

cryptocrystalline rock with quartz phenocrysts (average 
diameter: 1mm). Petrographic analysis by Phelps Dodge
personnel indicates that this rock is also a rhyodacite, 
which is locally silicified, albitized, and chloritized 
(Duhamel, 1985, oral commun.). Although the exact 
relationship between the rhyolite and quartz porphyry is 
unclear, it is obvious from the presence of a chloritized 
root zone that both rock types were extruded before the 
massive sulfide was deposited. As previously mentioned, 
there is evidence that some rhyolitic volcanism took place 
after ore deposition, however there is no evidence that 
quartz porphyry extrusion continued after ore deposition.
The upper contact of the quartz porphyry is best seen at 
9100E, 1743OS (Figure 2) where it appears to be gradational 
with the exhalite.

Massive Sulfide Mineralization
The volcanogenic massive sulfide orebody at the Copper 

Chief mine was an elongate stratiform lens trending N80E 
and plunging to the east. The gossan area is now caved in. 
Historical accounts, as reviewed above, indicate that the 
lens was 1000-1100 feet long, up to 80 feet wide and
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extended to a maximum depth of 350 feet below the surface. 
Although the majority of the ore was oxidized owing to 
weathering and leaching processes, some of the massive 
sulfide ore was described as low grade pyrite and 
chalcopyrite with bands of sphalerite (Elsing and Heineman, 
1936). The lower contact of the ore lens is not seen, but 
intense chloritization of the quartz porphyry and rhyolite 
along the edge of the caved gossan (Figure 2) indicates 
that the ore was deposited on top of both rock types, 
possibly in a topographic low as implied by Lindberg 
(1986). Immediately overlying the ore, the upper basalt 
contains fragments of gossan and exhalite which indicate 
that the stratiform massive sulfide orebody was deposited 
on a surface and was syn-sedimentary in origin rather than 
an epigenetic replacement phenomena.

Sedimentary Units
Sedimentary rocks at the Copper Chief mine fall into 

two categories: clastic and chemical. Because the two 
types were deposited during periods of relative volcanic 
quiescence, they are commonly intimately associated in the 
field and are discussed together here.

The clastic rocks comprise both mafic and felsic bedded 
volcaniclastics which locally contain exhalite fragments.
An excellent example of these clastic rocks can be seen in 
the sedimentary package overlying the upper basalt at
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8560E, 18600S (Figure 2). Here, rounded ferruginous chert 
or exhalite fragments are found within tuffaceous rock 
(Figure 7) suggesting a sedimentary origin for the bedded 
tuff.

Chemical sedimentary units, or exhalites, occur as both 
bedded and brecciated, laterally discontinuous horizons 
that are present throughout the volcanic pile at the Copper 
Chief mine (Figure 2). The discontinuous nature of these 
units may be due to a number of factors: 1) original 
discontinuous precipitation in topographic lows? 2) the 
presence of multiple vent sites; 3) boudinage during 
folding? 4) availability of outcrop? and 5) slump breccia. 
Individual exhalite horizons at the Copper Chief mine are 
typically bedded on the millimeter and centimeter scale and 
comprise black, grey, green, red and/or white chert and a 
variable amount of tuffaceous detritus.

Petrographically, the bedded exhalites are 
predominantly fine-grained quartz with hematite spherules, 
magnetite, and minor pyrite cubes that are commonly 
oxidized to limonite. Minor rutile needles are weakly 
oxidized to leucoxene. Millimeter-thick layers of 
tuffaceous detritus are common but make up a volumetrically 
small part of the exhalite. The red, black, and green 
color of the chert is a function of the presence of 
hematite, magnetite, and chlorite, respectively. Most



Figure 7. Photograph of rounded exhalite fragments within 
bedded tuffs.



exhalites examined contain a moderate amount of chlorite, 
in both chemical and clastic layers.

The less common massive pods of exhalite comprise 
finely brecciated (millimeter to centimeter-scale) 
fragments that commonly appear to be rotated and recemented 
with silica. The breccias are mineralogically similar to 
the bedded variety with abundant quartz and quartz-pyrite 
veinlets. These brecciated pods can be seen at 8775E,
18200S and at 9310E, 17150S (base of the ore-horizon 
exhalite, NJ-OE sample site on Figure 2).

Bedded exhalites in the vicinity of the Copper Chief 
mine are rarely greater than a foot thick and are rarely 
continuous in outcrop for distances over five feet. The 
two units examined in this study, the MAINX and ACME 
horizons (Figure 2), are exceptions to these character
istics, being anomalously thick and anomalously continuous.

MAINX Horizon. The MAINX sample horizon is a 15 to 20 
foot thick, 300 foot long overturned section of interbedded 
exhalative chert and silicified quartz porphyry flows 
(cross-section A-A*, Figure 3). Because the section is 
overturned, it is necessary to define the terms lower and 
upper. As used in this report, the terms refer to the 
original stratigraphic position of the MAINX horizon rather 
than the present-day position of the unit. The lower 
contact of the MAINX horizon is gradational and is here 
defined as the last massive quartz porphyry flow.
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Similarly, the upper contact with the transitional unit is 
gradational and is here defined as the first andesitic 
flow. Both contacts are exposed in the vicinity of 9050E, 
17400S (Figure 2). This exhalite horizon is massive with 
bedding that is discontinuous and difficult to distinguish. 
The reason for this habit and style of sedimentation is 
believed to be that the hydrothermal fluid was debouching 
onto the seafloor at a relatively rapid rate as quartz por
phyry extrusion was waning. Although the MAINX horizon is 
not continuous in outcrop with the ore horizon exhalite 
(NJ-OH, Figure 2), the two are both believed to be the 
lateral equivalent of the Copper Chief massive sulfide 
orebody because both are similarly massive and occur at the 
same relative stratigraphic horizon.

The exhalative component of the MAINX horizon (includ
ing NJ-OH) is mineralogically typical, as described above, 
comprising silica, hematite, magnetite, pyrite, chlorite 
and minor rutile. Calcite veining throughout the section 
may be related to late hydrothermal activity associated 
with exhalite formation or a much later veining event. 
Although difficult to distinguish in outcrop, thin, inter- 
bedded, silicified quartz porphyry flows are discernible in 
thin section. Although outcrop appearance suggests the 
MAINX horizon may contain carbonate exhalite material, XRD 
analysis of the most suspect material indicates that it is 
primarily feldspar, with no carbonate component evident.



ACME Horizon. The ACME sample horizon is located be
tween the upper contact of the upper basalt and the lower 
contact of the quartz feldspar porphyry (Figure 2). The 
ACME horizon comprises tuffaceous sedimentary rock which is 
locally silicified, chloritized, and sericitized, and sev
eral thin but distinct exhalite layers (Figure 8 ). The 
entire package averages 1 2 feet in thickness, with a 
generalized stratigraphic column depicted in Figure 9.
This exhalite horizon extends for a minimum of 1100 feet 
along strike length. Although not continuous in outcrop, 
it seems likely that the tuffaceous exhalite horizon at 
8760E, 17500S is a northern extension of the ACME horizon 
(both occur in a similar stratigraphic position) increasing 
its strike length to a minimum of 1750 feet. Approaching 
the Grand Island mine to the south, the ACME horizon is 
lost owing to pervasive diking and thick vegetative cover.

ACME samples 1, 2, and 3 (see Figure 2 for sample 
locations) are typical, as described above, being bedded on 
the millimeter and centimeter scale and comprising silica, 
hematite, magnetite, chlorite, pyrite, and minor rutile 
weakly oxidized to leucoxene. Calcite is present in some 
thin sections; however, it is unclear if this is a primary 
or secondary feature. Two exhalite layers, as noted on 
Figure 9, were sampled at each of these localities. The 
extremely fine-grained nature of these rocks makes 
petrographic analysis difficult; however, it appears that
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Figure 9. Generalized stratigraphic column of the ACME 
horizon.



tuffaceous detritus makes up a volmnetrically small percent 
of the exhalite layers sampled.

ACME-4 is the brecciated variety of exhalite and is a 
maximum of 8 feet thick, possibly deposited in a topo
graphic low. Mineralogically similar to the other ACME 
samples in thin section, this outcrop is noticeably more 
magnetic, as indicated by compass needle deflection, than 
the other sample sites.

Two generalizations regarding changes along the ACME 
horizon can be made on the basis of field observations and 
petrographic analysis. These changes are: 1) the thickness 
of the tuffaceous layers increases to the south; and 2 ) the 
amount of magnetite within the exhalite layers increases to 
the north.

Transitional Unit
The transitional unit is a complexly interbedded and 

locally brecciated succession of andesitic flows (Duhamel, 
1985, oral commun.) and exhalite. The lower portion of the 
unit comprises exhalite and silicified tuff with a lesser 
amount of andesitic lava. Because the transitional unit is 
so complex and is spatially restricted to the west- 
southwest of the massive sulfide mineralization, it has 
been suggested by Charles Meyer (1985, oral commun.) that 
the base of the unit may represent exhalative material 
which was slumped off a volcanic dome (ie., the rhyolite,
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as suggested by Lindberg, 1983). Moving stratigraphically 
up to the west, the amount of interflow sedimentary 
material decreases until the transitional unit is virtually 
indistinguishable from the upper basalt.

Upper Basalt
Although mapped as the upper "basalt", this unit has 

been petrographically determined to be an andesite 
(Duhamel, 1985, oral commun.). In outcrop, individual 
flows are typically less than four feet thick and exhibit 
ropy and vesiculated tops. The vesicles are now filled 
with calcite or epidote. The flows decrease in thickness 
approaching the top of the section. This change can be 
best seen in the vicinity of 8750E, 18550S (Figure 2). 
Immediately beneath the ACME horizon, the flows are very 
thin (less than one foot thick) and small elongated pillows 
with siliceous rinds are easily discernible.

Although it is probable that as one moves away from the 
felsic volcanic center, the lower basalt grades into the 
upper basalt, it is of critical importance in understanding 
the complex folding pattern to separate pre-ore basalt 
(lower) from post-ore basalt (upper). Evidence for the 
post-ore deposition of the upper basalt is seen at 9350E, 
17060S (Figure 2 ) where gossan fragments are included in 
the base of the upper basalt. The presence of chloritized 
rhyolite fragments in the basal portion of the upper basalt



at 9275E, 17150S (Figure 2) provides further evidence for 
post-ore deposition of the upper basalt.

Quartz Feldspar Porphyry
A massive outpouring of quartz feldspar porphyry (QFP) 

magma followed extrusion of the upper basalt. This rock 
overlies upper basalt west of the Copper Chief orebody, and 
rhyolite east of the orebody, covering possible ore 
horizons to the west. Because this unit is relatively 
unaltered compared to the other volcanic units in the map 
area, it is considered post-ore. Although the QFP is 
largely featureless, exhalite fragments are locally present 
along its lower contact (8680E, 1713OS, Figure 2). These 
fragments have been called rip-ups (Lindberg, 1983), 
suggesting an extrusive origin for the QFP.

Intrusions
The two intrusive events which affected the Jerome 

district (Chapter 3, Intrusions) can be distinguished in 
the study area. The first event resulted in the intrusion 
of diabase dikes which have undergone greenschist facies 
metamorphism and appear to have been folded (8560E, 17780S, 
Figure 2). The second intrusive event to affect the study 
area resulted in the emplacement of granodiorite dikes.
These dikes are post-folding (see 9450E, 18150S, Figure 2) 
and have been dated at 1760 +/- 15 m.y. (Anderson et al., 
1971) .
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geochemistry

The Copper Chief mine was selected for this study 
because detailed mapping by Paul Lindberg (1983) for Phelps 
Dodge Corp. revealed the presence of numerous exhalite 
horizons within the ore-bearing volcanic succession. In 
this chapter, the methods of sample collection, 
preparation, and analysis will be described and the data 
presented.

Sample Collection and Preparation 
Nine exhalite samples from two different stratigraphic 

horizons, the ACME horizon and the MAINX horizon (Figure 
2), at the Copper Chief mine and one sample of the ore 
horizon exhalite (chert rather than massive sulfide) from 
the south wall of the United Verde pit at Jerome were 
collected for the geochemical study. Three channel 
samples, each representing one third of the thickness of 
the MAINX horizon, MAINXL (lower), MAINXM (middle), and 
MAINXU (upper), and one channel sample of the gradational 
lower contact with the quartz porphyry (MAINQP) were 
chipped out with a conventional rock hammer, taking care to 
avoid weathered surfaces. The remaining sample sites (ACME 
1 through 4, NJ-OH, and Jerome), were chosen based on 
availability of outcrop and clarity of geologic 
relationships. At each of these sites, up to six fist



sized rock specimens believed to be representative of the 
horizon were collected.

The samples were crushed in a chromium-molybdenum steel 
jaw crusher. Rock chips with weathered surfaces were 
removed from the sample and the remaining chips were pul
verized in a hardened chrome shatterbox. If two layers 
were present, as in the case of the ACME horizon (see Fig
ure 8 ), both layers were sampled and prepared separately. 
Following pulping, the two layers were mixed in amounts 
proportional to the relative thickness of each layer. 
Brazilian optical-quality quartz was prepared in the same 
manner as the exhalites to determine possible contaminants. 
The only major contaminant found was chromium at 
concentrations of 640 ppm +/- 2 ppm. For this reason, the 
chromium values for the exhalites are not reported.

Method of Analysis

The samples were analyzed by instrumental neutron 
activation analysis (INAA) for major, trace, and rare earth 
elements (REE). Whole rock analyses were determined by XRF 
at XRAL Laboratories in Don Mills, Ontario.

The samples were irradiated in the Triga reactor at the 
University of Arizona for three hours at a flux of 7 x 101 1  
neutrons/cm2/sec. Six chemical standards and four rock 
standards (RSG-1 , RSCRB, RS278, and NBS6 8 8 ) were included 
in the irradiation.
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Counting and data reduction were done at the Gamma-ray 

Laboratory at the University of Arizona under the direction 
of Dr. William V. Boynton. Using an anti-Compton 
spectrometer, exhalite samples and rock standards were 
counted for four hours in the period 3 to 5 days after 
irradiation and again for four hours 5 to 7 days after 
irradiation. Chemical standards were counted for two hours 
during each counting period. Analyses for 32 major, trace 
and rare earth elements were obtained and are reported in 
Appendices A and B. The uncertainty reported is given as 
percent relative error and represents the estimate of one 
standard deviation from the mean. These values are 
calculated from multiple determinations, often of more than 
one peak, for each element and include sources of error in 
the standards and the peak calibration in addition to 
counting statistics.

Geochemistry of the MAINX Horizon

The geochemical data obtained by INAA for the MAINX 
horizon are summarized in Table 1. Only those analyses 
with a percent relative error less than 25 are shown. The 
whole rock data obtained by XRF are reported in Table 2.

Major and Trace Element Geochemistry
The lateral equivalent of the Copper Chief orebody 

(MAINX horizon), was sampled to examine the geochemical
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Table 1. INAA data for the MAINX horizon. All data in ppm.
SAMPLE

ELEMENT MAINOP MAINXL MAINXM MAINXU >U-OH

Na n .r. 40,094 31,465 31,800 44.97
K n.d. n.d. 11,982 20,482 345.8
Ca 8,434 38,740 11,260 18,270 n .r.
Sc 35.71 28.23 25.13 33.52 0.8349
Fe 61,610 59,760 83,230 83,200 52,660
Co 25.38 21.24 18.21 26.98 9.469
Ni 38.87 24.93 13.82 46.55 n .r.
Zn 121.6 105.8 114.8 171.3 137.3
As 11.07 5.662 6.841 4.811 25.72
Rb 65.97 57.21 30.5 43.24 1.583
Sr 91.44 139.8 81 119.3 n .r.
Zr 126.9 99.76 137 109.9 n .r.
Cs 1.891 1.162 0.7673 1.083 n .r.
Ba 1,533 1,034 605.4 1,546 48.88
La 12.24 9.567 16.85 11.62 0.9567
Ce 24.75 19.02 37.15 25.62 1.869
Nd 14.39 11.02 20.45 14.33 0.8422
Sm 3.498 2.776 4.866 3.477 0.2354
Eu 0.9315 0.7454 1.271 0.984 0.0993
Tb 0.7464 0.5128 0.8767 0.721 0.0424
Yb 3.356 2.367 3.663 3.048 0.2527
Lu 0.5136 0.3633 0.5609 0.4696 0.0419
Hf 3.168 2.497 3.503 2.825 n .r.
Ta 0.2929 0.2009 0.3079 0.2776 n.d.
W n.r. n .r. 2.569 2.143 0.5986
Au n.d. n.d. 0.005 0.008 0.0126
Th 2.101 2.439 2.832 2.362 0.1818
U 1.253 0.9645 1.438 1.147 0.0646

XRF data for the MAINX horizon
OXIDE SAMPLE
UT. X MAINOP MA1NXL MAINXM MAINXU NJ-OH

SiOg 54.9

Al2°3 15.9
CaO 1.30
MgO 1.69
Na20 4.53

*7P 2.91

Fe2°3 8.84
MnO 0.20
Ti02 0.87

48.8 61.1
16.1 13.3
5.66 1.58
3.43 1.24
3.62 3.99
2.56 1.26
8.72 11.9
0.20 0.19
0.66 1.03

50.9 88.5 
17.5 0.40
2.56 0.11 
3.59 0.14 
3.85 0.02 
2.00 0.06

11.9 7.55 
0.15 0.05 
0.75 0.04
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changes which occurred in the hydrothermal fluid respon
sible for exhalite formation as it evolved through time.

To enhance systematic geochemical changes, if present, 
the data for each element in each sample have been ratioed 
with the concentration of the corresponding element in the 
quartz porphyry, and the silica and iron oxide content in 
each sample. The ratios calculated are shown in Tables 3 
through 5. A narrow range in ratio values for a particular 
element in Tables 3, 4, or 5 suggests that the 
concentration of that element may be a function of the 
quartz porphyry, silica, or iron oxide content, 
respectively. Conversely, a larger range in ratios for an 
element suggests there is little dependence between the 
concentration of that element and the quartz porphyry, 
silica or iron oxide content. As a method of determining 
those elements with the greatest range in ratio values, the 
high ratio value for each element was divided by the low 
ratio value for that element. These data are shown in" the 
high:low column in Tables 3 through 5. High:low values 
approaching 1 suggest a correspondence between that element 
and one of the major components in the exhalite. A summary 
of this information is shown in Table 6 .

Chondrite Normalized REE Patterns
The chondrite normalized rare earth element patterns 

for the MAINX horizon (including the NJ-OH sample) are



Tables 3 through 5. INAA data for the MAINX horizon ratioed against INAA data 
for the quartz porphyry, silica content, and FegOg content of each sample, 
respectively.
Table 3. Table 4. Table 5.

x l / q p xm/qp xu/qp h i/lo xl/Si02 xm/Si02
Ca 4.59 1.33 2.17 3.45 Sc 0.58 0.41
Sc 0.79 0.7 0.94 1.34 Co 0.44 0.3
Fe 0.97 1.35 1.35 1.39 Ni 0.51 0.23
Co 0.84 0.72 1.06 1.47 Zn 2.17 1 .8 8

Ni 0.64 0.36 1.2 3.3 As 0.12 0.11
Zn 0.87 0.94 1.41 1.62 Rb 1.17 0.5
As 0.51 0.62 0.43 1.4 Sr 2.86 1.32
Rb 0.87 0.46 0.66 1.89 Zr 2.04 2.24
Sr 1.53 0.88 1.3 1.7 Cs 0.024 0.012
Zr 0.79 1.08 0.87 1.37 Ba 21.19 9.9
Cs 0.61 0.4 0.57 1.52 La 0.196 0.28
Ba 0.67 0.39 1.01 2.6 Ce 0.39 0.61
La 0.78 1.38 0.95 1.77 Nd 0.23 0.33
Ce 0.77 1.5 1.04 1.95 Sm 0.057 0.08
Nd 0.76 1.42 1 1.88 Eu 0.015 0.021
Sm 0.79 1.39 0.99 1.76 Tb 0.01 0.014
Eu 0.8 1.36 1.06 1.7 Yb 0.048 0.06
Tb 0.69 1.17 0.96 1.7 Lu 0.007 0.009
Yb 0.7 1.09 0.91 1.56 Hf 0.05 0.057
Lu 0.71 1.09 0.91 1.53 Ta 0.004 0.005
Hf 0.79 1.1 0.89 1.39 Th 0.05 0.046
Ta 0.68 1.06 0.95 1.56 U 0.02 0.024
Th 1.16 1.35 1.12 1.2 Fe2°5 0.179 0.195
U 0.77 1.15 0.92 1.49 Ti02 0.54 0.92
SiOg 0.89 1.11 0.93 1.25 Al2°3 0.33 0.22

Al2°3 1.01 0.84 1.1 1.31 CaO 0.116 0.026
MgO 2.03 0.73 2.12 2.9 MgO 0.07 0.02

Fe2°3 0.99 1.35 1.35 1.36 MnO 0.0041 0.0031
MnO 1 0.95 0.75 1.33 P2°5 0.002 0.0047
I i0 2 0.76 1.18 0.86 1.55

xu/Si02 h i/lo x l/F^O j xm /Fe^ xu/Fe2Oj h i/lo
0.66 1.6 Sc 3.24 2.11 2.82 1.54
0.53 1.77 Co 2.44 1.53 2.27 1.59
0.91 3.95 Ni 0.286 1.16 3.91 13.67
3.36 1.78 Zn 12.13 9.65 14.39 1.49
0.094 1.28 As 0.65 0.57 0.4 1.62
0.84 2.34 Rb 6.56 2.56 3.63 2.56
2.34 2.17 Sr 16.03 6.81 10.02 2.17
2.16 1.09 Zr 11.44 11.51 9.24 1.24
0.021 2 Cs 0.13 0.064 0.091 2.03

30.37 3.06 Ba 119 50.87 129.9 2.55
0.23 1.4 La 1.1 1.42 0.98 1.45
0.5 1.56 Ce 2.18 3.12 2.15 1.45
0.28 1.43 Nd 1.26 1.72 1.2 1.43
0.68 1.4 Sm 0.318 0.41 0.29 1.41
0.019 1.4 Eu 0.085 0.107 0.083 1.29
0.014 1.4 Tb 0.059 0.074 0.06 1.25
0.06 1.25 Yb 0.27 0.308 0.256 1.2
0.009 1.28 Lu 0.02 0.047 0.039 1.28
0.055 1.14 Hf 0.86 0.294 0.237 1.24
0.005 1.25 Ta .023 0.026 0.023 1.13
0.046 1.09 Th .279 0.238 0.198 1.41
0.022 1.2 U 0.111 0.121 0.096 1.26
0.234 1.31 Ti02 0.076 0.086 0.063 1.36
0.24 3.8 Si02 5.6 5.13 4.27 1.31
0.34 1.54 Al2*3 1.85 1.12 1.47 1.65
0.05 4.8 CaO 0.649 0.133 0.215 4.88
0.07 3.5 MgO 0.39 0.104 0.3 3.75
0.0029 1.4 MnO 0.023 0.016 0.013 1.77
0.0028 2.35 p2°5 0.011 0.024 0.012 2.18



high:low>3_____ high:low >2______ high:low >1.5
x/QP Ni, CaO Ba, Ti02, P20g, 

MoO. KoO
Zn, Rb, Sr, Cs, 
REE. Ta. TiOo

x/sio2 Ni, Ba, Ti02, 
MoO. CaO

Cs, Rb, Sr, P2Og, 
KoO

Sc, Co, Zn, Ce, 
AI2 O3

x/Fe2 0 3 Ni, CaO, MgO Rb, Sr, Cs, Ba, 
P205

Sc, Co, As, 
AI0 O3 . MnO

Table 6 . Summary of high:low values for the MAINX horizon.
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shown in Figure 10. Also shown for comparison are the 
chondrite normalized patterns for present day Atlantic 
seawater (Hogdahl, Melsom, and Bowen, 1968), the average 
North American shale (NASC) (Haskin et al., 1968) and the 
Jerome exhalite (this study). Examination of Figure 10 
yields a number of interesting observations:

-the MAINX samples are enriched in light rare earth 
elements (LREE) with respect to the heavy rare earth 
elements (HREE);

-the MAINX samples contain an order of magnitude more 
REE than the Jerome exhalite and the NJ-OH sample;

-all MAINX samples exhibit a negative Eu anomaly; and 
-the NJ-OH sample exhibits a positive Eu anomaly.

Discussion
Consideration of the data presented in Tables 1 

through 6 and Figure 10 reveals a number of interesting 
features which are summarized below.

1) . Within the MAINX samples, those with the highest 
concentration in iron are the only samples with detectable 
gold; however, NJ-OH contains considerably more gold than 
any of the MAINX samples without a corresponding increase 
in iron content (Table 1).

2) . When ratioed with the quartz porphyry, the MAINXM 
sample shows an enrichment (with respect to MAINXL and 
MAINXU) in Zr, REE, Hf, Ta, U, and P2O5 (Table 3).
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MAINXM
MAINXQP

MAINXU

MAINXL

SEAWATER x lb

JEROME

NASO x10“

NJ-OH

La Ce Sm Eu Yb Lu

Figure 10. Chondrite normalized REE patterns for the HAINX 
horizon. NASC, present day seawater, NJ-OH 
and Jerome samples shown for comparison.



Similarly, MAINXU is enriched in Ni, Zn, Co, and Ba. This 
suggests that during the evolution of the hydrothermal 
fluid, a concentration of the hygromagmatophile elements 
(Zr, Ta, Hf, REE) was expelled prior to the expulsion of 
the base metals, Co, and Ba.

3) . The chondrite normalized REE patterns (Figure 10) 
show that the MAINX samples are enriched in the LREE with 
respect to the HREE. A possible explanation for the 
relative LREE enrichment is that as the hydrothermal fluid 
was circulating through the underlying rock package it was 
leaching the rare earth elements from the rock. Because 
the LREE are larger in ionic radius than the HREE 
(lanthanide contraction) they tend to be remobilized more 
easily than the HREE, thus becoming enriched in the 
hydrothermal fluid relative to the HREE.

4) . Because the rare earth elements are commonly 
incorporated in feldspars, the high concentration of REE in 
the MAINX horizon, as compared to the NJ-OH and Jerome 
samples, can be explained by the presence of quartz
Porphyry in the MAINX samples.

5) . The LREE show a greater range in ratioed values
(toEB:QP, LREE:Si02, and LREE:Fe203) than the corresponding 
HREE ratios (Tables 3, 4, and 5) suggesting the presence of 
a LREE-bearing accessory mineral phase. Because the LREE 
content varies sympathetically with the Ti02, P2 05, Ta, and 
Zr content, monazite, as found at the United Verde orebody



(Gustin, 1988), sphene, and/or zircon are suggested as 
possible LREE-bearing minerals which may be present in the 
MAINX samples.

6 ). Table 6 shows that Ni, Ba, Cs, Rb, Sr, CaO, MgO, 
K2 0 , Ti02, and P2 0 g have the greatest range of high:low 
values. If one considers those mineral phases present in 
the MAINX horizon whose varying content might explain these 
large high:low values one finds that:

-high:low >2 for Rb, Cs, Ba and K20 may reflect 
differences in K-spar content;

-high:low >2 for Sr and CaO may reflect differences in 
feldspar and/or vein calcite content; and

-high:low >2 for MgO may reflect differences in 
chlorite content and/or composition.
The differences in Ni, Ti0 2 and P2O5 content however, are 
not obviously attributable to differences in amount of one 
of the primary rock forming phases in the MAINX horizon.
If one additionally considers those elements having 
high: low values greater than 1.5, Zn, sc. As and Co are 
added to the list of elements not easily incorporated in 
the primary rock forming phases.

Because the concentration of Ni, Ti, F, Zn, Sc, As and 
Co do not obviously appear to be dependent on the 
concentration of one of the primary components of the MAINX 
horizon, their concentration may be a function of the 
composition of the hydrothermal fluid. If this is true.
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these elements may be useful in determining proximity to 
the hydrothermal vent, and hopefully, an orebody. Because 
the NJ-OH sample is a more proximal equivalent to the 
Copper Chief massive sulfide than the MAINX samples, the 
concentration of each of these elements in the NJ-OH sample 
was compared with the corresponding concentration in the 
average of the MAINX samples. Arsenic was the only element 
found to be significantly more concentrated in NJ-OH (25.7 
ppm) than in the average of the MAINX samples (5.77 ppm). 
Although zinc was expected to be greatly concentrated in 
NJ-OH with respect to the MAINX samples, it was only 
slightly concentrated in NJ-OH (137 ppm compared to 130.6 
ppm in the MAINX average). It is possible that acid 
leaching of the sulfide-rich rocks removed the base metals, 
resulting in their relative depletion near the orebody.

Geochemistry of the ACME Horizon 
The geochemical data obtained by INAA for the ACME 

horizon are summarized in Table 7. Only those analyses 
with a percent relative error less than 25 are shown. The 
whole rock data obtained by XRF are reported in Table 8 .

Major and Trace Element Geochemistry
Assuming that the geochemistry of an exhalite horizon 

will change with increasing distance from the vent which 
expelled the fluid from which it precipitated, a series of 
concentration versus distance plots were constructed from
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Table 7. INAA data for the ACME horizon, with the Jerome 
data shown for comparison. All data in ppm.

ELEMENT ACME-4 ACME-3
SAMPLE
ACME-1 ACME-2 JEROME

Na 35.33 202.7 881.8 96.79 90.93
K 139.7 935.1 1,522 563.5 n .r.
Ca n .r. 5,546 1,760 1,586 n.d.
Sc 0.4937 0.6171 1.99 0.644 1.287
I f 32.84 355.6 295.8 140.6 586.3
Fe 97,240 159,200 65,120 99,720 91,420
Co 4.567 7.941 7.218 5.209 13.53
Zn 24.87 29.31 35.28 17.02 53,890
As 43.3 24.82 13.62 19.44 55.56
Rb 2.655 2.402 3.868 n .r. n .r.
Mo 7.953 2.18 1.747 2.164 1.185
Sb 14.61 16.87 10.72 11.64 n.d.
Ba 38.53 228.1 174.7 133.5 n .r.
La 0.44 3.789 6.744 3.121 1.985
Ce 0.74 8.491 15.06 8.348 8.995
Nd 0.7016 3.549 7.157 2.996 n .r.
Sm 0.1775 0.7631 1.558 0.6691 0.5202
Eu n .r. 0.302 0.4066 0.1895 0.1186
Tb n .r. 0.1232 0.2755 0.0961 0.1247
Yb 0.1013 0.4618 1.076 0.3977 0.5377
Lu 0.0164 0.0657 0.1593 0.0558 0.0953
W ' 1.332 2.025 1.811 2.245 0.9145
Au 0.0206 0.0099 0.0083 0.0054 2.817
Th 0.1259 0.1162 0.4354 0.1643 0.4317
U 0.0691 0.1792 0.3511 0.2083 1.107

Table 8 . XRF data for the ACME horizon.
OXIDE SAMPLE
UT. X ACME-4 ACME-3 ACME-1 ACME-2

Sio2 84.3 73.6 87.4 82.7
% 0.30 0.61 1.62 0.48
CaO 0.02 0.91 0.23 0.36
Mgo 0.06 0.23 0.43 0.17
Na20 <0.01 0.04 0.08 <0.01
K2° 0.02 0.12 0.21 0.07
Fe29s 13.9 23.3 9.05 14.1

MnO 0.04 0.15 0.11 0.05
tso2 0.02 0.04 0.08 0.02
P2°5 0.02 0.23 0.14 0.19
LOI 1.31 1.08 0.93 0.62
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the ACME data and are summarized in Figures 11 through 17. 
Each figure represents the plot for one element with other 
elements exhibiting a similar pattern listed at the top of 
the plot. Figures 11 through 13 exhibit a simple, single 
peak pattern and indicate, respectively, that: gold is most 
concentrated in ACME-4 and decreases in concentration with 
increasing distance from the Copper Chief orebody; ACME-3 
is enriched in Co, Ba, Sb, and MnO with respect to the 
other ACME samples; and that ACME-1 is enriched in Zn, Sc, 
Na, K, Rb, Th, U, the rare earths (La-Lu), AlgOg, and MgO 
with respect to the other ACME samples. As, Mo, Fe, W and 
Ti do not exhibit simple, single peak patterns and are 
shown in Figures 14 through 17. Figure 14 shows that 
although As and Mo are overwhelmingly concentrated in 
ACME-4, both increase slightly in concentration in ACME-2. 
Figure 15 shows that although ACME-3 contains the most Fe, 
ACME-2 also shows a slight elevation in Fe content compared 
to ACME-1. The tungsten plot (Figure 16) exhibits two 
peaks at ACME-3 and ACME-2, with the ACME-2 peak being the 
larger one. With the exception of Ti, peaks shown for 
elements analyzed by INAA are significant within the 25% 
relative error cutoff. The Ti plot (Figure 17) appears to 
peak in ACME-3; however, the error bar for this peak 
overlaps with that for the ACME-1 sample. Although it is 
not obvious which site is most concentrated in Ti from the
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A C M E -4  AC M E-3 ACME-1 ACME -2  ACM E-4 ACME-3 ACME-1 ACME-2

ACM E-4 ACME-3 ACME-1 ACME-2 ACME-4 ACME-3 ACME-1 ACME-2

Figures 11 through 14. Concentration versus distance
diagrams for the ACME horizon with distance from 
the Copper Chief orebody increasing to the 
right. Elements showing similar patterns are 
listed above each plot.
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A C M E -4  ACME-3 ACME-1 ACME-2 ACME-4 ACME-3 ACME-1 ACME-2

ACME-4 ACME-3 ACME-1 ACME-2

Figures 15 through 17. Concentration vs. distance diagrams 
for the ACME horizon with distance from the 
Copper Chief orebody increasing to the right. 
Elements showing similar patterns are listed above 
each plot.



INAA data, the whole rock data from XRAL Laboratories 
(Table 8 ) indicates that ACME-1 contains the most Ti.

Also shown is a plot of Fe/Mn vs. distance, using XRAL 
data (Figure 18). Because iron and manganese are 
efficiently separated in sedimentary environments 
(Krauskopf, 1957) the Fe/Mn ratio is thought to be a useful 
indicator of oxidation state (Fryer and Hutchinson, 1976, 
and Whitehead, 1973).

Chondrite Normalized REE Patterns
The chrondrite normalized rare earth element patterns 

for the ACME horizon were generated from the INAA data 
obtained in this study and are shown in Figure 19. Also 
shown, for comparison, are the chondrite normalized 
patterns for present day Atlantic seawater (Hogdahl,
Melsom, and Bowen, 1968), the average North American shale 
(NASC) (Haskin et al., 1968) and the Jerome exhalite. 
Examination of Figure 19 yields a number of interesting 
features:

1) the exhalite samples are depleted in the REE by an 
order of magnitude with respect to NASC;

2) all of the exhalite samples (ACME-1 through ACME-4 
and Jerome) are light rare earth element (LREE) enriched 
with respect to the heavy rare earth elements (HREE);
3) ACME-4 is the only exhalite sample to exhibit a 
negative cerium anomaly ?

56
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Figure 18. Fe/Mn vs. distance diagram for the ACME horizon 
with distance from the Copper Chief orebody 
increasing to the right.
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ACME-1

SEAWATER x10

JEROME 

-___ ACME-3
ACME-2

ACME-4

La Ce Yb LuSm Eu

Figure 19. Chondrite normalized REE patterns for the ACME 
horizon with patterns for NASC, present day 
seawater and the Jerome sample shown for 
comparison.
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4) ACME-3 is the only exhalite sample to exhibit a 

positive europium anomaly; and
5) the REE abundance varies by an order of magnitude 

in the ACME samples, but does not correlate with distance 
from the Copper Chief orebody.

Discussion
Examination of the concentration versus distance plots 

for the ACME horizon does not immediately reveal any 
obvious correspondence between the concentration of an 
element and the distance of the sample from the Copper 
Chief deposit. The reason for the irregularities in the 
patterns observed may be the presence of several vents 
contributing hydrothermal influx and the linear 
distribution of sample sites.

On the basis of data for the MAINX horizon, it appears
\that As and Zn may be the two most useful elements for 

determining proximity to a hydrothermal vent expelling 
metal-rich fluids. The concentration versus distance 
diagrams for the ACME horizon indicate that ACME-4 is most 
concentrated in As and that ACME-1 is most concentrated in 
Zn. As previously discussed, it may be misleading to look 
for a relative Zn enrichment in areas where acid leaching 
has occurred, and thus the fact that ACME-1 contains the 
most Zn (compared to the other ACME samples) does not 
necessarily indicate vent proximity. The concentration
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versus distance plot for gold shows that ACME-4 has the 
highest Au content along the ACME horizon. The fact that 
ACME-4 contains the highest concentration of As and Au 
among the ACME samples suggests that it is closer to the 
vent which expelled the hydrothermal fluid from which the 
ACME exhalite precipitated, than the other samples. That 
ACME-4 is also the sample nearest the Copper Chief orebody 
suggests that the vent responsible for expelling the base 
metal-rich fluid may have been the same as that one which 
expelled the exhalite-precipitating fluid.

Additional observations that suggest the proximity of 
ACME-4 to the vent are:

- the low abundance of the REE in ACME-4, and
- the high Fe/Mn value for ACME-4.

The low abundance of the REE in the ACME samples can be 
attributed to the fact that they contain a minor amount of 
tuffaceous detritus. The fact that ACME-4 contains the 
least REE may be explained by a relative depletion (with 
respect to the other ACME samples) in either REE-bearing 
accessory minerals or tuffaceous detritus. As one moves 
away from the hydrothermal vent site, it can be expected 
that the amount of tuffaceous detritus in the exhalite will 
increase, resulting in an increase in the REE content of 
the exhalite. The field evidence indicates that the amount 
of tuffaceous material in the ACME horizon increases south



of ACME-4 (away from the Copper Chief orebody) explaining 
the relative lack of the REE in ACME-4.

The fact that ACME-4 has the highest Fe/Mn value 
suggests that it was deposited in a more reducing 
environment than the other ACME samples, indicating that it 
was deposited more proximal to the hydrothermal vent, as 
suggested by Fryer and Hutchinson (1976).
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CONCLUSIONS

In this study, nine exhalite samples from two 
different stratigraphic positions within the volcanic rock 
sequence at the Copper Chief mine were analyzed by INAA for 
32 major, trace and rare earth elements. The data were 
examined in an effort to determine the geochemical changes 
that were recorded in the exhalites, and, in particular, 
those changes which may indicate proximity to the 
hydrothermal vent which expelled the metal-rich fluid. The 
findings of the study are as follows:

1 ) the hydrothermal fluid appears to have expelled 
the hygromagmatophi1e elements (Zr, Ta, Hf, REE) prior to 
the expulsion of the base metals in the MAINX horizon;

2) the concentration of Ni, Ti, P, Zn, As, Sc, and Co 
in the MAINX samples do not appear to be dependent upon the 
quartz porphyry, silica or iron oxide content of the 
sample, suggesting that their relative concentration may be 
a function of their concentration in the hydrothermal 
fluid;

3) of these elements (Ni, Ti, etc.) only As and Zn 
are more concentrated in the more proximal NJ-OH sample 
than the average of the MAINX samples, suggesting that they 
may be useful indicators of vent proximity;



4) the absence of a Zn anomaly may be caused by acid 
leaching of sulfides, either in the sea-floor environment 
or by surface oxidation, and cannot always be directly 
related to distance from the hydrothermal vent;

5) the REE content of the exhalites may be a function 
of a) the amount of tuffaceous detritus, b) the quartz 
porphyry content, or c) the presence of a REE-bearing 
accessory mineral such as sphene, monazite, or zircon;

6 ) the relative LREE enrichment (with respect to the 
HREE) of the exhalites may be explained by leaching of the 
more mobile LREE from the underlying rocks by the 
hydrothermal fluid;

7) ACME-4 appears to have been more proximal to the 
vent which expelled the hydrothermal fluid from which it 
precipitated;

8 ) field observations substantiate the ACME data in 
that the thickness of the tuffaceous layers in the ACME 
horizon increases away from the ACME-4 sample; and

9) the gold content of the Jerome exhalite (2.817 
ppm) is significantly greater than the gold content of any 
of the MAINX or ACME samples. Of those samples collected 
on the Copper Chief property, the sample nearest the 
massive sulfide body, NJ-OH, contained the most gold 
(0.0126 ppm), with gold values dropping rapidly with 
increasing distance from the massive sulfide orebody. The 
implication here for the exploration geologist concurs with

63
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the findings of Ridler (1970) and Ridler and Shilts (1974), 
those being that the gold content in economically 
significant exhalite horizons will be several orders of 
magnitude greater than the average crustal abundance of 
gold (0.004 ppm).

In  the process of completing th is  pro ject I  have found 

that several improvements could be made to facilitate 
analysis of the data in future studies of a similar nature. 
These include:

1) fresh core samples should be analyzed if 
available;

2) the effects of acid leaching and surface oxidation 
should be examined (facilitated by the core samples); and

3) the samples should be subjected to a flotation 
process after primary crushing to remove as much tuffaceous 
detritus as possible.

Although the data obtained in this study are not 
conclusive, the information presented reflects an effort to 
begin to understand the hydrothermal systems which were 
responsible for syngenetic base metal and gold 
mineralization associated with subaqueously deposited 
volcanogenic Precambrian rocks within the Transition Zone 
of Arizona.



APPENDIX A. DATA OBTAINED BY INAA FOR THE MAINX HORIZON (ALL DATA IN PPM)

SAMPLE
ELEMENT MAINQP % ERROR MAINXL X ERROR MAINXM % ERROR MAINXU X ERROR NJ-OH % ERROR

Na n .r. >25 40,094 12.22 31,465 1.13 31,800 0.57 44.97 1.15
K n.d. n.d. n.d. n.d. 11,982 2.19 20,482 1.66 345.8 12.51
Ca 8,434 12.82 38,740 4.97 11,260 7.91 18,270 4.79 n .r. >25
Sc 35.71 0.23 28.23 0.23 25.13 0.96 33.52 0.57 0.8349 1.14
Ti 4,555 2.36 10,701 3.2 5,240 2.22 4,429 14.79 51.57 24.41
Fe 61,610 0.27 59,760 0.26 83,230 0.75 83,200 0.35 52,660 0.65
Co 25.38 0.56 21.24 0.45 18.21 0.5 26.98 0.36 9.469 1.32
Ni 38.87 7.98 24.93 10.08 13.82 20.26 46.55 6.43 n .r. >25
Zn 121.6 1.29 105.8 1.61 114.8 2.22 171.3 1.11 137.3 13.82
As 11.07 17.38 5.662 25.65 6.841 1.58 4.811 1.63 25.72 13.9
Rb 65.97 1.18 57.21 1.15 30.5 2.77 43.24 1.4 1.583 18.95
Sr 91.44 5.03 139.8 3.11 81 5.34 119.3 3.9 n .r. >25
Zr 126.9 3.66 99.76 4.02 137 3.68 109.9 4.35 n .r. >25
Cs 1.891 2.21 1.162 2.77 0.7673 4.44 1.083 3.5 n .r. >25
Ba 1,533 1.46 1,034 3.46 605.4 4.07 1,546 2.92 48.88 14.72
La 12.24 2.05 9.567 3.13 16.85 0.82 11.62 3.62 0.9567 0.6

Ce 24.75 0.87 19.02 0.8 37.15 2.05 25.62 1.01 1.869 13.01
Nd 14.39 3.42 11.02 1.92 20.45 1.24 14.33 3.04 0.8422 15.34
Sm 3.498 0.71 2.776 0.69 4.866 0.52 3.477 0.59 0.2354 13.76
Eu 0.9315 1.41 0.7454 0.76 1.271 0.55 0.984 0.74 0.0993 12.72
Tb 0.7464 2.91 0.5128 2.2 0.8767 1.31 0.721 3.47 0.0424 19.52
Yb 3.356 1.81 2.367 1.58 3.663 0.77 3.048 1.25 0.2527 1.88
Lu 0.5136 1.11 0.3633 1.16 0.5609 0.76 0.4696 3.21 0.0419 2.78

Hf 3.168 1.65 2.497 2.01 3.503 1.62 2.825 1.72 n .r. >25

Ta 0.2929 10.56 0.2009 7.93 0.3079 5.3 0.2776 9.07 n.d. n.d.

U n .r. >25 n .r. >25 2.569 3.92 2.143 6.13 0.5986 8.49
Au n.d. n.d. n.d. n.d. 0.005 24.09 0.008 10.49 0.0126 14.69

Th 2.101 • 1.5 2.439 1.5 2.832 1.56 2.362 2.58 0.1818 9.8

U 1.253 13.79 0.9645 13.79 1.438 7.43 1.147 8.91 0.0646 6.26



APPENDIX B. DATA OBTAINED BY INAA 
(ALL DATA IN PPM) .

ELEMENT ACME-4 X ERROR ACME-3 % ERROR

Na 35.33 0.52 202.7 0.43
K 139.7 1.69 935.1 1.15
Ca n.r. >25 5,546 5.37
Sc 0.4937 0.99 0.6171 1.33
Ti 32.84 12.03 355.6 11.46
Fe 97,240 0.25 159,200 0.25
Co 4.567 1.38 7.941 1.42
Zn 24.87 3.3 29.31 3.22
As 43.3 0.41 24.82 0.44
Rb 2.655 10.47 2.402 12.82
Mo 7.953 0.77 2.18 2.21
Sb 14.61 6.8 16.87 4.9
Cs 0.1341 24.76 0.2227 20.52
Ba 38.53 13.38 228.1 2.29
La 0.44 0.78 3.789 0.59
Ce 0.74 17.16 8.491 1.36
Nd 0.7016 19.07 3.549 4.43
Sm 0.1775 0.46 0.7631 0.37
Eu n .r. >25 0.302 6.13
Tb n .r. >25 0.1232 7.53
Yb 0.1013 5.9 0.4618 2.43
Lu 0.0164 8.72 0.0657 2.15
W 1.332 0.53 2.025 1.13
Au 0.0206 0.94 0.0099 1.6
Th 0.1259 12.39 0.1162 15.24
U 0.0691 5.14 0.1792 4.46

FOR THE ACME HORIZON AND JEROME SAMPLES

SAMPLE
ACME-1 X ERROR ACME-2 X ERROR JEROME X ERROR

881.8 0.57 96.79 0.43 90.93 2.81
1,522 6.2 563.5 0.82 n .r. >25
1,760 12.01 1,586 15.03 n.d. n.d.

1.99 0.55 0.644 0.83 1.287 0.89
295.8 8.8 140.6 14.39 586.3 3.09

,120 0.41 99,720 0.25 91,420 0.28
7.218 2.14 5.209 1.09 13.53 0.54

35.28 6.84 17.02 4.22 53,890 0.28
13.62 6.67 19.44 0.41 55.56 0.44
3.868 5.77 n .r. >25 n .r. >25
1.747 10.22 2.164 2.17 1.185 12.51

10.72 5.85 11.64 4.93 n.d. n.d.
n .r. >25 0.1742 22.36 0.4034 12.07

174.7 3.17 133.5 3.66 n.r. >25
6.744 0.74 3.121 0.57 1.9*5 0.86

15.06 6.97 8.348 1.33 8.995 2.97
7.157 4.09 2.998 5.15 n.r. >25
1.558 7.3 0.6691 0.34 0.5202 0.57
0.4066 3.56 0.1895 12.32 0.1186 9.75
0.2755 2.76 0.0961 9.71 0.1247 11.87
1.076 1.35 0.3977 1.44 0.5377 2.59
0.1593 1.95 0.0558 2.34 0.0953 3.15
1.811 3.54 2.245 0.89 0.9145 4.56
0.0083 3.43 0.0054 2.24 2.817 0.31

. 0.4354 7.66 0.1643 5.11 0.4317 10.91
0.3511 4.81 0.2083 2.22 1.107 1.93
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FIGURE 2. Geologic map of the Copper Chief mine.








