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Abstract

Recent examination of volcanic rocks near the Bingham Canyon Cu-Au-Mo deposit, Utah,
suggests that primitive alkaline magmas are an important factor in the formation of this
world-class porphyry copper deposit. The Bingham deposit is spatially associated with a
monzonitic intrusive complex emplaced at 39 to 37 Ma into Paleozoic sedimentary rocks.
Coeval igneous rocks vented to the surface and formed a volcanic pile, part of which is pre-
served on the eastern flank of the Oquirrh Mountains.

Bingham volcanic rocks are divided into three chrono-lithologic suites: an older volcanic
suite, a nepheline minette-shoshonite suite, and a chemically distinct younger volcanic suite.
Petrographic and geochemical data indicate that the intrusive complex and older volcanic
suite are largely comagmatic. This relationship is substantiated by similarities in ages and
proximity of the older volcanic rocks to the intrusive suite. No significant chemical differ- !
ences occur between these two suites, except where hydrothermal alteration has increased the
concentration of Cu and K in the intrusions at the expense of Na.

The nepheline minette lava flows extruded at ~38 Ma are primitive. They are character-
ized by Mg # >65, high concentrations of volatiles, LILE, and LREE, and strongly compat-
ible elements. They contain relatively low concentrations of Ti, Nb, and Zr on a mantle-nor-
malized basis, 15 to 18 percent normative nepheline, and 1 to 15 percent normative leucite.
The nepheline minette magmas may be primary melts that are products of small degrees of
partial melting of metasomatized, lithospheric mantle. Associated shoshonites lack norma-
tive nepheline and normative leucite. At comparable SiO, contents, the younger volcanic
rocks emplaced at ~32 Ma are generally more aluminous and sodic, and less magnesian and
potassic than the older volcanic and intrusive suites.

All magmas except the nepheline minette were sulfide-saturated when erupted and con-
tain magmatic sulfides as 1 to 100 micron-diameter elliptical inclusions in mafic mineral phe-
nocrysts. Analytical data suggest that sulfides accommodate most of the Cu and Ag that are
present in the magmas. Resorption and oxidation of the sulfides may have made these met-
als available to the hydrothermal system. The sulfide-undersaturated character of the primi-
tive, alkaline magmas may have allowed them to rise through the crust with almost no loss of
S, Cu, and other chalcophile metals.

Fractional crystallization, magma mixing, and assimilation all played roles in determining
the composition of the magmas in the Bingham system. Trace-element modeling shows that
the minette flows are not related to the other volcanic suites or to the intrusive suite by frac-
tional crystallization. However, mixing of the minette magma with latitic magma could have
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created the shoshonites and the magma of the older suite. Trace-element modeling also indi-
cates that late mineralized dikes may be formed by mixing of about 10 percent minette
magma and 90 percent calc-alkaline magma. Degassing of mixed minette magma underly-
ing the calc-alkaline magma may have contributed even larger proportions of sulfur, volatiles,

and metals to the ore-forming system.

Introduction

The genetic relationship between porphyry copper
deposits and their granitic hosts has long been investi-
gated and debated. The orthomagmatic theory, devel-
oped by Burnham (1979), suggests that copper is removed
from a melt by chlorine-rich aqueous fluids that exsolve
under reduced pressure. Cline and Bodnar (1991) pro-
pose that a typical calc-alkaline magma contains suffi-
cient copper, chlorine, and water to produce economic
porphyry copper mineralization. Candela (1989a) sug-
gests that “volatile constituents” exert strong controls on
the quantity, chemistry, and style of mineralization of
porphyry deposits. However, he suggests that the pres-
ence of magmatic sulfides may lead to the sequestering of
copper in solids and a low efficiency of removal by chlo-
rine-bearing fluids (Candela, 1989b).

The Bingham Canyon porphyry Cu-Au-Mo deposit in
the central Oquirrh Mountains of Utah (Fig. 1) lies in
monzonite, quartz monzonite, and quartz latite intru-
sions intruded at 39.8 = 0.4 to 37.5 = 0.4 Ma into
Paleozoic quartzite and limestone (Moore, 1973a; Moore
1973b, Lanier et al., 1978; Warnaars et al., 1978). Some
of the igneous rocks vented from 39 to 33 Ma and formed
a volcanic pile that is partially preserved on the eastern
flank of the Oquirrh Mountains (Smith, 1961; Moore et
al., 1968; Moore, 1973b; Lanier et al., 1978; Warnaars et

al., 1978; Moore and McKee, 1983; McKee et al., 1993),
Small volumes of distinctive, volatile-rich, mafic alkaline

- magmas also erupted to form nepheline minette laya

flows interbedded with the intermediate calc-alkaline vol-
canic rocks (Gilluly, 1932; Moore, 1973a).

This report summarizes a petrographic and petrochem-
ical study of the igneous rocks of the Bingham mining dis-
trict and an evaluation of the relationship between copper
mineralization and alkalic magmatism. Sample locations
and additional data are presented in Waite (1996).

Geologic Setting

The Bingham mining district is located in the Oquirrh
Mountains (Figs. 1 and 2), a north-trending, fault-bound-
ed range in the eastern Great Basin that is composed of
folded Paleozoic sedimentary rocks cut by thrust, normal,
and strike-slip faults (James et al.,, 1961; Tooker and
Roberts, 1961).

The Oquirrh Mountains lie in the western part of the
Uinta Axis, an east-west lineament, which has been an
intermittently active structural zone since late
Precambrian time (Erickson, 1976). Archean cratonic
rocks >2.5 Ga are found in isolated outcrops in northern
Utah, Idaho, and Wyoming to the north of the Uinta
Axis. Link et al. (1993) suggest that early Proterozoic
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FIG. 1. Index map showing the location of the Bingham district and other features referred to in the
text. The dashed line represents the Uinta axis; also known as the Stockton-Park City intrusive belt.
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Fic. 2. Simplified geologic map of the west flank of the Oquirrh Mountains, Utah. Small circles rep-
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canic suites is approximated from the data of this study; other geologic contacts are compiled from Smith
(1961) and Babcock et al. (1995).
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rocks are accreted to the Archean craton along an approx-
imately east-west suture believed by Helm (1994) to coin-
cide with the Uinta Axis (Fig. 1). This lineament, also
known as the Stockton-Park City intrusive belt, is marked
by the west-trending Uinta Mountains and a zone of mag-
netic anomalies (Stewart et al., 1977). Regional aeromag-
netic surveys suggest that a large west-trending igneous
body underlies the entire Stockton-Park City intrusive belt
at depths of a few kilometers (Ballantyne et al., 1995).

Igneous rocks at Bingham were formed as part of a
southward sweeping volcanic episode that entered the
northern part of the Basin and Range province about 43
Ma (Stewart and Carlson, 1976; Best and Christiansen,
1991). Cross and Pilger (1978), Lipman (1980), and Best
and Christiansen (1991) all suggest that the southward
sweep of volcanism was related to progressive steepening
and foundering of the subducting oceanic lithosphere
beneath continental lithosphere. This volcanic episode con-
tinued southward along an arcuate east-west front reaching
southern Nevada by Miocene time (Best et al., 1989).

Presnell (1992; 1997) suggests that Cenozoic tectonism
at Bingham was largely extensional, starting with minor
Eocene extension associated with intrusions, dikes, and
fissures, and ending with major Miocene-to-Holocene
Basin-and-Range extension. Seedorff (1991) suggests
that most Tertiary porphyry deposits in the Great Basin
are related to the bimodal magmas that were generally
emplaced synchronously with, or immediately before, the
onset of extension. He contends that the Bingham and
Tintic-East Tintic districts were emplaced during a peri-
od of rapid extension.

Focene to Oligocene magmatic activity occurred for
120 km along the Uinta Axis from 20 km west of
Bingham to the western Uinta Mountains (Moore and
McKee, 1983). Magmatism near the Bingham mining dis-
trict spanned a period of about 8 m.y. from the Jatest
Eocene to middle Oligocene time.

Volcanic rocks ranging from nepheline minette to rhy-
olite are well-exposed along a 13-km long, north-south
belt on the eastern flank of the east-tilted Oquirrh
Mountains. The most complete section is in the western
Traverse Mountains (Fig. 2). Debris avalanche and lahar
deposits of latitic composition are the most common vol-
canic rock type and appear to have originated from small
domes, shallowly eroded dikes, and minor lava flows.

Within the Bingham mining district, the equigranular
monzonite of the Last Chance and Bingham stocks is the
oldest intrusive phase (39.8-37.5 Ma), followed by the
quartz monzonite porphyry phase of the Bingham stock,
then latite porphyry and quartz latite porphyry dikes,
and finally the 33.0 Ma Shaggy Peak rhyolite plug
(Moore, 1973a; Warnaars et al., 1978).

Sampling and Analytical Techniques

Ninety-one samples of volcanic and intrusive rocks
were collected near the Bingham Canyon porphyry
deposit and were studied together with four samples col-

lected by Barr (1993). Samples for modal and chemical
analyses were neither significantly weathered nor
hydrothermally altered. All samples were examined by
standard petrographic methods to determine mineral
assemblages and textures. A small set of the samples was
point-counted to determine modal proportions of the
phenocrysts (Waite 1996).

Phenocryst compositions of selected samples were
determined by wavelength-dispersive electron micro-
probe analysis using a JEOL JXA-8600 Superprobe at the
University of Georgia. Major- and trace-element analyses
were determined for 95 whole-rock samples by X-ray flu-
orescence methods using a Siemens SRS 303 spectrome-
ter at Brigham Young University. Major-element analyses
were determined on fused glass discs prepared with a lan-
thanum-bearing lithium tetraborate fusion mixture and
trace-element analyses were determined using two grams
of rock powder pressed into pellets backed with cellulose.
Matrix effects were corrected using the Siemens Spectra-
AT software concentration I model. Precision and accura-
cy of the analyses were determined by multiple analysis of
international standards.

The concentrations and isotopic ratios of Nd, Sm, Rb,
and Sr were determined at the University of Ottawa.
Mixed spikes of 34Sr-87Sr, 148N d-149Sm were added to the
samples of 50 mg in Savillex screw-top Teflon vials. The
mixtures were dissolved using HF-HCIO, (10:1) at 200°C
overnight, followed by drying and reaction with 6 N HCl
at 150°C. Rb and Sr were eluted with 2.5 N HC] and REE
with 6.1 N HCI using BioRad AG 50 W-X8 (200-400
mesh). Nd and S were separated from other REE using
a Teflon powder resin coated with di-ethylhexyl
orthophosphoric acid. Total chemical blanks are less than
<0.1 ng for Nd and <0.05 ng for Sr, negligible in com-
parison to the minimum amounts of Sr (37,000 ng) and
Nd (1,200 ng) in the sample aliquots. Isotopic measure-
ments were made on a multi-collector thermal ionization
mass spectrometer (Finnigan MAT 261), and the ratios
for Sr and Nd isotopes were normalized to 86Sr/88Sr of
0.1194 and 'Nd/!4Nd of 0.7219. During the course of
isotopic analysis (May-June, 1995) measurements of
NBS987 and La Jolla gave 87Sr/86Sr of 0.7102277 + 12
(N = 7) and "¥Nd/!**Nd of 0.511855 + 20 (N = 7).

Field Characteristics

Volcanic rocks near the Bingham Canyon porphyry
copper deposit range in composition from nepheline
minette lavas to rhyolite domes, but latite breccias are
dominant. These rocks and associated intrusive rocks in
the Bingham mining district can be divided into four dis-
tinct chrono-compositional suites. A younger/older divi-
sion was recognized by Moore (1973b). We have subdi-
vided the 1-km-thick volcanic sequence into three infor-
mal suites: an older volcanic suite, a nepheline minette-
shoshonite suite which occurs within the upper part of
the older volcanic suite, and a younger volcanic suite.
The intrusive suite is treated as a fourth group.
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Older Volcanic Suite

Older volcanic rocks west of Step Mountain (Fig. 2)
were emplaced at about 38.5 Ma and are largely coeval
with the Bingham intrusions (Moore and McKee, 1983).
In the western Traverse Range, the older volcanic suite
covers an area of approximately 6.5 km? (Fig. 2) and con-
tains debris flows, ash-flow tuffs, and flow breccias. Gilluly
(1932) determined the thickness of this sequence east of
Butterfield Canyon to be about 580 m. The breccias con-
sist of subangular to rounded fragments of latite ranging
in size from several centimeters to several meters in a
matrix of lithic and crystal fragments. Local venting of
Bingham porphyritic magmas likely fed latitic domes and
debris avalanches. Extrapolation of the Tertiary-Paleozoic
contact suggests that this volcanic suite, or its parental
domes, may have been present less than 500 m above the
pre-mining surface of the deposit (Fig. 3).

Nepheline Minette-Shoshonite Suite

Nepheline minette and shoshonitic lava flows
emplaced at 37.7 Ma (McKee et al., 1993) are intercalat-
ed within the upper part of the older volcanic suite (Fig.
2). The contacts of the nepheline minette and shoshonite
are poorly exposed. Narrow dikes of similar composition
have recently been found in the Bingham pit.

Figure 4 shows that most mafic lava samples collected
are basanites according to the IUGS chemical classifica-
tion scheme (Le Maitre, 1989); however, because they
contain phlogopite phenocrysts, nepheline, and felsic
minerals in the groundmass, we classify these rocks as
nepheline minettes following the terminology of Wallace
and Carmichael (1989).

FiG. 3. Cross-section A-A’ (Fig. 2) depicting a hypothetical volcanic edifice over the Bingham Canyon
porphyry copper deposit. The reconstructed cover infers that some of the Bingham intrusions vented to
form domes that decrepitated to form the existing debris avalanche deposits. Note the occurrence of
mafic dikes within the pit. Geologic contacts compiled from Babcock et al. (1995) and unpublished

Younger Volcanic Suite

The volcanic rocks east of Step Mountain are general-
ly more silicic and comprise the younger volcanic rock
suite. The chemical composition of the younger suite is
similar in many respects to the Bingham intrusions, but
important differences do exist. Several K-Ar ages show
that the younger suite is several m.y. younger than both
the Bingham intrusions and the older volcanic suite
Moore (1973a). For example, the rhyolite vitrophyre and
the latite tuff breccia in the Traverse Mountains (Fig. 2)
have ages of 31.2 Ma and 30.7 Ma, respectively (Moore,
1973a).

The younger volcanic suite in the western Traverse
Range is comprised of lava flows, minor ash-flow tuffs,
and subordinate breccias that are as much as 300 m thick
and cover an area of approximately 9 km? (Gilluly, 1932;
Moore, 1973b; Fig. 3). Light gray, porphyritic, flow-lay-
ered andesite and dacite lava flows predominate over
pyroclastic units. Some flows contain inclusions of
Oquirrh Group quartzite. Breccias in the younger suite
are similar to those in the older suite except for the pres-
ence of tuff fragments. East of Rose Canyon, outcrops of
a monolithic latite tuff breccia are preserved. This dis-
tinctive tuff breccia has a minimum thickness of approxi-
mately 180 m (Moore, 1973a) and has been dated at 30.7
Ma (Moore et al., 1968).

The tuff breccias are overlain by a series of latite and
perlitic, rhyolite vitrophyre autobreccias which. are flow-
layered in colors of green, pink and tan and contain phe-
nocrysts of plagioclase and small biotite flakes. Moore et
al. (1968) reported a K-Ar age of 31.2 Ma for a rhyolite
vitrophyre.
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Intrusive Suite

The four principal intrusive rock types found in the
Bingham mining district are shown in Figure 5. The
intrusive suite represented from oldest to youngest
(Lanier et al., 1978) consists of: (1) Monzonite: the most
common rock type exposed in the Bingham stock and an
important host rock for porphyry copper ore, (2) Quartz
monzonite porphyry: the major porphyry intrusion in the
Bingham stock and an important ore host, (3) Latite por-
phyry: dikes and sills that intrude the Bingham stock, (4)
Quartz latite porphyry: narrow dikes, less than 10 m
wide, that intrude all of the other rock types.

The equigranular Last Chance stock and the equigran-
ular portion of the Bingham stock are interconnected
and were passively emplaced by stoping and assimilation
(Willden, 1952; Moore, 1973a), whereas porphyritic
phases of the Bingham stock were forcefully intruded
(Bray, 1969). The Bingham stock and the northwestern
part of the Last Chance stock are intruded by narrow
latite and quartz latite porphyry dikes. These intrusions
contain phenocrysts of plagioclase, biotite, and horn-
blende in a dark-gray cryptocrystalline groundmass.
Within the mine area, the dikes are altered, but they are
less intensely fractured and mineralized than the mon-
zonite and quartz monzonite porphyry phases of the
Bingham stock. We concur with Moore’s (1973a) sugges-
tion that, of all the Bingham intrusions, the amphibole-
bearing latite dikes most closely match the composition
of some volcanic rock types in the volcanic sequence.

Unmineralized intrusions occur in several locations in
the Bingham mining district (Fig. 2). The $3.0 Ma
(Moore, 1973a) Shaggy Peak plug is composed of dark
gray vitrophyric rhyolite. Steeply dipping flow structures
and sheeting show that the rhyolite intruded the sur-
rounding latite flows. Step Mountain, another oval plug
or dome, has pronounced columnar joints.

The Bingham deposit exhibits strongly concentric zon-
ing of sulfide mineralogy (Fig. 2) and sulfide mineral
abundances (John, 1978; Phillips et al., 1997). Warnaars
et al. (1978) suggest that mineralization at Bingham most
likely took place during several pulses or episodes of
hydrothermal activity that started after the intrusion of
the equigranular monzonite (89.8 £ 0.4 Ma). Mineraliza-
tion most likely occurred during and before the emplace-
ment of the quartz latite porphyry, which is weakly frac-
tured and less altered than its wall rocks.

Petrographic and Chemical Characteristics

Most of the Bingham rocks have porphyritic to micro-
porphyritic textures and glassy to microcrystalline
groundmasses. Common phenocrysts include olivine,
clinopyroxene, orthopyroxene, plagioclase, biotite,
amphibole, and Fe-Ti oxides (mostly magnetite with
minor ilmenite). Glomerocrysts of clinopyroxene, biotite,
magnetite, and plagioclase are common. Olivine occurs
only in the nepheline minette and shoshonite. Quartz
and K-feldspar phenocrysts are prominent in the rhyolite




flows and plugs, and in the Bingham and Last Chance
stocks. Apatite occurs as microphenocrysts in all samples.
Trace amounts of magmatic sulfides are evident in the
freshest volcanic rocks and unaltered intrusive rocks.
However, the nepheline minette is not sulfide-saturated.
Whole-rock major and trace element analyses for 20
representative rocks are presented in Table 1. Bingham
igneous rocks range from minette to rhyolite (44-78 wt %
SiOy; Fig. 5). Volcanic rock nomenclature is applied to
both the volcanic and hypabyssal intrusive rocks because
the latter have fine-grained groundmasses and to simpli-
fy comparison of the extrusive and intrusive rocks.

Older Volcanic Suite

The proximity of the older volcanic rocks and the
intrusive suite, along with their chemical similarities, as
shown on variation diagrams (Figs. 6 and 7), suggest that
the two are coeval. Most of the variation diagrams, show
no significant differences between the two suites over the
observed range of SiO, (52-69 wt %). Obvious exceptions
to this generalization are noted in Cu and K where
hydrothermal alteration has increased their concentra-
tion in the intrusions.

Major-element variation diagrams (Fig. 6) show
smooth linear decreases in the concentrations of all
major elements except K, Na, and Al relative to increase
in silica content. Al shows initial enrichment and then a
decrease with increasing silica. Trace-element variation

concentrations of Ba and Sr with increasing SiO,. The
lavas are all strongly enriched in light rare earth elements
(LREE) when abundances are normalized to chondritic
values (Fig. 8). High concentrations of large ion
lithophile elements (LILE) compared with high field
strength elements (HFSE) (50 < Ba/Nb < 250) suggest a
contribution from subduction processes (Ormerod et al.,
1988). Most of the Bingham samples have Ba/Nb within
the range of 50 to 250 (Fig. 9). The older volcanic suite
has higher Ba/Nb ratios than the younger volcanic suite.

Nepheline Minette-Shoshonite Suite

All nepheline minette samples contain olivine (Fogs o)
and phlogopite phenocrysts, 15 to 18 percent normative
nepheline, and 1 to 15 percent normative leucite (Table 1).
They are silica-undersaturated and have high concentra-
tions of incompatible elements. Chondrite-normalized
trace-element diagrams show an enrichment in LILE and
deep troughs at Nb and Ti (Fig. 8), as is typical of sub-
duction-related rocks. However, the nepheline minettes
are Ne-normative and have high Mg # [Mg # = 100 *
(Mg / Mg + 0.80 Fet*?)], and high Mg, Ni, and Cx, which
is more characteristic of continental rifts such as the
Rhine Graben and East Africa rift, or intraplate hot spots
(Perfit, 1985).

The presence of Mg-rich olivine and phlogopite phe-
nocrysts provides good evidence that the nepheline
minettes are derived from an olivine-phlogopite-bearing
source. This, and other chemical characteristics suggest

diagrams (Fig. 7) show generally progressive decreasing
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that the nepheline minettes are primary melts and prod-
ucts of small-degree partial melting of the mantle that
erupted without significant differentiation (Green, 1970).
A plot of Niversus Mg # (Fig. 10) shows comparison with
a primary magma field (Mitchell and Platt, 1984). All but
one of the nepheline minette samples and two of the
shoshonite samples fall within the field. Assigning Mg
numbers to highly oxidized, water-rich magmas like
those at Bingham is difficult because of the strong
dependence of the Mg # on the oxidation state of the
magma. The use of Mg # in classifying basic magma is
dependent upon the oxidation state of the magma; the
higher the assumed ferric iron content, the higher the
calculated Mg #. For the Bingham rocks, we have
assumed Fet® = 20 percent of total Fe. For Fe*3 > 20 per-
cent, the resulting Mg #s are very high, suggesting frac-
tionation and accumulation of olivine.

The shoshonites contain more silica than the
nepheline minettes, but do not exceed 56.5 percent SiO,.
They do not contain normative nepheline or leucite. Both
rock types contain abundant large olivine phenocrysts and
smaller clinopyroxene phenocrysts, and the nepheline
minette also contains oxidized biotite or phlogopite.

Intrusive Suite

All the intrusive rock samples exhibit similar composi-
tional trends. Ca and Fe contents decrease with increasing
silica, whereas Al, K, and P concentrations remain constant
over the range of SiO,. Trace elements, such as Ce and Zr,
show scatter over the same range of SiO, (Figs. 6 and 7).

Younger Volcanic Suite

The younger volcanic suite is chemically distinctive
from the other suites. Except for the rhyolite, the entire
younger suite is generally enriched in Al, K, and Na and
depleted in Mg compared to the intrusive and older vol-
canic suites. At comparable SiO,, the lavas of the younger
suite contain more TiO, than the other suites.

The younger suite generally contains higher concen-
trations of Nb than the other suites, but rhyolite samples
have Nb contents similar to the nepheline minettes (Fig.
7). Rb contents of the nepheline minettes, shoshonites,
and the younger suite are similar, and are lower than in
the other suites (Fig. 7). Ba/Nb ratios for the younger suite
are consistently lower than for the other suites (Fig. 9).

Mineralogy

Feldspar. Feldspar phenocrysts show a wide range in com-
position: anorthoclase in the shoshonite suite,
labradorite in the older volcanic suite, andesine in the
younger volcanic suite and in a latite porphyry dike, and
oligoclase in the Last Chance stock. Feldspars from all of
the suites show considerable zoning in both the normal
and reverse sense. -

Clinopyroxene. Clinopyroxene in most Bingham mining
district rocks is weakly zoned, and commonly exhibits
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FI1G. 6. Major element Harker variation diagrams for Bingham rock samples: younger volcanic unit
(open triangles), older volcanic unit (gray ellipses), nepheline minette (solid hourglasses), shoshonite (gray
inverted triangles), and intrusive unit (open squares).
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Fic. 8. A) Chondrite-normalized trace-element diagram
(Thompson et al., 1984) comparing the older volcanic rocks
and the intrusive rocks. The older volcanic rocks fall within the
range of the intrusions, which suggests they came from the
same magmas. B) Chondrite-normalized diagram comparing
the nepheline minette and shoshonite. C) Chondrite-normal-
ized diagram of the younger volcanic series.
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simple or lamellar twins. Clinopyroxene (augite) from the
older volcanic, younger volcanic, and intrusive suites
range in composition from Wog,En, Fsg to Wo,.En Fs, 4.
Clinopyroxene from the nepheline minette is a more cal-
cic diopside, ranging from Wo,En,Fsq to Wo, Eng.Fs,
and has the highest Ti content. Several diopside phe-
nocrysts from a nepheline minette sample (Tick 43) have
diopside cores with augite rims. Clinopyroxene in the Last
Chance Stock is more calcic than in either the older (Tick
33; latite) or younger volcanic suites (Tick 17; trachyte).
Clinopyroxene in the younger volcanic suite is unzoned,
whereas clinopyroxene from the older volcanic suite is
strongly zoned. Moreover, the Mg content of clinopyrox-
ene in the younger volcanic suite is lower than in the
nepheline minette, intrusive, and older volcanic suites.

Orthopyroxene. Compositions for orthopyroxene from two
younger volcanic samples (Tick 17 and Tick 21) and one
older volcanic sample (Tick 33) range from WozEn~gFsyy
to WogEngFsss. Orthopyroxene from the analyzed sam-
ples of the younger volcanic suite has more Fe and less Mg
than orthopyroxene from the older volcanic suite.
Orthopyroxene phenocrysts from the younger suite fall
into two distinct groups with respect to Fe/Mg ratios.
Orthopyroxene phenocrysts in Tick 17 (trachyte; younger
suite) are enriched in Ca, Ti, Al and depleted in Mn rela-
tive to Tick 21 (trachyte; younger suite). Orthopyroxene
in the younger volcanic suite contains very little Cr (0.0-
0.07 wt %) compared to the orthopyroxene in the older
volcanic suite (0.24-0.54 wt %).

Biotite. Biotite is found in all suites and forms euhedral to
resorbed phenocrysts and microphenocrysts. Magnetite
inclusions and magnetite surrounding some biotite phe-
nocrysts reflect oxidation and resorption of the biotite.
All of the analyzed biotite is Mg-rich, with the mica in the
nepheline minette being more phlogopitic than mica in
the other suites.

Amphibole. A euhedral, bladed form is the most common
morphology of amphibole, present in most suites except
for the nepheline minette. Some phenocrysts are simply
twinned and some are strongly zoned. Different degrees
of resorption and alteration are shown by ragged rims,
and by chlorite replacement in some samples. Amphibole
from the Bingham rocks ranges in composition from
hastingsite to hornblende.

Olivine. Phenocrysts and microphenocrysts of olivine are
abundant in the nepheline minette and shoshonite suites.
Bingham olivine exhibits several distinct morphologies:
the two most common are large equant crystals and small-
er skeletal crystals. Lofgren (1980) showed that variations
in olivine morphology from a euhedral phenocryst to a
non-equilibrium skeletal growth form commonly reflect
an increase in the cooling rate or substantial undercool-
ing during growth. Olivine from the Bingham nepheline
minette is relatively homogeneous, but slight normal zon-
ing is present. The olivine is highly magnesian with com-
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Fi1G. 10. Feld for primitive magmas derived from melting of
mantle peridotite is based upon the criteria of Sato (1977) and
Green (1971).

positions of Fogy 40, which is close to the range (Fogg g,)
expected for primitive magmas derived from “normal”
mantle (Basaltic Volcanism Study Project, 1981) and near
the range (Fog,q,) in phlogopite-bearing mantle inclu-
sions (Exrlank et al., 1987).

Sulfide minerals. Several lines of evidence suggest that a suite
of sulfide minerals that occur as inclusions within mafic
phenocrysts are magmatic in origin. Magmatic sulfide
inclusions are typically present in samples of the older vol-
canic suite, the younger volcanic suite, the shoshonite flows,
and the least-altered intrusions; no magmatic sulfides were
observed in the nepheline minette flows.

The sulfide inclusions typically have rounded shapes

and are less than 20 microns in diameter. Inclusion rela-
tionships indicate that immiscible Fe-Ni-Cu sulfide liquid
or solid blebs formed near the surfaces of growing Fe-M
phenocrysts. The most common hosts for the sulfide
inclusions are Fe-rich phases; they are less common in
plagioclase, biotite, and the groundmass.

Study of 15 samples containing sulfide inclusions indi-
cates that all suites include both Fe-sulfide in the mono-
sulfide solution (mss) field of the Cu-Fe-Ni-S system and Fe-
Cu sulfide in the intermediate solid solution (iss) field
(Craig and Kullerud, 1969; Craig and Scott, 1974). Other
preserved sulfide minerals include abundant pyrrhotite,
chalcopyrite, pentlandite, and rare pyrite, hazelwoodite,
millerite, bornite, and chalcocite (Hook, 1995).

Evidence of severe sulfide inclusion degassing (oxida-
tion) and resorption is commonly found, making determi-
nation of the original magmatic sulfide abundance prob-
lematic, but it is estimated that most samples have between
0.01 and 0.001 volume percent sulfides (Hook, 1995).

Some chemical distinctions are apparent between sul-
fide inclusions from the different lithologic suites. For
example, magmatic sulfide minerals from the older suite
are distinctly more Ni-rich (up to 2.38 wt % in pyrrhotite)
than sulfide minerals from the younger suite (0.36 wt %
in pyrrhotite; Hook, 1995). This mirrors much higher Ni
concentrations in whole rock samples of the older suite
versus the younger suite.

The location and composition of some sulfide blebs in
the shoshonite flows suggest post-magmatic sulfidation of
Fe-Mg silicates by S-rich vapors. This type of inclusion is
found along fractures in olivine and clinopyroxene. A
vapor-phase origin is suggested by the Co-rich nature of
the mss (up to 0.58 wt % Co) and pendlandite (9.60-
12.60 wt % Co). Stone et al. (1989) suggest that Co is con-
centrated in a vapor phase relative to a sulfide liquid ora
silicate liquid, and that Co-rich sulfides indicate vapor-
phase sulfidation of silicates. Sulfidation of Fe-Mg sili-
cates by a S-Co-rich vapor probably occurred during or
after eruption. Continued loss of sulfur from the erupted
magma by degassing may be responsible for the resorbed
morphology of all sulfides in the shoshonite flow. Other
Co-poor sulfide inclusions hosted by growth zones of
clinopyroxene indicate that the shoshonite magma also
became saturated with a sulfide liquid prior to eruption.

Although the nepheline minette shows no evidence of
magmatic sulfide saturation, a few one-micron diameter
blebs line vesicles suggesting vapor-phase crystallization
of sulfides. The lack of magmatic sulfide inclusions does
not indicate that the nepheline minette magma was sul-
fur-poor, because oxidized, mafic, alkaline magmas may
contain Jarge amounts of sulfur (2,000-4,000 ppm) without
becoming saturated with sulfide minerals (Carmichael
and Ghiorso, 1986). Work in progress (D. Tomlinson,
1996, unpublished data) suggests that the oxygen fugaci-
ty of the nepheline minette is just below the magnetite-
hematite buffer. This implies that oxidized sulfur species
would be far more abundant than reduced sulfur in the
minette magma.
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Radiogenic Isotope Geochemistry

Sr and Nd isotope ratios for a Bingham latite dike, a
sample from the Last Chance stock, a nepheline minette
flow, and a shoshonite flow, as well as for two samples
from the East Tintic volcanic field, are presented in Table
9 and plotted on Figure 11. Isotopic ratios for the
nepheline minette flow fall within the field for younger
minette dikes from the nearby Wasatch Plateau and also
lie along the trend of values for primitive minettes from
Highwood, Montana.

O’Brien et al. (1991) interpreted a well-defined mixing
trend for Nd-Sr isotope data from Highwood, Montana
(Fig. 1), as indicating that primitive minette magmas were
formed by variable mixtures of metasomatized lithos-

heric mantle and relatively undepleted asthenospheric
mantle. In this model, the previously depleted subconti-
nental mantle lithosphere was modified by an ancient
subduction-related event that occurred about 1.9 Ga, cre-
ating a Rb-LREE-enriched and U-Th-depleted mantle.
Tingey et al. (1991) proposed a similar model for Wasatch
Plateau minette dikes, and the compositions of the prim-
itive Bingham nepheline minette flows also suggest
essentially the same model. Assuming a depleted mantle,
the Nd model age for the Bingham primitive nepheline
minette flow is 1.8 Ga (Table 2). If the minette magma
was derived from subcontinental mantle, the Nd model
age is consistent with crustal formation ages that suggest
that this area is underlain by Proterozoic lithosphere.
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The Sr and Nd isotope ratios for the Last Chance stock
are similar to those determined by Farmer and DePaolo
(1983) and Vogel et al. (1997) for other granites in the
Oquirrh and Wasatch Mountains. The Sr isotope compo-
sition of the Last Chance stock differs widely from the
compositions of the late latite dikes and shoshonite flows
of the older volcanic suite (Fig. 11). However, isotopic
ratios of the latite and shoshonite are similar to other
mid-Cenozoic intermediate and silicic volcanic rocks and
granites of the eastern Great Basin (E.H. Christiansen,
unpub. data; Farmer and DePaolo, 1983, Gans et al,
1989; Grunder and Feeley, 1989).

Petrogenesis

Petrochemical data suggest the intermediate and mafic
flows of the older volcanic suite were comagmatic or com-
mingled within the same magma chambey, or system of
chambers, that fed the Bingham intrusions. This conclu-
sion is supported, in part, by their spatial proximity (Fig.
2) and by their indistinguishable K-Ar ages (39.8-37.5
Ma for the intrusions and 38.5-37.7 Ma for the mafic
flows and older volcanics). Several chemical and modal
characteristics are similar for the nepheline minette,
shoshonite, the older volcanic suite, and the intrusive
suite. However, based on a very few analyses, the volcanic
and intrusive suites have different isotopic compositions,
and thus are not related by any closed system process.

TABLE 2. Isotope data for whole-rock samples from Bingham and Tintic districts

Sample: Bing-6 Bing-19 Tick-43 Tick-44A TD-55 ET-134
Rb ppm 121.60 121.70 61.32 125.30 102.10 133.80
Sr ppm 740.7 1349.4 445.3 815.1 785.4 619.4
8Rb/*Sr 0.47518 0.26096 0.89839 0.44504 0.37624 0.62530
¥’St/*Sr present 0.711425 0.708819 0.707057 0.711931 0.708523 0.710482
error 2 s 0.000022 0.000021 0.000017 0.000044 0.000044 0.000032
87Sr/%Sr initial* 0.711169 0.708178 0.706842 0.711691 0.708347 0.701389
eSr** at T 91.6 49.2 30.2 99.1 515 76.9
Nd ppm 47.09 64.73 24.09 50.88 43.05 59.56
Sm ppm 7.57 9.99 4,04 8.74 7.88 11.24
"Nd/"**Nd present 0.511722 0.511605 0.512053 0.511726 0.512031 0.512028
S m/"**Nd 0.0972 0.0932 0.1013 0.1087 0.11060 0.11411
Nd/M**Nd at T 0.511722 0.511605 0.512053 0.511726 0.512006 0.512028
eNd (1) -16.9 -19.2 -10.5 -16.8 -11.5 1L
Tpy Ga 1.86 1.95 1.49 1.97 1.65 1.72

* Initial 'Sr/*®Sr, eSr (t) and eNd (t) are calculated at 38 Ma for Bingham rocks and 33 Ma for Tintic rocks
#* Bulk earth values used are 5'Sr/%Sr = 0.704755 and 8 Rb/*%Sr = 0.0827 (Allegre et al., 1983)
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The younger volcanic suite contains the most differenti-
ated samples, has a different source, and reflects evolu-
tionary processes.

Origin of Compositional Variation

Fractional crystallization. Several fractional crystallization
models were evaluated to test mechanisms for deriving
differentiated rocks from various primitive parents. To
test the effects of possible olivine fractionation, calcula-
tions were made modeling the incremental extraction of
5 wt percent olivine using the method of Nixon (1988)
and appropriate Fe/Mg and Ni values. The calculations
show that Mg and Ni concentrations of the most primi-
tive nepheline minette (Tick 44; 15.2 wt % MgO and 346
ppm Ni) would change to 12 wt percent MgO and 170
ppm Ni (20 and 50% depletion, respectively) after extrac-
tion of 5 wt percent olivine. None of our samples contain
such concentrations (Figs. 6 and 7) suggesting that olivine
fractionation alone was not important in controlling the
concentration of MgO and Ni in the Bingham magmas.
Major-element modeling of fractional crystallization
was undertaken using mass balance calculations (Stormer
and Nicholls, 1978) and a single-stage, least squares fit of
phenocryst compositions and whole-rock chemical analy-
ses as reported in Waite (1996). Using the most primitive
nepheline minette as a parent, and a shoshonite with
higher SiO, as a daughter, modeling produced a relative-

ly good fit (2 = 0.71, where 12 equals the sum of the
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FIG. 11. Sr and Nd isotope plot for Bingham and Tintic sam-
ples. Isotope ratios for the nepheline minette flow falls within
the field of Wasatch plateau minettes (Tingey et al, 1991) and
also along the trend of values for minettes from Highwood,
Montana (O’Brien et al,, 1991). Sr and Nd isotope ratios for the
Last Chance stock are similar to those found by Farmer and
DePaolo (1983) for Oquirrh and Wasatch granites. Bingham
latite and shoshonite isotope ratios are similar to other mid-
Cenozoic intermediate and silicic rocks and granites of the east-
ern Great Basin (Christiansen, E.H., unpub. data; Farmer and
DePaolo, 1983; Grunder and Feeley, 1989).

squares of the residuals). Phases used in this model were
clinopyroxene, magnetite, olivine, and quartz. Using
other phase combinations did not improve the fit,
Attempts at using the shoshonite as a parent, and an
andesite from the older volcanic suite as a daughter,
resulted in a very poor fit (12 = 3.5),

Trace-element modeling was undertaken using
Rayleigh fractionation along with phase proportions
from the major-element models and modal analyses,
combined with mineral/melt partition coefficients from
the literature. Trace-element modeling of Cr and Rb
behavior (Figs. 12 and 13) demonstrates that the
nepheline minette magma is not related to the other rock
suites by fractionation of the observed phases in modal
proportions. In contrast, the shoshonites lie on mixing
trends between the younger volcanic suite and nepheline
minette series (Fig. 12). The elemental trends in the
younger volcanic suite are curved and thus inconsistent
with simple mixing.

To further test the validity of our major-element
model, the percentage of the phases obtained from the
major-element model was used to determine bulk parti-
tion coefficients for trace-element models. Fractionation
curves were then plotted (Waite, 1996). From both the
major-element and the trace-element models, strong evi-
dence exists that the nepheline minette did not fraction-
ate to form the other suites. Fractionation may have con-
trolled the compositional variations within the suites.

Magma mixing. Linear trends on Harker variation dia-
grams (Figs. 6 and 7) are consistent with magma mixing
in the older volcanic series. The older volcanic suite has
higher MgO, CaO, Fe,O,, Ni, and generally lower Cu
contents (except for where Cu has been enriched through
mineralization) than the other suites. Mixing between the
nepheline minette and the older volcanic suite, combined
with fractional crystallization, may be the cause of the
scatter in the trace-element data.

If fractional crystallization was solely responsible for
the compositional trends in the older volcanic suite, the
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FIG. 13. A-C Graphs showing trace-element modeling trends
using results from the major-element modeling versus the com-
position of the various Bingham suites. The solid line with +
marks is the fractionation trend. Each + represents 5% frac-
tionation. (A) Ni versus Rb diagram showing the trend pro-
duced by fractionation of clinopyroxene, magnetite, biotite and
olivine from a nepheline minette parent. Partition coefficients
of Dy;=1.30 and D, =5.55 were calculated for the assemblage
that includes clinopyroxene, magnetite, biotite and olivine. The
resulting fractionation curve does not go through the shoshon-
ite daughter from the nepheline minette parent. (B) D¢, frac-
tionating phases as used in (A) and (B) also shows that this
model does not work. ‘
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concentrations of highly compatible elements, such as Cr,
would strongly and systematically decrease with increas-
ing SiOy. However, most samples of the older volcanic
and intrusive suites from Bingham have higher Cr con-
centrations than the younger suite at similar SiO, (Fig.
14). High Cr values in these samples suggest that they
most likely represent mixed magmas as also shown by
petrographic evidence of mixing.

Magma mixing may change sulfur and oxygen fugaci-
ties or iron content enough to cause precipitation of mag-
matic sulfides (Keith et al., 1991). In addition, the solu-
bility of sulfur is greater in mafic melts than in silicic
melts. Mixing may therefore have caused formation of
Ni-rich magmatic sulfides.

Assimilation-fractional crystallization. As discussed previ-
ously, a few samples of the older volcanic suite and the
intrusive suite show partially fused and resorbed xeno-
liths of Oquirrh Group quartzite. Assimilation is also sug-
gested by resorption textures seen in the phenocrysts.
However, the major- and trace-element models give
strong evidence that the lavas of the older volcanic series
were not formed simply by assimilation of Oquirrh Group
quartzite,

Magma Genesis

As previously stated, it is unlikely that the nepheline
minette magma was the parental magma by fractional
crystallization for the dominant volume of the older
series of latitic/monzonitic magmas at Bingham.
Compositional relationships also preclude the nepheline
minette magma from being the parent for the younger
volcanic suite. Several lines of evidence suggest diverse
sources and perhaps tectonic settings for the latitic/mon-
zonitic magmas in the Bingham mining district.

Miller et al. (1992) distinguished five subgroups of
mafic, potassic volcanic rocks generated in distinctive tec-
tonic settings based on geochemical composition. These
settings are: within-plates, continental arcs, postcollision-
al arcs, initial oceanic arcs, and late oceanic arcs.
Discrimination diagrams for the mafic Bingham samples
show that the nepheline minette samples have arc-related
as well as within-plate characteristics (Fig. 15). The with-
in-plate field character of the nepheline minette magma
suggests the possibility that the mafic magma may have
impinged upon the system during a time of minor exten-
sion contemporaneous with subduction-related magma-
tism. Generation of “within-plate” magmas is typically
thought to require upwelling and decompressional melt-
ing of asthenosphere in areas of continental lithospheric
attenuation (McKenzie and Bickle, 1988), a process that
may follow long periods of subduction-related magma-
tism (Hole et al,, 1995). The trace-element and isotopic
compositions of the nepheline minette suggest that the
magma formed by partial melting of the lower litho-
sphere or metasomatized mantle. The relatively small
volumes of the nepheline minette suggest that such melt-
ing may have been localized and of a small degree. Melts
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trolled Cr contents in the Bingham magmas, Cr values would be
low for all the latite and monzonite units.

so derived would tend to reflect any heterogeneities pres-
ent in the source region.

Plate reconstructions show that subduction was occur-
ring along the western edge of North America during the
Eocene and Oligocene (Severinghaus and Atwater, 1990).
However, the prominent east-west alignment of the
Stockton-Park City intrusive belt, the similar ages of
intrusions along the belt, and the presence of an inferred
Archean-Proterozoic suture, all suggest the possibility of
mantle melting in a tensional environment (Ballantyne et
al., 1995). Details of the actual tectonic setting or stress
orientations for the calc-alkaline and the alkaline mag-
matism near the Bingham porphyry Cu deposit are
unknown, but may be related to both active subduction
and localized crustal extension related to back-arc
spreading. Even a mildly extensional tectonic regime, as
proposed for central Utah during the Eocene and
Oligocene (Presnell, 1992; 1997), may suffice to allow
primitive, alkaline magmas intermittently to erupt or
underplate subduction-related calc-alkaline magma
chambers.

So where did the mafic, alkaline magmas at Bingham
come from? Many recent studies have documented the
occurrence of alkaline magmas in convergent margins
worldwide, where unusual tectonic regimes have led to
rifting and extension of the arc crust (e.g. Box and
Flower, 1989). Richards et al. (1990) suggested that alka-
lic magmatism at Porgera, New Guinea, may have formed
in response to changes in tectonic setting and subduction
behavior shortly before or during the onset of an early
Pliocene collision event. When a subcontinental lithos-
pheric mantle that has been previously metasomatized
undergoes extension and/or heating the earliest mafic
melts generated may be rich in volatiles and potassium
(Gibson et al., 1995). Volatile-rich, small-fraction melts

tap some of the most extreme products of mantle enrich-
ment processes and usually have high concentrations of
incompatible trace elements, such as occur in the
Bingham mafic lava samples. If extension did occur, the
primitive nepheline minette magma may have risen sep-
arately from its source to intersect high-level magma sys-
tems, or it may have erupted elsewhere in the region. If
extension did not occur, the nepheline minette magma
fraction would have been assimilated into subduction-
related magma passing through the lithospheric mantle.

The mafic alkaline magma from the Bingham mining
district may have originated from partial melting of the
metasomatized lithospheric mantle wedge above the sub-
ducting Farallon plate. Bailey et al. (1989) proposed that
metasomatism of the mantle wedge by slab melts or flu-
ids of a felsic and alkaline composition is necessary to
account for normative nepheline, K- and LILE- enriched
basalts, including shoshonites. Magmas produced by
melting of such metasomatized regions are relatively oxi-
dized, as shown by high Mg/Fe ratios in rocks and miner-
als and by early crystallization of abundant magnetite
(Carmichael, 1991). They are also often depleted in
heavy rare earth elements, which is explained by the
retention of garnet in the mantle or strong LREE enrich-
ment accompanying metasomatism. All of the nepheline
minette samples contain normative nepheline, mag-
netite, and strongly Mg-rich mafic phenocrysts, which
suggests that these magmas were relatively oxidized.
Their low SiO,, coupled with high K and Na, is consistent
with generation of unusually low degrees (< 1%) of partial
melting as suggested by experimental evidence for the
generation of normative nepheline alkaline magmas
(Green, 1970).

Luhr et al. (1989) developed a model for generation of
lamprophyres in the subduction-related western Mexican
Volcanic Belt that could apply to any arc environment.
Low-volume melts, concentrating metasomatic vein com-
ponents in the sub-arc mantle, are probably generated in
most subduction-related arcs. Typically these volatile-rich
melts freeze during ascent to form classic lamprophyric
dikes in the arc crust. These melts are able to erupt at the
surface only in arcs, such as the western Mexican Volcanic
Belt, where extensional tectonic stresses are superim-
posed on the convergent regime (Luhr et al., 1985). This
may have occurred in the Bingham mining district. As
noted by Seedorff (1991), extension in porphyry-related
deposits provides opportunity for the development of
dikes and veins; it also controls the compositions of mag-
mas and the incursion of meteoric water. Extension also
may have occurred in an intra-arc setting during waning
plate convergence or through intraplate gravitational
spreading driven by thermal relaxation and upwelling of
mantle basalt.

If the alkalic volcanism at Bingham is related to intra-
arc rifting, there should be a cycle of volcanism from pre-
rift tholeiitic or calc-alkaline volcanism, interrupted by an
alkalic phase during the onset of intra-arc spreading.
This would be followed by a progressive return to tholei-
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itic or calc-alkaline compositions after rifting (Bloomer et
al,, 1989). This cycle may be represented in the Bingham
mining district by emplacement of the calc-alkaline Last
Chance Stock and older volcanic suite, interrupted by the
alkaline, nepheline minettes and shoshonite flows, and
then calc-alkaline volcanism of the younger suite.

Moore (1993) modeled the petrogenesis of the East
Tintic volcanic field (35-32 Ma) that is 45 km south of the
Bingham mining district. His model also required the
presence of two distinct magma suites. The older suite
was low-silica rhyolite and andesite(?) that formed, at
least in part, by anatexsis of the lower crust. These batch-
es of magma were succeeded by, and mixed with, a
shoshonite-trachyte series of magma. Intrusions that
formed by mixing of these magma suites in shallow-level
magma chambers are related to formation of ore
deposits; intrusions that formed before arrival of the
shoshonite-trachyte suite are barren.

Ore Genesis

Mafic alkaline magmas are often rich in sulfur (2,000-
4,000 ppm; Carmichael and Ghiorso, 1986), but quanti-
fying how much sulfur was in the pre-erupted magma is
problematic, because sulfur degassing after eruption
removes a large portion of the total sulfur budget of the
lavas. Keith et al. (1993) proposed that the most primi-
tive, shoshonitic magma in the East Tintic volcanic field
was not sulfide-saturated when it arrived at shallow
crustal levels. This would prevent depletion of S and chal-
cophile metals. As the S-rich mafic magma mixed with
more differentiated magma, or SO, fluxing occurred,
magmatic sulfide blebs were created and ore-related chal-
cophile metals were temporarily sequestered. Such mix-
ing may be accompanied by a net decrease in oxygen
fugacity for the mafic constituent, which might then
lower the solubility of S in the melt and increase the pro-
portion of immiscible sulfide (Carroll and Rutherford,
1985; Keith et al., 1991).

Mass balance calculations using the compositions of
the sulfide inclusions and host rocks from Bingham indi-
cate that the Bingham magmatic sulfide inclusions con-
tain essentially all of the S, As, Cu, and Ag in the rocks
(Keith et al., 1995). Gold is likely sequestered to a similar,
but undetectable, extent (Hattori, 1987). Some loss of Cu,
Ag, and Au from the magma may have occurred after
eruption, but it is probably minor in these glassy rocks.
Cu, Ag, and Au would be expected to partition strongly
into a sulfide phase as they are chalcophile elements.

One of the most significant characteristics of magmat-
ic sulfides is the fact that they are not commonly pre-
served in slowly cooled lavas and intrusions. The timing,
extent, and mechanisms for their removal from magmas
are not well known, but it is unlikely that significant
amounts of Cu-Ag-Au-bearing ore fluids can be produced
from sulfide-saturated magmas without at least partial
removal of the magmatic globules. Candela and Holland
(1986) and Candela (1989b) consider the possibility that
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magmatic pyrrhotite may sequester Cu and then become
destabilized after vapor saturation. Candela and Holland
(1986) propose that loss of a SO,-rich vapor from the
magma would cause oxidation of pyrrhotite globules
according to the following reaction: :

FeS,, + 3/20, = FeO, + SO,,

All oxidized globules that we have analyzed contain
Fe,O4 rather than FeO, but the idea of magmatic oxida-
tion of sulfides seems feasible. Many lines of evidence
indicate that a S-rich pre-eruptive fluid phase may be
present in sub-volcanic chambers (Luhr et al, 1984;
- Westrich and Gerlach, 1999; Lowenstern, 1993). Periodic
loss of a S-rich fluid may lower the S and HyO content of
the melt and destabilize the sulfides. Upward volatile
fluxing of a SO,-rich fluid may also oxidize the sulfides
(Hattori, 1993). Alternatively, the substantial pressure
decrease and loss of sulfurous gases and H,O that may
accompany the emplacement of subvolcanic intrusions
may also lead to resorption of sulfides. Lowenstern
(1993) demonstrates that crystallization-induced volatile
saturation, or “second-boiling” may not be a prerequisite
for the creation of metal-bearing hydrothermal fluids.
Instead, volatile saturation may occur due to the depres-
surization combined with the presence of low solubility
gases such as CO, and SO,. Clearly, magmatic sulfides
that consist of more than 50 mole percent of a common
volcanic gas may be “ephemeral” in a magma chamber.

For Bingham, we suggest that first, a wet latitic magma
formed from mixtures of crustal and subduction-related,
mantle-derived magma and was emplaced in a high-level
magma chamber (Fig. 16); then, mild extensional tecton-
ism allowed quick passage through the crust for small
batches of primitive nepheline minette magma. This
nepheline minette magma was S- and Cu-rich and may
have originated from partial melting of a metasomatized
lithospheric mantle. Huppert et al. (1982) suggest mix-
ing can occur when a wet, under-saturated mafic magma
impinges upon the base of a magma chamber containing
more differentiated magma. Turbulent transfer of heat
between the mafic magma and the overlying silicic
magma could have led to crystallization and exsolution of
volatiles in the lower layer. Alternately, the mafic magma
might have been volatile-saturated at low pressure, in
which case the bulk density of the vesiculating mafic
magma could have become equal to that of the overlying
magma causing mixing to occur. This mechanism is most
probable in the low-pressure environment of a high-level
magma chamber. The arrival of mafic, alkaline, volatile-
rich and oxidized magma (represented by the nepheline
minette) at the base of a' calc-alkaline magma chamber
may have been a critical factor in the formation of the
Bingham Cu-Au-Mo deposit (Keith et al., 1995).

Conclusions

This paper documents important new findings con-
cerning the volcanic and intrusive rocks associated with

the Bingham Cu porphyry deposit of central Utah,
Besides the dominant calc-alkaline magma in the
Bingham mining district, small volumes of primitive,
alkaline magma also erupted (Mg # >65). A model is
presented that demonstrates how these primitive mag-
mas may have played an important role in the develop-
ment of this large porphyry copper deposit. These
nepheline minettes contain high concentrations of
volatiles, LILE, and LREE, but relatively low concentra-
tions of Ti, Nb, and Zr on mantle-normalized diagrams,
The silica-undersaturated nature, high abundances of
volatiles, compatible and incompatible elements, and
negative Nb and Ti anomalies in the nepheline minettes
suggest that they might be primary melts produced by
low degrees of melting of a metasomatized, lithospheric
mantle source. Olivine from the nepheline minettes is
highly magnesian with Fog; g9. These olivine composi-
tions fall in the range (Fogg o) expected for primitive
magmas derived from “normal” mantle and are near the
compositions of olivine (Foy, 4,) in phlogopite-bearing
mantle inclusions.

The younger volcanic suite most likely vented from a
Separate, younger magmatic system, distinct from that
associated with the Bingham intrusions and older vol-
canic suites. Differences between the older suite and the
younger suite include stratigraphic position and chemical
composition. However, the older and younger volcanic
suites contain similar mineral assemblages.

Fractional crystallization, magma mixing, and assimi-
lation played important roles in determining the compo-
sition of the Bingham mining district magmas in this
open, ore-related system. The nepheline minette flows
are not related to the other volcanic and intrusive suites
by fractional crystallization, but mixing of the minette
with magma similar in composition to the younger vol-
canic suite could have created the magma of the older
suite. The nepheline minette magmas are those most
closely related to the Cu-Au-Mo mineralization. Trace-
element models indicate that late mineralized dikes may
have been formed by mixing of about 10 percent minette
magma and 90 percent calc-alkaline magma.

The sulfide-undersaturated character of the primitive
alkaline magmas allowed them to rise through the crust
with almost no loss of S, Cu, or other chalcophile metals.
Sulfide saturation of the latitic magma most likely
occurred when the mafic magmas mixed with cooler
more silicic magma. This indicates that most of the Cu
and chalcophile metals were initially sequestered within
magmatic sulfide blebs. Crystallization alone may not be
sufficient to form metal-rich magmatic ore fluids capable
of forming deposits such as the Bingham porphyry
deposit. Pressure decrease, possibly associated with erup-
tion, intrusion, or loss of magmatic volatiles would initi-
ate resorption and oxidation of sulfide blebs and release
the sequestered metals and sulfur to the hydrothermal
system. Petrography of comagmatic dikes and intrusions
indicates that resorption and oxidation of the sulfides
may have made their metal content available to the




hydrothermal system. Degassing of underplated and
mixed minette magma may have contributed large
amounts of sulfur, volatiles and metals to the ore-forming

system.
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F16. 16. A-C . Schematic cross sections of the Bingham sys-
tem A) Minette or shoshonite magma supplies high concentra-
tions of SO, and Cu to the sub-volcanic magma chamber. SO, is
reduced to form magmatic sulfides by interaction with cooler,
wetter latitic magma. Magmatic sulfides sequester Cu, Au, Ag.
B) Oxidation and resorption of magmatic sulfides releases Cu,
Au, Ag and additional sulfurous gases to the ore fluid,
Crystallization along the walls of the magma chamber provides
some water-rich fluid. C) After emplacement of the last silicic
dikes, minette dikes penetrate the batholith and are emplaced
along the sides of QLP dikes. Both types of dikes are only weak-
ly fractured and contain half the mineralization of adjacent por-
phyry. Meteoric and magmatic fluids mix and do not readily
penetrate into the volcanic rocks. Fluids are channeled through
faulted and fractured intrusive rocks and Paleozoic rocks form-
ing late Au-As mineralization.
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