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Abstract

The thermal history of the Oquirrh Mountains, Utah, indicates that hydrothermal fluids associated with em-
placement of the 37 Ma Bingham Canyon porphyry Cu-Au-Mo deposit extended at least 10 km north of the
Bingham pit. An associated paleothermal anomaly enclosed the Barneys Canyon and Melco disseminated gold
deposits and several smaller gold deposits between them. Previous studies have shown the Barneys Canyon de-
posit is near the outer limit of an irregular distal Au-As geochemical halo, about 3 km beyond an intermediate
Pb-Zn halo, and 7 km beyond a proximal pyrite halo centered on the Bingham porphyry copper deposit. The
Melco deposit also lies near the outer limit of the Au-As halo. Analysis of several geothermometers from sam-
ples collected up to 22 km north of the Bingham Canyon porphyry Cu-Au-Mo deposit indicate that most sed-
imentary rocks of the Oquirrh Mountains, including those at the gold deposits, have not been regionally heated
beyond the “oil window” (less than about 150°C). For geologically reasonable heating durations, the maximum
sustained temperature at Melco, 6 km north of the Bingham pit, and at Barneys Canyon, 7.5 km north of the
pit, was between 100°C and 140°C, as indicated by combinations of conodont color alteration indices of 1.5 to
2, mean random solid bitumen reflectance of about 1.0 percent, lack of annealing of zircon fission tracks, and
partial to complete annealing of apatite fission tracks. The pattern of reset apatite fission-track ages indicates
that the gold deposits are located approximately on the 120°C isotherm of the 37 Ma paleothermal anomaly as-
suming a heating duration of about 10° years. The conodont data further constrain the duration of heating to
between 5 x 10* and 10° years at approximately 120°C. The 080 of quartzite host rocks generally increases
from about 12.6 per mil at the porphyry to about 15.8 per mil approximately 11 km from the Bingham deposit.
This change reflects interaction of interstitial clays in the quartzite with circulating meteoric water related to
the Bingham Canyon porphyry system. The 60 and 6'*C values of limestone vary with respect to degree of
recrystallization and proximity to open fractures. Recrystallized limestone at the Melco and Barneys Canyon
gold deposits has the highest 0'%0 values (about 30%0), whereas limestone adjacent to the porphyry copper de-
posit has the lowest values (about 10%o). The high 6'O values for the recrystallized limestone at Barneys
Canyon and Melco strongly suggest that mineralization was related to low temperature fluids with exception-
ally high 0180y (, values such as could be derived from water in a crater lake of an active volcano.

The age of formation of the gold deposits has been interpreted to range from Jurassic to Eocene. The min-
eralized rocks at the Barneys Canyon and Melco deposits are likely the same age as the geochemically similar
deposits that are present in north-striking, late faults that cut the Bingham Canyon porphyry. The patterns of
apatite and zircon fission-track data, conodont color alteration indices, solid bitumen reflectivity, stable isotope

t Corresponding author: e-mail, cunningham@usgs.gov

0361-0128/01/3434/789-18 $6.00 789



790

CUNNINGHAM ET AL.

data, and mineral zoning are consistent with the gold deposits being genetically related to formation of the 37
Ma Bingham porphyry deposit. We interpret the disseminated gold mineralization to be related to collapse of
the Bingham Canyon hydrothermal system in which isotopically heavy, oxidizing, acidic waters, possibly from
an internally draining acidic crater lake, mixed with and were entrained into reduced gold-bearing meteoric
water fluids in the collapsing main-stage hydrothermal system. Most of this fluid mixing and cooling was prob-
ably located close to the hydrologic interface between the sedimentary basement rocks and overlying volcanic

rocks.

Introduction

THE BINGHAM CANYON porphyry Cu-Au-Mo deposit near Salt
Lake City, Utah, has total production and reserves, including
the porphyry, adjacent skarns, base-metal replacement de-
posits, and alluvial gold, of 27.4 million tonnes (Mt) Cu, 1.3
Mt MoS,, and 1,570 t Au (Krahulec, 1997). North of the por-
phyry deposit, at distances of 6 and 7.5 km, respectively, are
the Melco and Barneys Canyon sedimentary rock-hosted dis-
seminated gold deposits. Several similar, smaller gold de-
posits are also located near Melco and Barneys Canyon. All
are within a concentrically zoned geochemical anomaly
around the Bingham deposit described by Babcock et al.
(1995) and Gunter and Austin (1997). Melco and Barneys
Canyon have similar mineralogy and geochemical signatures
and appear in the same type of late, northerly striking struc-
tures as other disseminated gold occurrences that are present
within the Bingham Canyon porphyry.

Previous studies have shown that large intrusive centers
such as the Bingham Canyon porphyry system, when in-
truded to shallow depths, cause widespread circulation of hot
fluids in the adjacent host rocks (Cathles, 1977; Norton,
1978). These fluids may leave a thermal imprint on the host
rocks that extends beyond the heat source and associated
veins and altered rocks. The record of this paleothermal
anomaly can provide information about temperature, compo-
sition, age, and even duration of the hydrothermal system.
Some studies of paleothermal anomalies have predicted the
existence and location of unexposed, mineralized porphyry
systems before they were drilled and discovered (Naeser et
al., 1980; Cunningham et al., 1987; and Larson et al., 1994).
Paleothermal anomalies can be detected in the country rocks
surrounding the intrusive centers by resetting of fission-track
records in suitable minerals, thermal maturation of organic
material, crystallographic changes in phyllosilicate minerals,
magnetic changes, and changes in the oxygen and carbon iso-
topic composition of the rocks (Cunningham and Barton,
1984; Beaty et al., 1990). Numerous stable isotope studies in-
dicate the extent of water rock reaction in host rocks around
major intrusions (see summary in Taylor, 1997). The forma-
tion and preservation of this record depends upon many fac-
tors, such as host rock composition, permeability, depth of
erosion, and prior thermal and/or fluid history. Sedimentary
rock-hosted gold deposits, such as Carlin-type deposits in
Nevada, commonly lack optimal host rocks for recording the
thermal history related to gold deposition. The rocks may be
too thermally mature, lack appropriate organic materials, or
lack suitable minerals for fission-track studies. Carlin-type de-
posits, in particular, are typically hosted by carbonate rocks
that record only isotopic exchange with ore fluids near major
structures (Pinckney and Rye, 1972; Rye et al, 1976).

In this study, we address several questions about the possi-
ble paleothermal anomaly associated with the Bingham

Canyon porphyry system. These questions include the follow-
ing: (1) How far did the hydrothermal system associated with
the Bingham Canyon porphyry extend out into the country
rocks? (2) Is a paleothermal anomaly preserved and measur-
able in the sedimentary strata of the Oquirrh Mountains? (3)
Are the disseminated gold deposits in these strata genetically
related to the Bingham ore-forming hydrologic system and if
so, how and when did they form?

A genetic relationship between the Bingham Canyon por-
phyry copper deposit and the disseminated gold deposits at
Melco and Barneys Canyon had been suggested by Babcock
et al. (1995), Ballantyne (1998a, b), and Gunter and Austin
(1997), but had not been well established prior to this study.
The Melco and Barneys Canyon gold deposits are located
about 3 km beyond the outer limits of the base-metal re-
placement deposits associated with Bingham Canyon but still
within the As halo. Therefore, it was considered likely that
these deposits might have formed in the thermal halo around
the porphyry copper deposit. Both carbonate and quartzite
host rocks occur in the Bingham Canyon-Melco-Barneys
Canyon corridor. Preliminary conodont and solid bitumen re-
flectance studies indicated that similar rocks in the Oquirrh
Mountains have not been heated beyond the “oil window”
(about 150°C; Hunt, 1995), and suggested that sedimentary
strata at Melco and Barneys Canyon might retain a record of
the distal thermal effects of the Bingham system. The
quartzites also contain minor quantities of apatite and zircon
suitable for fission-track dating.

Geologic Setting
The Bingham Canyon porphyry Cu-Au-Mo deposit is re-
lated to stocks and dikes that intruded into Pennsylvanian
quartzites and limestones, mostly of the Bingham Mine For-
mation of the Oquirrh Group (Peters et al., 1966; Warnaars et
al., 1978; Babcock et al., 1995). To the north of the Bingham
deposit are overlying interbedded quartzites and sandstones
(Fig. 1) of the Lower Permian Freeman Peak Formation, cal-
careous sandstones of the Lower Permian Diamond Creek
Formation, and cherty, phosphatic dolomite and dolomitic
siltstone of the Lower Permian Park City Formation (Bab-
cock et al., 1995; Laes et al., 1997). Scattered throughout the
quartzites are thin limestone layers. The Melco deposit is
hosted in a highly calcareous unit at the base of the Diamond
Creek Formation, and the Barneys Canyon deposit is hosted
by a dolomitic unit within the Park City Formation. The sed-
imentary rocks are deformed by thrusting and folding, and
the gold deposits are close to the northerly plunging hinge

line of the Copperton anticline (Fig. 1).

Bingham Canyon porphyry Cu-Au-Mo deposit

The Bingham Canyon porphyry Cu-Au-Mo deposit is
described in a recent compilation of papers in John and
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Fic. 1. Simplified map of the northern Oquirrh Mountains, Utah, modi-
fied from Babcock et al. (1995) and Laes et al. (1997), showing the location
of samples that were collected along a regional traverse. Rocks are mostly
Pennsylvanian and Permian quartzite and carbonate rock. Rocks along the
east side of the range, denoted by the symbol Tv, are Eocene-Oligocene vol-
canic-related rocks. Spatial relations between the Bingham Canyon Cu-Au-
Mo orebody, pyrite halo, Pb-Zn halo, outer limit of Au-As, and the Melco and
Barneys Canyon mines are shown. The Melco mine is about 6 km north of
the Bingham Canyon mine.

Ballantyne (1997). Earlier reports include James et al. (1961),
Peters et al. (1966), Atkinson and Einaudi (1978), Lanier et
al. (1978a,b), Bowman et al. (1987), and Babcock et al.
(1995). The deposit and associated intrusions were emplaced
during the Eocene. Recent, high-precision age determina-
tions include a U-Pb age of 38.55 + 0.19 Ma for the earliest
intrusion (Parry et al., 2001). Several “°Ar/*Ar ages ranging
from 40 to 37 Ma are reported for the major igneous rocks
and related alteration (Deino and Keith, 1997; Parry et al.,
1997, 2001). Mineralization was dated by a composite Re-Os
molybdenite age determination of 37.0 + 0.27 Ma (Chesley
and Ruiz, 1997) and an “°Ar/%Ar age of 37.1 = 0.5 Ma from
fluid inclusions in mineralized quartz veins (Kendrick et al.,
2001).
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Calc-alkaline monzonite, quartz monzonite, and quartz
latite intrusions of the Bingham intrusive complex are spa-
tially related to the ore. Small volumes of primitive, alkaline
intrusions are also present, and Waite et al. (1997) have sug-
gested that they contributed some of the sulfur and metal in
the deposit and may have facilitated concentration of volatiles
and metals in the upper part of the magma chamber. The
Bingham intrusions were emplaced in the deep part of a com-
posite stratovolcano, and approximately 2.5 to 3 km of the vol-
canic edifice has been removed by erosion (see cross sections
in Waite et al., 1997).

The deposit exhibits concentric mineralization and alter-
ation zones that have been well described by Rose (1970),
John (1978), and Phillips et al. (1997). In general, an inner-
most core of relatively barren, potassically altered quartz
monzonite porphyry is surrounded by successive shells of
molybdenum and copper mineralization in the form of
stacked, inverted bowls. Gold distribution generally follows
copper (Ballantyne et al., 1997). Phyllically altered rocks are
present locally beyond the potassic alteration zone, and skarn
deposits are present along the northwest edge of the porphyry
copper ore body. A prominent pyrite halo around the copper
orebody is overlapped and surrounded by a halo of fissure-
controlled Pb-Zn veins that postdate copper mineralization
(Rubright and Hart, 1968; Babcock et al., 1995).

Gold deposits in the Bingham Canyon porphyry district

Barneys Canyon and Melco contain the largest concentra-
tions of gold in a continuum of geochemically similar veins,
smaller economic deposits, subeconomic gold deposits, and
gold-in-soil anomalies. The gold mineralization extends 7.5
km north from small bodies of late gold mineralization that
cut the porphyry copper mineralization at Bingham Canyon.
Three small gold deposits are present within the copper-min-
eralized zone at Bingham: the Main Hill, Parnell and North
ore shoot deposits (Babcock et al., 1995). They contain real-
gar and orpiment and are mineralogically and geochemically
similar to “Carlin-type” disseminated gold deposits (Hofstra
et al., 2003). The Main Hill gold mineralization cuts the por-
phyry copper deposit, the Parnell gold deposit cuts copper-
mineralized skarn, and gold mineralization at the North ore
shoot occurred at the outer limit of copper-mineralized skarn
and locally cuts the skarn (Cameron and Garmoe, 1987; Bab-
cock et al., 1995; Gunter and Austin, 1997). These small de-
posits occur along late faults on north-trending structures
similar to those at Melco and Barneys Canyon.

Gold grades generally are low in most of the pyrite and Pb-
Zn halos, but high-grade pyritic gold and arsenic-bearing
veins are locally present (Babcock et al., 1995). Three small
economic gold deposits occur near Barneys Canyon and
Melco, called South BCS, North BCS, and East Barneys, in
order of decreasing size. They are located on the axis of the
Copperton anticline along northeast-trending structures
(Gunter and Austin, 1997). The Southeast Pediment gold
prospect, 2.5 km southeast of Barneys Canyon (Gunter and
Austin, 1997) is significant because the northern part of the
gold occurrence immediately underlies barren but hydrother-
mally altered 39 Ma volcanic rocks (Deino and Keith, 1997).
Gold-associated trace element enrichment extended up into
the altered volcanic rocks, but gold mineralization did not
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(Gunter and Austin, 1997). On the basis of several thousand
soil and rock samples, all of these deposits, occurrences, and
prospects lie within a broad Au-As-pyrite anomaly (Fig. 1)
that is centered on the Bingham Canyon Cu-Au-Mo deposit
and extends to the north along the axis of the Copperton an-
ticline (Babcock et al. 1995; Gunter and Austin, 1997).

Barneys Canyon gold deposit: The Barneys Canyon de-
posit is described in detail by Gunter et al. (1990), Presnell
(1992), and Presnell and Parry (1996). It is located 7.5 km
north of the north edge of the Bingham pit, about 3 km be-
yond the outer edge of the Pb-Zn halo, and it is the most dis-
tal of the disseminated gold deposits in the area. Mining at
Barneys Canyon commenced in 1988 and was completed in
1996 with more than 15 tonnes of gold produced from oxide
ore with an average grade of 1.6 g/t Au.

The west wall of the Barneys Canyon pit shows several im-
portant relations in the northeast-dipping strata (Fig. 2). The
host rocks for gold mainly are cherty dolomite of the Permian
Park City Formation. The dolomite, with a prominent phos-
phatic horizon, is thrust over itself along the Barneys Canyon
thrust fault of probable Mesozoic age. Field relations indicate

(Pkdc) sandstones .
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that gold mineralization was younger than thrusting (Gunter,
1992). The economic part of the gold deposit was in the
lower-plate rocks near the structurally deformed contact with
underlying Diamond Creek sandstones (Austin and Gunter,
1997), but gold mineralization crossed the thrust fault and ex-
tended into the upper-plate rocks as well. The mineralized
strata are dropped down to the east along the West fault, ex-
posing the older sandstones through a V-shaped window in
the wall of the pit (Fig. 2).

The disseminated gold at Barneys Canyon occurs as grains
typically less than 2 micrometers across, associated with su-
pergene Fe-oxide pseudomorphs of pyrite and marcasite. As,
Sb, Hg, Ba, and Tl are also anomalous in the sedimentary
rocks. Mineralization is controlled by high- and low-angle
faults and permeable rock units. Alteration consists mostly of
decarbonatization of dolomite and calcareous sandstone,
argillization of sandstone, and minor silicification (Presnell,
1992; Presnell and Parry, 1992, 1995). Kaolinite and illite co-
exist in varying proportions, and illite is the predominant clay
mineral in the core of the gold deposit (Presnell and Parry,
1992).

F1G. 2. View of west wall of the Barneys Canyon mine, showing lower Permian Park City Formation carbonate strata in
foreground. The Park City Formation contains a thrust fault that is cut by gold mineralization that constrains the maximum
age of the deposit. The V-shaped exposure of Permian Diamond Creek sandstone shows through a window in the West fault
that down-drops the rocks in the foreground. The Barneys Canyon mine produced more than 15 tonnes of Au.
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Melco gold deposit: The Melco deposit (Fig. 3) is described
in detail by Gunter and Austin (1997) and Austin and Gunter
(1997). It is located about 6 km north of the north edge of the
Bingham pit (Fig. 1). Melco is similar to Barneys Canyon and
contains disseminated gold and anomalous As, Sb, Hg, T,
and Ba. Mining began in 1989 and was completed in 2001.
Melco has proven to be the largest disseminated gold deposit
in the district and has produced 37 tonnes of gold produced
from both sulfide and oxide ore with an average grade of 2.5
g/t Au. The deposit is structurally controlled and is located on
the northwest-dipping limb of the Copperton anticline near
an intensely deformed contact between calcareous sandstone
and quartzite of the Diamond Creek Formation and quartzite
of the Freeman Peak Formation. Gunter and Austin (1977)
recognized two episodes of sulfide deposition, the earlier of
which is barren and the later of which contains carbon and
gold. The paragenetically late gold occurs with pyrite, fine-
grained marcasite, and minor arsenopyrite. The gold-miner-
alized rock is commonly associated with black, carbonaceous
material and pods of realgar and orpiment. The mineralized
zone follows and is bounded by a set of steeply dipping, di-
verging N 30 E-striking faults, resulting in an ore zone that
widens upwards (Gunter and Austin, 1997). Carbonaceous
zones generally follow the same set of faults but locally extend
above and laterally beyond the ore zone. Intense supergene
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oxidation and bleaching is an obvious alteration at Melco, al-
though kaolinite and illite also are present (Gunter and
Austin, 1997). There are no known intrusive rocks within 300
m of either Barneys Canyon or Melco. Geological sections
suggest that volcanic rocks probably were present within a
few hundred meters above the uppermost portions of both
deposits prior to erosion.

Age and origin of the disseminated gold deposits

The age of the disseminated gold deposits in the vicinity of
the Bingham Canyon porphyry Cu-Au-Mo deposit has been
controversial because material suitable for dating and demon-
strably related to the gold-mineralizing episode has not been
found. Presnell and Parry (1996) reasoned that Barneys
Canyon was related to a separate hydrothermal system be-
cause their observed fluid inclusion temperatures at Barneys
Canyon were inconsistent with a reasonable temperature gra-
dient with distance from the Bingham Canyon porphyry Cu-
Au-Mo deposit. They dated illites from ore-grade, bedding-
plane gouge-like material from Barneys Canyon and obtained
slightly discordant Jurassic ages (147 + 5 Ma and 159 + 6 Ma;
Presnell and Parry, 1992), leading to the proposal that the
gold deposit formed during the Jurassic (Presnell and Parry,
1996). Arehart et al. (2003) report U/Th-He dates of 34.9 +
1.8 Ma from the Bingham Canyon porphyry and 33.1 +1.6
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F1G. 3. Geologic map of the Melco and Barneys Canyon gold deposits, Utah, and location of samples along the Melco tra-
verse. Source, files of Kennecott Utah Copper, Bingham Canyon, Utah.
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Ma from apatite from Barneys Canyon gold deposit. They in-
terpreted these ages to correspond with cooling of the hy-
drothermal system below about 75°C.

The ages of the Barneys Canyon and Melco deposits can be
partially constrained by structural relationships. Gold miner-
alization cuts the Barneys Canyon thrust fault exposed in the
pit wall (Fig. 2) and thus is younger than the thrust; however,
the age of thrusting is not clear. At least two episodes of east-
ward- and southeastward-directed thrusting took place in
Utah: the Elko orogeny (170-150 Ma: Snoke and Miller,
1988; Thorman et al., 1992) has been documented in north-
east Nevada and northwest Utah, and the Sevier orogeny has
been documented in the Oquirrh Mountains (110-65 Ma:
Armstrong, 1968; Miller, 1990). Presnell (1992) and Presnell
and Parry (1995) interpret the Jurassic illite ages to indicate
that folding, related thrusting, and mineralization took place
in the Late Jurassic (Presnell, 1997). In contrast, Gunter and
Austin (1997) and ]. Welsh (pers. commun., 2000) believe
that the thrusting is early Late Cretaceous and part of the Se-
vier orogeny. This belief is based, in part, on the correlation
of strata between the Oquirrh Mountains and the Center
Creek quadrangle, 55 km southeast of Salt Lake City, where
recent mapping has demonstrated a Late Cretaceous age for
thrusting (Biek et al., 2000). Both gold deposits are struc-
turally controlled by faults related to the Copperton anticline;
Melco is on the western hinge zone along a north-north-
east—striking fault, whereas Barneys Canyon is present on the
northern flank along north- to north-northeast—trending
faults (Presnell and Parry, 1996; Presnell, 1997). The Main
Hill fault zone within the Bingham Canyon deposit has a sim-
ilar trend and similar chemistry, and it was apparently active
at the same time as the faults that localize gold at Barneys
Canyon and Melco.

Babcock et al. (1995) noted a possible genetic relationship
between the porphyry deposit and the gold deposits based
upon the presence of similar trace element suites at Melco
and Barneys Canyon and the late gold mineralization in the
Main Hill area of the Bingham mine. Gunter and Austin
(1997) noted that Barneys Canyon gold mineralization cuts
Sevier age thrusting (ca. 110-65 Ma), that high-grade gold
mineralization with a “Carlin-type” trace element assemblage
cuts main stage porphyry Cu-Au mineralization, that gold
mineralized rock occurs immediately beneath barren but hy-
drothermally altered volcanic rocks dated at 38.0 = 0.1 Ma
(Deino and Keith, 1997; Hofstra et al., 1999), and that the
gold deposits lie within an As-Au halo around the porphyry.
All of these observations support the idea that the gold de-
posits formed at the same time as the intrusions in the
Oquirrh Mountains, between 39 and 31 Ma.

The Barneys Canyon and Melco gold deposits exhibit some
features of both “Carlin type” (Model 26a of Cox and Singer,
1986) and “distal disseminated Ag-Au type” sedimentary
rock-hosted disseminated gold deposits (Model 19¢ of Cox
and Singer, 1990, 1992; Peters et al., 2004). In both types,
gold is submicrometer size, disseminated, and associated with
As-rich pyrite and marcasite (Hofstra and Cline, 2000). Both
types also are present in a wide variety of variably decalcified,
silicified, and argillized host rocks. Carlin-type gold deposits
are generally larger and have higher grades than distal dis-
seminated Ag-Au deposits, and they characteristically contain
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stibnite, realgar, orpiment, cinnabar, and Tl sulfide minerals
in addition to As-rich pyrite and marcasite (Peters et al.,
2004). Another common characteristic of Carlin-type gold de-
posits is the abundance of black, sooty carbonaceous material
that is believed to be relict petroleum (Armstrong et al., 1997,
1998). Carlin-type gold deposits tend to form at depths >2
km, at temperatures of 150° to 250°C, and from low salinity
(<6 wt % NaCl equiv) fluids (Hofstra and Cline, 2000). Dis-
tal disseminated Ag-Au deposits are characterized by rela-
tively high Ag and base metal contents. They form at higher
temperatures and from higher-salinity ore fluids, possibly
with a magmatic component. They contain microscopically
visible gold, exhibit K metasomatism, and have a clear spatial
and genetic relationship to porphyry systems, in contrast to
Carlin-type deposits (Hofstra and Cline, 2000; Theodore,
2000; Peters et al., 2004).

Materials, Methods, and Data

A suite of representative rock samples was collected on a
22-km traverse from the north edge of the Bingham pit to the
north end of the Oquirrh Mountains and from a second tra-
verse across the Melco deposit. The sample locations, forma-
tion names, and rock types are listed in Table 1 and are shown
on Figure 1. Samples were taken from mine workings and
outcrops near the crest of the north-trending Copperton an-
ticline, which predates mineralization. Samples B5, B5A, and
B5B are from the Melco mine; B6, B6A, B6B, and B6C are
from the Barneys Canyon mine. The quartzite and sandstone
units contain about 5 to 10 percent material other than
quartz, including zircon, apatite, and local matrix feldspar
that generally is altered to clay minerals. A few samples were
also collected from limestone, dolomite, and shaley layers
(Table 1).

Apatite and zircon were separated by heavy liquids and
magnetic separator and then were hand-picked for fission-
track studies; these results are presented in Table 2 and Fig-
ures 4 and 5. Procedures for fission-track dating and inter-
pretation of annealing effects are described in Naeser (1979).
Fission tracks are zones of disruption in a mineral’s crystal lat-
tice produced by the passage of massive charged particles,
usually owing to the radioactive decay of uranium that was
deposited during growth of the crystal. The number of fission
tracks produced is a function of the amount of uranium pre-
sent and time. The tracks can be etched and counted, the
amount of uranium measured, and an “age” calculated. The
fission-track age is calculated by the zeta method (Hurford
and Green, 1983). The zeta method involves dating apatite
and zircon from rocks of known age in order to establish the
calibration parameters needed to calculate a fission-track age.
Once a zeta factor has been determined three measurements
are required for calculating the fission-track age of an un-
known mineral: the fossil track density (p,), the induced track
density (p;), and a measurement of the neutron dose that the
sample received in the reactor (py). The fossil track density is
a measurement of the number of tracks that accumulated,
from the spontaneous fission of U, since the last time the
mineral cooled below the temperature for total track anneal-
ing. The induced track density is a measurement of the
amount of uranium present in the crystal. The induced tracks
are caused by the neutron induced fission of *U in the
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TABLE 1. Sample Location, Stratigraphic Unit, and Rock Type of Analyzed Samples from the Oquirrh Mountains, Utah
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Lat 40° N Long 112°W Di Elevation
istance

Sample Formation Rock (min) (s) (min) (s) (km) (ft) (m)

Bl Markham Quartzite 32 15 8 30 0.71 6,680 2,036
BIA Markham Dolomite 32 15 8 28 0.74 6,680 2,036
B2 Curry Peak Quartzite 33 5 7 37 3.02 6,560 1,999
B2A Curry Peak Quartzite 33 6 7 34 3.1 6,560 1,999
B3 Curry Peak Quartzite 33 35 7 53 3.65 5,840 1,780
B4 Freeman Quartzite 34 24 8 19 4.96 7,420 2,262
B5 Diamond Quartzite 35 6 9 27 6.22 7,080 2,158
B5A Diamond Dolomite 35 3 9 29 6.12 7,000 2,134
B5B Diamond Shale 34 58 9 30 6 6,980 2,128
B6 Diamond Quartzite 35 44 8 6 7.42 6,160 1,878
B6A Park City Dolomite 35 53 8 7 7.7 6,160 1,878
B6B Park City Phosp ss 35 53 8 1 7.72 6,160 1,878
B6C Park City Shale 35 51 8 3 7.64 6,160 1,878
B7 Diamond Quartzite 35 52 8 22 7.6 6,820 2,079
B7A Lake Point Limestone 36 20 10 39 8.82 8,560 2,609
B7B Erda Dolomite 36 4 9 14 8 7,440 2,268
BS Kessler Quartzite 38 49 11 41 13.66 7,960 2,426
B9 Erda Quartzite 42 43 14 15 21.62 4,440 1,353
B9A Erda Limestone 42 43 14 11 21.6 4,440 1,353
B10 Park City Dolomite 39 3 7 52 13.61 5,240 1,597
BI0A Park City Phosp ss 39 3 7 50 13.62 5,240 1,597
Bl11 Diamond Limestone 34 57 9 43 6 7,320 29231
B12 Diamond Quartzite 37 45 8 32 11.34 6,370 1,942
B13 Diamond Quartzite 37 33 9 27 11.14 6,650 2,027
B14 Park City Limestone 37 12 7 46 10.28 6,220 1,896
B15 Park City Limestone 36 20 7 59 8.62 6,620 2,018
B16 Diamond Quartzite 35 52 8 17 8.24 6,680 2,036
B26 Park City Limestone 36 3 8 12 7.66 6,600 2,012

Distance is measured from north rim of Bingham porphyry pit
Samples B5, B5A, B5B from Melco; B6, B6A, B6B, and B6C from Barneys Canyon

Curry Peak = Lower Permian Curry Peak Formation (Oquirrh Group), Diamond = Lower Permian Diamond Creek Formation, Erda = Pennsylvanian
Erda Formation (Oquirrh Group), Freeman = Lower Permian Freeman Peak Formation (Oquirrh Group), Markham = Markham Member of Pennsylvan-
ian Bingham Mine Formation (Oquirrh Group), Kessler = Pennsylvanian Kessler Canyon Formation (Oquirrh Group), Lake Point = Pennsylvanian Lake

Point Limestone (Oquirrh Group), Park City = Permian Park City Formation, Phosp ss = phosphate sandstone

TABLE 2. Fission-Track Ages from the Oquirrh Mountains, Utah

Sample Mineral Number pyx 106 *Fossil tracks  3p; x 10° “Induced g x 10* SDosimeter "Age
of grains t/em? counted t/em®  tracks counted X2 t/em? tracks counted ~ Ma = 20
B-2 Apatite 2 0.235 10 3.3 70 P 3.51 2,986 27+18
B-3 Apatite 10 0.953 103 8.84 478 P 3.51 2,986 40+ 9
B-5 Apatite 9 0.863 115 8.2 546 P 3.51 2,986 40 £ 8
B-6 Apatite 10 0.783 127 3.97 322 P 3.51 2,986 74 + 16
B-1 Zircon 10 16.1 2,307 8.04 574 F 47.5 3,464 297 + 41
B-2 Zircon 9 15.5 1,801 4.42 256 F 47.5 3,464 485 £ 98
B-3 Zircon 6 22.1 682 8.42 130 P 47.5 3,464 386 + 75
B-4 Zircon 10 17.3 2,472 6.13 438 F 47.5 3,464 432 + 85
B-5 Zircon 9 15.7 2,490 5.43 430 F 47.5 3,464 425 + 83
B-6 Zircon 10 19.2 3,034 6.38 505 F 47.5 3,464 424 + 125
B-7 Zircon 10 14.3 3,634 5.01 638 F 47.5 3,464 430 + 74
B-8 Zircon 10 17.6 2,862 7.38 598 F 47.5 3,464 393 = 87
B-9 Zircon 10 10.3 937 5.53 251 P 47.5 3,464 277 + 40

X? = Chi square test pass (P) 25 percent or fail (F) <5 percent

Insufficient apatite was recovered from these samples to permit both age and track-length analysis
! Spontaneous fission-track density

2 Number of spontaneous fission tracks counted

3 Induced fission-track density from neutron induced fission of »>U

4Number of induced fission tracks counted
> Induced fission-track density in neutron dosimeter
5 Number of fission tracks counted in determining p,
7 Central age used if sample fails chi square test (Galbraith, 1981;Green et al., 1989), otherwise pooled age used; age calculated using the following zeta
calibration values: 10752 (apatite external detector method, SRM 963), 319.6 (zircon external detector method, SRM 962)
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mineral. In order to calculate an age it is also necessary to
know the number of neutrons that passed through the min-
eral during irradiation. This number is determined by count-
ing the number of tracks present in a piece of muscovite
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FI1G. 5. Fission-track age of apatite (AFT Age; solid line) versus distance
north from the Bingham pit (Table 2). Also shown are 20 error curves.

that covered a standard glass during the irradiation. The
error of a fission-track age is determined from the number
of tracks that were counted in determining the respective
track densities.

Fission tracks will also anneal if heated. Then the calcu-
lated age reflects the posterystallization thermal history of the
mineral (Naeser, 1979). In Figures 4 and 5, the measured age
of the mineral, as a function of the distance north from the
Bingham Canyon pit, is shown by a solid line. The two-sigma
error, which gives the maximum and minimum ages, is shown
by the dotted lines above and below the measured age. Fig-
ure 3 also shows the age of sedimentation with a dashed line,
and for reference, the ages of the Elko orogeny (170-150
Ma), the Sevier orogeny (110-65 Ma), and formation of the
Bingham Canyon porphyry deposit (39-37 Ma), discussed
further on.

Carbonate rocks were dissolved to remove conodonts to de-
termine their stratigraphic age and thermal history. These
data are presented in Table 3. Conodonts change color when
heated and the Color Alteration Index (CAI) is a measure of
the maximum sustained temperature to which the conodont
has been subjected. Procedures and interpretation details are
described in Epstein et al. (1977), Harris et al. (1980), and
Rejebian et al. (1987). Figure 6 is a time-temperature plot
constructed from experimental CAI data, and it is used
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TABLE 3. Conodont Data from the Oquirrh Mountains, Utah

Sample  Stratigraphic age Fragments CAI Temperature (°C)
B5A Late Pennsylvanian 11 2 60-140
B6A Early Permian 96 1.5 50-90
B7A Late Mississippian 23 2 60-140
B7B Middle Pennsylvanian 84 2 60-140
B9A Middle Pennsylvanian 8 5.5-7 330-720
B10 Permian 2 4 190-300
B11 Early Permian 307 2 60-140
Bl14 Middle Permian 6 2 60-140
B15 Early Permian 19 2 60-140
B26 Early Permian 30 2 60-140

See Epstein et al. (1977), Harris et al. (1980), and Rejebian et al. (1987)
for methodology
CAI = conodont color alteration index

together with data from Barneys Canyon to interpret the
thermal history.

Vitrinite and bitumen were examined in polished section
and the mean random reflectivity (Ro, in percent) was mea-
sured. These data are reported in Table 4. Vitrinite is a coal
maceral, commonly woody material, whose reflectance in-
creases when it is heated (Barker and Bone, 1995). Bitumen
is condensed, residual petroleum material that congeals,
hardens, and also increases its reflectance when heated. Vit-
rinite and bitumen react irreversibly to temperature increases
with a loss of volatiles and are sensitive indicators of the max-
imum temperature attained. Although vitrinite or bitumen
was detected in six samples, only sample B5A from Melco
provided enough good material to obtain a statistically valid
maximum temperature (Barker and Pawlewicz, 1993, 1994).
The technique is limited by the presence of inertinite (a rela-
tively inert high-carbon coal maceral), which may be inadver-
tently measured instead of vitrinite in sparsely populated
high-temperature samples.

Whole-rock oxygen and carbon isotopes were analyzed
using standard methods, and the results are given in Table 5.
Whole-rock 60 as a function of distance from the north end
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of the Bingham Canyon pit is plotted for quartzite in Figure
7 and for carbonate rocks in Figure SA. Corresponding
whole-rock 6'3C data for carbonate rock are shown in Figure
8B, and 0'°C versus 6'%0 data for carbonate rocks are plotted
in Figure 9. Detailed sampling of the quartzite adjacent to the
Melco deposit was also carried out at approximately the same
stratigraphic level as the orebody (Fig. 3). The samples were
analyzed for Au, a trace element suite, and 6'°O. These re-
sults are given in Table 6 and shown in Figure 10.

Thermal Data

All methods used in this study to constrain paleotempera-
tures around Bingham Canyon deposit are functions of both
time and temperature. Similar fission track, CAL and bitumen
data can result from heating at a high temperature for a short
period of time or at a low temperature for a long period of
time. But the different materials (conodonts, apatite, zircon,
vitrinite, bitumen) react to increasing temperature at different
rates. Thus the temperatures reported are “integrated” tem-
peratures, and time must be considered as well. Another fac-
tor to consider is channeled flow—when brief pulses of small
quantities of hot fluid rapidly pass along a major structure of
a deposit without greatly heating the wall rocks. The dissem-
inated nature of the ore and altered rocks at Barneys Canyon
and Melco argue for generally pervasive flow, but possible in-
dications of channeled flow may be seen in fluid inclusion,
stable isotope, and trace element data, discussed below.

Fission track indicators

Fission track annealing rates for apatite and zircon have
been investigated by Naeser (1979, 1981). At 160°C, apatite
fission tracks will begin to anneal in less than 1,000 years. Ap-
atite will anneal all of its tracks in 1 h at 350°C, in 1,000 years
at about 180°C, and in 1 m.y. at about 135°C. Fission-track
annealing in zircon takes place at temperatures between
about 210° and 270°C (Hurford, 1986; Brandon et al., 1998)
for heating times less than 1 m.y.. At temperatures above this
range tracks are not stable and are annealed almost as fast as
they form.

TABLE 4. Estimated Maximum Temperature of Vitrinite and Solid Bitumen on the Basis of Geothermometers of
Barker and Pawlewicz (1994) and Barker and Bone (1995)

Mean Standard Sample Maximum
Sample Rock Organic matter Ro (%) deviation (%) size temperature (°C) Comments
BIA Black dolomite Solid bitumen 2.64 0.43 5 180 Dark dolomite
B2 Quartzite Barren
B2A Sandstone Solid bitumen 1.28 1 Dark sandstone
B5 Quartzite Barren Melco mine
B5A Dolomite Solid bitumen 0.95 0.16 27 100 Melco mine; reliable data
B5B Black shale Solid bitumen 1.19 0.08 2 Melco mine
B6B Sandstone Barren Barneys Canyon mine
B6C Black shale Vitrinite 2.69 0.56 5 220 Barneys Canyon mine
B7A Limestone Barren
B7B Dolomite Barren
B9A Limestone Solid bitumen 1.91 0.41 6 140
B10 Dolomite Barren
B10A Phosp ss Barren
Bl11 Limestone Barren

Ro % = mean random reflectivity
Sample size = number of fragments measured
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TABLE 5. Whole-Rock Stable Isotope Data from a Regional Traverse

00 (%)
Sample  Rock Quartzite Limestone 0% Comments
Bl Quartzite 12.6
BI1A Dolomite 10.3 -1.4 Dark rock
B2 Quartzite 13
B3 Quartzite 14.1
B4 Quartzite 14.2
B5 Quartzite 12.6 Melco mine
B5A Dolomite 29.8 0.9 Melco mine
B6 Quartzite 144 Barneys Canyon
mine
B6A Dolomite 28.5 0.7 Barneys Canyon
mine
B7 Quartzite 12.5
B7A Limestone 22.7 -0.4
B7B Dolomite 26.3 —0.3
BS Quartzite 15
B9 Quartzite 18.6
BY9A Limestone 19.9 -0.1
B10 Dolomite 23.8 -0.6
B11 Limestone 20.6 -2.6
B12 Quartzite 144
B13 Quartzite 15.8
B14 Limestone 24 .4 -1.8 7.5km N BC
B15 Limestone 13.8 0.6 2.5 km N BC
B16 Quartzite 13.8
B26 Limestone 25.2 -1.4 1km N BC

N BC = North of Barneys Canyon mine

Zircon fission tracks in samples B2-B8 (Table 2, Fig. 4) give
ages that are older than the ages of sedimentation and have
not been reset, thus they record the provenance ages of the
zircon. Zircon fission track ages have large 20 errors reflect-
ing the large variation in the ages of individual zircons (Fig.4);
for example, the large error of +125 Ma from sample B6 was
due to a single zircon that gave an age of 1.2 Ga, reflecting the
inhomogeneity of the different source rocks.

The closure temperature for retaining fission tracks in zir-
con is estimated to be between 225° and 250°C (Hurford,
1986; Brandon et al., 1998). These temperatures are derived
from geologic and laboratory studies of fission-track fading
(annealing) in zircon. The zircon data alone constrain the
maximum temperature of the rocks since deposition to about
295° to 250°C (Hurford, 1986; Brandon et al., 1998). No in-
dication of heating is present in the central section of the
Oquirrh Mountains either by a Jurassic event or during Sevier
thrusting. However, sample B9, at the north edge of the
Oquirrh Mountains (Table 2 and Fig. 1) shows the effects of
postdepositional heating, including the lowering of the appar-
ent zircon fission-track age to less than the stratigraphic age,
the lessening of the error range, and CAIs of 5.5 to 7 (Fig. 4,
Tables 2 and 3). These data may indicate that heating took
place during thrusting of the Permian rocks against the abut-
ment of the Precambrian rocks of Antelope Island, located a
few km north of sample B9, or the presence of a concealed in-
trusion. At the south end of the traverse, zircon from sample
B1 (Table 4), less than 1 km from the Bingham pit, shows the

CUNNINGHAM ET AL.

effects of partial annealing of zircons owing to heating above
225°C in the thermal aureole of the Bingham deposit. The
thermal aureole from 3 km (Sample B2) to beyond 7.5 km
(Sample B6, Barneys Canyon) did not reach temperatures
of more than 225°C, because zircons are not significantly
annealed.

Apatite data (Table 2 and Fig. 5) show that apatite fission
tracks are completely annealed and give the age of the Bing-
ham Canyon porphyry copper deposit all the way out to
Melco at 6 km. The apatite fission tracks are partly annealed
at Barneys Canyon (7.5 km) to give an age intermediate
between the age of the Bingham Canyon porphyry copper
deposit and the age of the unheated apatite in the central part
of the Oquirrh Mountains.

Conodont indicators

Conodonts give CAI values that range from 1.5 to 7 (Table
3). The CAIs of about 2 (Table 3) throughout much of the
Oquirrh Mountains further constrain the time and tempera-
ture history of the regional host rocks to a maximum temper-
ature of 140°C. There are several areas that CAls indicate
were locally heated, which provides insight into variations in
the thermal history of the host rocks.

A statistically reliable CAI of 1.5 (Table 3, sample B6A) at
Barneys Canyon indicates that the maximum sustainable tem-
perature was about 90°C. Corresponding data for Melco
(Table 3, sample B5A) gives a CAI of 2, which corresponds
with a maximum sustainable temperature of 140°C. The
time-temperature CAI relations (Fig. 6) have been investi-
gated experimentally by Epstein et al. (1977) and Rejebian et
al. (1987), and these data are used to constrain the time fac-
tor in the thermal history of the deposits.
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FI1G. 6. A plot of the log of the reaction rate of experimentally derived
conodont alteration as a function of heating time. Slanted lines numbered
1% to 5 are conodont alteration index (CAI) values, vertical lines indicate
temperature, and horizontal lines indicate time corresponding to Barneys
Canyon data in Table 3. For example, conodonts heated to 225°C (vertical
dotted line) for approximately two years would turn the color indicated by
a CAI of 1%, whereas those heated for approximately 20 years would turn
the color indicated by a CAI of 2. Modified slightly from Epstein et al.
(1977).
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Organic indicators

Bitumen appears to be formed from petroleum that was
caught up or generated in the low-temperature hydrothermal
system. During heating petroleum loses its volatiles, and ulti-
mately it converts to solid bitumen that remains in the rock.
The response time for the conversion of petroleum to bitu-
men by heating is rapid, which makes bitumen a sensitive in-
dicator of maximum temperature conditions, since time is not
a significant factor in recording the maximum temperature.

The limited bitumen reflectance data (Table 4) also indi-
cate that these regional samples have not been heated above
the oil window of about 150°C. A temperature indication of
220°C from vitrinite reflectance (Table 4, sample B6C) is not
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considered statistically valid because of insufficient data
(Barker and Pawlewicz, 1993).

Interpretation of integrated data

The thermal data from zircon and apatite fission-track dat-
ing, CAI and bitumen reflectance all show that the regional
sedimentary rocks in the middle part of the northern Oquirrh
Mountains, between the Bingham Canyon deposit and the
Great Salt Lake, have not been regionally heated above about
140°C since the rocks were formed.

A paleothermal anomaly related to the Bingham Canyon
porphyry deposit extends at least 7.5 km to the north and in-
cludes both the Melco and Barneys Canyon gold deposits. It
can be detected and mapped by a variety of thermally sensi-
tive techniques. Figure 4 shows that apatite fission tracks were
totally reset to about 37 Ma, the age of the Bingham porphyry
Cu-Au-Mo deposit, all the way from the Bingham pit to
Melco, a distance of 6 km, indicating that temperatures ex-
ceeded 100°C throughout this distance. The gold deposits are
located on the periphery of the Bingham hydrologic system at
approximately the 100°C isotherm and were not heated above
140°C for a sustained time based on the combined data of ap-
atite fission track, CAI, and bitumen reflectance.

The maximum sustained temperature at the Melco deposit
is constrained in three ways to between 100°C and 140°C: (1)
a CAI of 2 (Table 3, sample B5A) for conodonts from a car-
bonate layer at Melco, which indicates maximum sustained
heating to between 60° and140°C, (2) apatite fission tracks
(Table 2, Figure 5, sample B5) that are totally annealed to the
age of the Bingham intrusive complex, indicating tempera-
tures of 100°C or higher, and (3) solid bitumen reflectance
values of 0.95 percent, which indicate a temperature of about

TABLE 6. Whole-Rock Oxygen Isotope Data and Selected Elements in Samples from the Melco Traverse

00 Au Au Ag As Ba Ccd Co Cr Cu
Sample (%o) (ppb)  (oz/ton) (ppm) Al(%) (ppm) (ppm) Ca(%) (ppm) (ppm) (ppm) (ppm) Fe (%) K (%)
B-17 15.7 10 — <0.2 0.06 10 10 1.58 <0.5 1 54 7 0.21 0.01
B-18 13.9 55 — <0.2 0.05 20 310 0.08 <0.5 <1 74 7 0.2 0.02
B-20 12.6 320 — 0.4 0.21 326 1840 0.06 15 3 105 5 0.95 0.07
B-21 11.7 85 — <0.2 0.4  >10,000 3140 0.03 <0.5 1 69 4 1.26 0.01
B-22 6.4 30 — <0.2 0.56 444 210 0.07 <0.5 <1 28 3 0.26 <.01
B-19A 12,9 >10,000 0.363 <0.2 0.16 442 80 0.08 <0.5 16 54 11 1.62 0.06
B-19 12.6 4,830 — <0.2 0.3 2,900 790 0.07 1 <1 82 5 0.46 0.05
B-23 12.4 10 — <0.2 0.11 56 40 0.03 <0.5 <1 51 2 0.1 <.01
B-24 12.8 5 — <0.2 0.15 112 500 0.06 <0.5 <1 98 9 0.42 0.02
B-25 10.9 5 — <0.2 0.2 242 30 0.06 <0.5 1 13 4 0.85 <.01
Mn Mo Ni P Pb Sb Sr Tl v Zn

Sample Mg (%) (ppm) (ppm) (ppm) (ppm) (ppm) S(%) (ppm) (ppm) Ti(%) (ppm) (ppm) (ppm) Dist
B-17 0.04 125 3 5 70 <2 <.01 <2 1 <0.01 <10 2 10 0
B-18 0.01 5 <1 13 70 6 0.01 <2 4 <0.01 <10 1 10 29
B-20 0.01 10 1 10 130 12 0.06 <2 22 <0.01 <10 1 16 47
B-21 <0.01 5 11 3 <10 10 0.04 12 11 <0.01 140 4 28 61
B-22 <0.01 <5 <1 1 110 24 0.01 <2 110 <0.01 <10 14 6 82
B-19A 0.01 25 9 30 40 14 1.63 <2 10 <0.01 10 4 6 85
B-19 0.01 5 3 2 40 6 <.01 10 9 <0.01 260 3 4 87
B-23 <.01 <5 <1 1 40 4 <.01 <2 29 <0.01 <10 3 2 97
B-24 0.1 5 1 4 10 8 0.17 <2 8 <0.01 <10 1 2 123
B-25 <.01 15 3 9 60 6 <.01 <2 34 <0.01 <10 6 40 159

Acid digestion and ICP-AES analyses by ALS Chemex, Vancouver, BC; gold by fire assay
Dist = projected distance along a line between samples B17 and B25 in Figure 9
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100°C (Barker and Bone, 1995; Table 4, sample B5A). These
independent thermal sensors indicate that maximum sus-
tained temperatures were about 100°C within 3 to 7.5 km
from the Bingham porphyry copper deposit.

The maximum sustained temperature at Barneys Canyon is
constrained to about 100°C because (1) the fission tracks in zir-
con are not reset, which limits the temperature to less than
225°C to 250°C, (2) the fission tracks in apatite are partly reset,
which limits the temperature to about 100°C, and (3) a CAI of
1.5 (Table 3, sample B6A), which indicates maximum sustained
heating was about 90°C. This temperature is reasonable, be-
cause the Barneys Canyon deposit is about 1.5 km farther away
from the Bingham deposit than the Melco deposit.

Conodonts are quite sensitive indicators of temperature
and time. If the sustained temperature reached in the host
rocks of Barneys Canyon was about 100°C (Fig. 6, vertical
dashed line), the observed CAI of 1.5 indicates they were
heated about 50,000 years. A CAI of 2 would correspond with
a heating time of about10° yrs. Therefore, the conodont data,
in conjunction with the other thermal indicators, are inter-
preted to constrain the hydrothermal system to between
50,000 and 1 m.y. duration.

The CAI of 2 at Melco, in agreement with the apatite data,
indicates that the host rocks were heated to sustained tem-
peratures between 100°C and 140°C, which indicates that it
took 107 to 109 years to form. Higher temperatures result in a
geologically unreasonably short amount of time for a signifi-
cant ore deposit to form.

Stable Isotopes

The whole rock stable isotope data on quartzite and lime-
stone support the hypothesis that gold mineralization at Bar-
neys Canyon and Melco formed by mixing of fluids within the
distal part of the thermal anomaly related to the Bingham
porphyry orebody. The evidence from the quartzite is less
clear than the evidence from the limestone. Quartzite gener-
ally contains rounded quartz grains that locally display pres-
sure solution effects and do not exhibit overgrowths.
Quartzite also contains generally 5 to 10 percent of other de-
trital grains, mostly zircon, apatite, and feldspar, and clay min-
erals in the matrix, of which the clay is relatively reactive. At
the temperatures considered in this study, isotopic exchange
in quartzite most likely occurred in the reactive matrix mate-
rial. Table 5 and Figure 7 show that the whole rock 6'%0 val-
ues of the quartzite generally increase northward away from
the Bingham pit from 12.5 per mil to as much as 18.6 per mil
throughout a 22 km distance. These data show an approxi-
mate increase of 0'°0 values by about 2 per mil within about
12 km of Bingham and an increase of nearly 6 per mil at the
most distal sampling point. This overall trend is interpreted to
reflect the widespread exchange of isotopically light meteoric
water with the matrix minerals in the quartzite wall rocks, as
has been documented around many intrusions and epigenetic
ore deposits (Taylor, 1997; Hofstra and Rye, 1998). Variations
in 080 of the quartzites exist within the trend, especially be-
tween 6 and 8 km; 0'0 values at Barneys Canyon (B6) are
notably high and values at Melco (B5) are notably low. The
scatter is interpreted to reflect variations in the amount of
clay matrix and variable mixing of isotopically light water with
largely fracture-controlled, isotopically heavy, presumably
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acidic water, as described further on. The variation in whole-
rock 0'%0 depends on the degree of mixing, proximity to frac-
tures, amount of clay or carbonate in the matrix, and the tem-
perature of the fluids involved.

Oxygen isotope ratios in a series of whole rock samples
from approximately the same stratigraphic level in quartzite
and across the orebody at Melco (Figs. 3 and 10) showed vari-
ations from 10.9 per mil to 15.7 per mil; one low 6'%0 value
was only 6.4 per mil (Fig. 10). Sample 22, which has the low-
est 0150, contains at least twice the amount of matrix clay as
the other samples, contains significantly lower concentrations
of Au, As, Sb, and T, and is closely related to a major frac-
ture. These characteristics are interpreted to reflect exchange
with fluids containing only isotopically light water and no
component of isotopically heavy waters.

Oxygen and carbon isotope ratios of limestone were deter-
mined along the regional traverse (Table 5, Figs. 8A, B and 9).
The oxygen and carbon isotope compositions of carbonate do
not vary systematically with distance from the Bingham
Canyon pit (Figs. 8A, B and 9). In general, hydrothermal flu-
ids do not move through limestone as pervasively as they do
through permeable quartzites (Pinckney and Rye, 1972; Rye
et al., 1976). Isotopic exchange in carbonate rocks requires
recrystallization of the carbonate; leaching or corrosion or

partial dissolution of carbonate minerals without recrystalliza-
tion does not result in isotopic exchange. The samples closest
to Bingham have the lowest 6'%0 values, whereas the Melco
and Barneys Canyon samples have the highest 6'*0 and high-
est 013C values. The values for most of the other samples, ex-
cept for the one adjacent to the Bingham Canyon pit, fall in
or adjacent to the range for unaltered Paleozoic limestone in
the Great Basin (Hofstra and Cline, 2000). The Bingham
sample (B1A) clearly reflects exchange with meteoric water
(Fig. 8A). The Melco and Barneys Canyon samples have been
recrystallized, and grain size increased from about 10 to 20
micrometers to about 75 to 100 micrometers and triple junc-
tions developed where the grains meet. 6'0 values are con-
sistent with exchange with isotopically heavy waters at low
temperatures. For alteration at 100°C, the 0'O values of
nearly 30 per mil for the limestone at the Melco and Barneys
Canyon deposits are consistent with equilibrium exchange
with fluids having 6'*Oy, of 13 per mil.

Possible sources of 150 enrichment
Isotopically heavy waters such as noted here are distinctive
and their association with the disseminated gold deposit is

likely not fortuitous. Such waters may have formed on the
surface of the Bingham stratovolcano, for example in a crater
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lake or around fumaroles. These waters were likely acidic be-
cause of the oxidation of sulfur-bearing gases and release of
HCI from the magma, and they likely had high 6'*0 values
owing to evaporation at elevated temperatures (e.g., Rowe,
1994; Varekamp, 2002, Rye, 2004; Zimbelman et al., 2004).
Such oxidizing, acidic waters are common in the crater lakes
of active volcanoes. Field studies and Landsat imagery of ac-
tive volcanoes also have shown that such acidic fluids can
drain back through permeable layers parallel to the slopes of
the volcano beneath the surface lava flows (e.g., Rowe, 1994).
This alteration removes the pH buffering capacity of the
rocks and aids the downward penetration of fluids. An excel-
lent example of the distribution of acid-altered rocks in a stra-
tovolcano can be seen in the Thematic Mapper image shown
in Figure 11. This is possibly what the area of Bingham
Canyon, Barneys Canyon, and Melco looked like 37 m.y. ago
with the porphyry forming beneath the center of the volcano
and the gold deposits under the flanks.

Discussion and Conclusions

Fluid inclusions

The thermal data reported here are significantly different
from the reported fluid inclusion homogenization tempera-
tures from quartz and barite at the Barneys Canyon deposit
(Presnell and Parry, 1996). Presnell and Parry reported ho-
mogenization temperatures that range from 130° to 393°C for
53 inclusions in six quartz samples and 10 inclusions in two
barite samples. The data are scattered throughout this range
but show weak modes at 225°C and 345°C. The barite data
overlap the quartz data in the range 260°C to 390°C. Corre-
sponding salinities are mostly 0 to 3 wt percent equivalent
NaCl. These results may reflect rare instances of channeled
flow as described previously, as silicification of any kind is un-
usually rare, and discrete quartz veins, whether related to
gold mineralization or otherwise, are scarce to absent. Also,
barite can be unreliable as a fluid inclusion host mineral es-
pecially at temperatures above 250°C (Ulrich and Bodnar,
1988). Most other evidence does not support the high tem-
peratures indicated by the fluid inclusion homogenization re-
sults. The alteration mineral kaolinite (stable at <270°C) is
present rather than pyrophyllite, and marcasite and arsenic
sulfides suggest temperatures lower than 250°C (Murochick,
1992). Conodont alteration indices, fission tracks, and vitri-
nite reflectance also indicate lower temperatures than re-
ported by Presnell and Parry (1996).

It is difficult to unequivocally date the gold deposits be-
cause any minerals or event that can be dated by current
methodologies is subject to alternative interpretations based
on the relationship of mineralization to the mineral or event
dated. We think the most plausible interpretation is one that
considers and integrates the thermal history, spatial relation-
ship of mineralization to illite, chemical zoning of the hy-
drothermal system, genetic implications of heavy oxygen and
carbon isotopes, and hydrologic limitations in the formulation
of a model. The lack of anhydrite in the Bingham porphyry
deposit coupled with the narrow range of 0**S values for sul-
fides (Field, 1966) most likely reflects the reduced nature of
the main stage fluids. We conclude that the Barneys Canyon
and Melco gold deposits, the nearby satellite deposits, and
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Fi1c. 11. Thematic Mapper image of the Miocene Maricunga volcano in
northern Chile. The image shows what the Bingham Canyon—Barneys
Canyon—Melco area may have looked like 37 m.y. ago. The dark, relatively
fresh, radially outward-dipping lava flows on the surface of the volcano can
be readily seen. Yellow reveals the distribution of rocks altered to alunite and
kaolinite. The yellow circular feature consists of advanced argillic-altered
sediments at the edge of the crater lake, the center of which was intruded by
an unaltered dome. The yellow stripes on the volcano flanks mark areas
where landslides and sector collapse have occurred, revealing the altered
rocks beneath the surface flows. The isolated yellow spots near the base of
the volcano mark locations where acidic hot springs emanated. Image cour-
tesy of Lawrence C. Rowan and Barbara A. Eiswerth. Source, unpublished
U.S. Geological Survey files.

perhaps the proximal occurrences such as Main Hill that de-
veloped in late structures cutting the Bingham porphyry
likely formed during the time that the reduced, gold-bearing
fluids that deposited the bulk of the Bingham copper miner-
alization cooled and mixed with surficial, oxidized, acidic flu-
ids within the collapsing system as shown schematically in
Figure 12. Mixing of late-stage, gold-bearing, reduced fluids
with isotopically heavy, K-rich, acidic fluids may have caused
the deposition of the gold under illite-stable conditions. The
observation by Presnell and Parry (1992) that the orebody at
Barneys Canyon is associated with illite rather than kaolinite
may reflect a high potassium content in the acidic fluids and
strengthens the case for a mixing model. The presence of
marcasite might also reflect deposition by mixing with an
acidic solution at temperatures <250°C (Murowchick, 1992;
Vaughan and Craig, 1997). Barite is present in both massive
form and as crystals along faults and fractures at Melco, and
at Barneys Canyon, barite was the host mineral for some of
the analyzed fluid inclusions (Presnell, 1992). The barite may
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FIc. 12. Schematic hydrologic model of the formation of late stage disseminated gold deposits associated with the Bing-

ham Canyon porphyry Cu-Au-Mo deposit.

reflect mixing of acidic, sulfate-rich fluids with barium-bear-
ing fluids. The notable paucity of quartz associated with the
gold argues against temperature decrease alone being a major
factor in the localization of the gold. Fluid mixing likely oc-
curred at the hydrologic juncture of the sedimentary rocks
and overlying volcanic rocks, where the deposits are located
(Fig. 12). The collapsing hydrothermal system decreased in
size until it was confined to Bingham Canyon or may have be-
come localized in late north-striking structures.

Sawkins (1984), Sillitoe (1988), Sillitoe and Bonham (1990),
and other authors have proposed a genetic link between gold-
rich porphyry systems and sedimentary rock-hosted, dissemi-
nated gold deposits. Babcock et al. (1995) proposed such a
genetic link between the Bingham Canyon porphyry deposit
and the Barneys Canyon and Melco gold deposits, but the ev-
idence was equivocal (e.g., Presnell and Parry, 1996). This
study presents new fission track, conodont CAI, solid bitu-
men reflectance, and stable isotope data that show that the
hydrothermal system associated with the 37 Ma Bingham
Canyon porphyry system extended far enough to encompass
the gold deposits leaving behind a record of the paleothermal
anomaly in the country rocks. The Melco and Barneys
Canyon deposits most likely were formed at sustained tem-
peratures of less than 140°C and close to the Bingham
Canyon porphyry system 120°C isotherm.

The 6'%0 values of quartzite, sampled along the axis of an
anticline that was in place during mineralization, increase
away from Bingham Canyon. Because the quartz grains in the
quartzites are resistant to isotopic exchange and because, ex-
cept locally, the clay matrix of the quartzite makes up no more
than 15 percent of the total rock, a huge water-dominated sys-

tem in permeable quartzite during the main stage Bingham
Canyon mineralization is required to account for the isotopic
shift. The regionally distributed carbonate rocks do not show
systematic variation in their isotopic composition away from
Bingham Canyon porphyry, which is consistent with observa-
tions reported elsewhere that isotopic exchange in carbonate
rocks typically only occurs close to fractures. Hydrothermally
altered and recrystallized limestone near fractures in the
vicinity of the Melco and Barneys Canyon gold deposits are
exceptionally enriched in 0. These high 6'°0 values require
low temperature exchange with isotopically heavy fluids such
as form on the surface of stratovolcanoes in crater lakes.

It is proposed that the gold was part of the late-stage, re-
duced Au-As mineralization that has been documented in the
Bingham dispersal halo. In this model, isotopically heavy,
acidic, sulfate-rich water that was draining downslope mixed
with the reduced, HyS-rich and Au-bearing, meteoric water at
progressively deeper levels in a collapsing Bingham system.
Deposition occurred dominantly by mixing, probably along a
hydrologic interface near the sedimentary rock-volcanic rock
contact. If this scenario is correct, all disseminated gold de-
posits that occur in late fractures in the area probably devel-
oped during the waning stages of the Bingham mineralizing
system.
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