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Abstract
Porphyry Cu deposits are commonly thought to have formed by magmas that were unusually rich in metal and/
or sulfur. In this study, we test this assumption by reconstructing the metal and sulfur content of an ore-related 
latite magma at Bingham Canyon and comparing it with that of intermediate magmas in several other arc magma 
systems. The ore-related latite magma at Bingham Canyon records strong evidence for magma mixing and has 
a major to trace element composition that can successfully be modeled by a mixture of ~40 wt % mafic magma, 
which was similar to the most mafic rock found at Bingham Canyon (a melanephelinite containing 45 wt % SiO2), 
and ~60 wt % felsic magma of rhyolitic composition. Based on the modal abundance of 0.19 ± 0.01 vol % sulfides 
and laser ablation-inductively coupled plasma-mass spectrometry analyses of unaltered sulfide inclusions pre-
served within hornblende and plagioclase phenocrysts, the latite magma contained 50 to 90 ppm Cu, 0.8 to 2.0 
ppb Au, 2 to 3 ppm Mo, and ≥0.12 to 0.14 wt % S. Whole-rock and melt and sulfide inclusion data suggest that the 
bulk of copper and Au in the latite magma was derived from the mafic end member, whereas significant amounts 
of sulfur were also provided by the felsic end member. A rough, independent estimate of the amount of Cu pres-
ent in the mixed magma can be obtained by taking the Cu content of mafic, sulfide-undersaturated silicate melt 
inclusions and multiplying it with the mass fraction of mafic magma involved in the magma mixing.

Applying this latter approach to two other porphyry Cu-mineralized magma systems (Santa Rita, USA; Bajo 
de la Alumbrera, Argentina) and several modern arc magma systems suggests that ore-forming intermediate 
magmas in mineralized systems were not unusually Cu rich. Whether or not they were unusually sulfur rich 
could not be answered with the available data. If the sulfur contents of mineralizing magmas prove to be nor-
mal, then the most distinctive feature of fertile magma systems may be the formation of large, long-lived magma 
chambers at 5- to 15-km depth and the development of vent structures that enable focused fluid flow.

Introduction
The formation of porphyry Cu (-Mo, Au) deposits involves 
a specific sequence of steps, including (1) dehydration of 
subducting oceanic lithosphere, (2) ascent of hydrous fluids/
melts, (3) partial melting of the mantle wedge, (4) ponding 
of the partial melts at the crust-mantle boundary, where they 
undergo magma assimilation, storage, and homogenization 
(MASH) processes, (5) further magma ascent, (6) formation of 
upper-crustal magma chambers, (7) exsolution of volatiles, (8) 
fluid focusing, and (9) precipitation of ore metals (e.g., Rich-
ards, 2003, 2005; Sillitoe, 2010). All of these processes also 
operate to some extent in unmineralized arc magma systems. 
The key to understanding the formation of porphyry Cu (-Mo, 
Au) systems is thus to identify those parameters that were dif-
ferent in mineralized magma systems compared to barren 
magma systems. Many possibilities have been proposed in 

previous studies, including the size (e.g., Cloos, 2001; Rich-
ards, 2005), depth (e.g., Richards, 2005; Sillitoe, 2010), and 
shape (e.g., Richards, 2005) of the underlying magma cham-
ber, the lifetime of the magma system (e.g., Richards, 2005; 
Mpodozis and Cornejo, 2012), and the magma water content 
(e.g., Loucks, 2014). However, perhaps the most popular 
hypothesis is that mineralizing magmas are enriched in metal 
and/or sulfur (e.g., Halter et al., 2005; Core et al., 2006; Stern 
et al., 2007; Richards, 2009; Jenner et al., 2010).

The main aim of the present study is to test this latter 
hypothesis by reconstructing the metal and sulfur content of 
the ore-forming magma at Bingham Canyon and comparing it 
with results from several other porphyry Cu-mineralized and 
barren arc magma systems. A major difficulty of this approach 
is to obtain reliable estimates of original sulfur and metal 
contents of a given magma. Whole-rock analyses are only of 
limited use because sulfur and chalcophile elements are com-
monly lost from the magma during or after its solidification. 
Silicate melt inclusions (here called melt inclusions) are bet-
ter, but they provide information only on the composition of 
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the silicate melt rather than that of the bulk magma. In order 
to estimate the metal and sulfur content of a bulk magma, it 
is necessary to determine the abundance of all phases (includ-
ing sulfides and sulfates) present in the magma and to quan-
titatively constrain the distribution of elements among these 
phases.

Geologic Background
The giant Bingham Canyon porphyry Cu-Mo-Au deposit 
is situated in the eastern part of the Oquirrh Mountains, 
which are located about 30 km southwest of Salt Lake 
City, Utah. The Oquirrh Mountains consist of Paleozoic 
sedimentary rocks (mainly arkosic orthoquartzites, lime-
stones, and calcareous siltstones), into which magmas were 
intruded during Eocene to Oligocene times. Magma ascent 
and emplacement appear to have been controlled by the 
E-W–trending Uinta axis, which represents an old struc-
tural boundary separating Archean crust in the north from 
Paleoproterozoic terrane in the south (Stewart et al., 1977; 
Karlstrom et al., 2005).

Igneous activity in the Oquirrh Mountains started when the 
regional tectonic setting changed from compression to weak 
extension during the late Eocene (English and Johnston, 
2004). The Bingham Canyon deposit is hosted within a large 
volcanoplutonic complex that is composed of rocks ranging in 
composition from basanite to rhyolite, with latite and monzo-
nite being the dominant lithologies (e.g., Moore, 1973; Waite 
et al., 1997). The rocks have traditionally been divided into an 
older volcanic suite, a mafic alkaline suite, an intrusive suite, 
and a younger volcanic suite (Waite et al., 1997; Maughan et 
al., 2002). The older volcanic suite, the mafic alkaline suite, 
and the intrusive rocks are all roughly coeval with K-Ar ages 
ranging from 38.6 to 37.8 Ma (Parry et al., 2001). The intru-
sive sequence starts with passive emplacement of a large, 
equigranular mass of monzonite (~58 wt % SiO2, forming the 
Bingham stock and Last Chance stock) into the base of the 
developing stratovolcano. The Bingham stock is intruded by 
a mass of quartz monzonite porphyry (~62 wt % SiO2) that is 
associated with the main pulse of Cu-Au mineralization. Both 
the Bingham stock and the quartz monzonite porphyry are cut 
by a series of NE-trending porphyry dikes of latitic to quartz 
latitic composition (57–64 wt % SiO2; Moore, 1973) that are 
also mineralized, but to a lesser extent than the quartz mon-
zonite porphyry. The latite dikes record evidence for substan-
tial mixing with more mafic magma. U-Pb zircon age data by 
von Quadt et al. (2011) suggest that all porphyritic intrusives 
were emplaced between 38.1 and 37.8 Ma. A narrow minette 
dike (57.9 wt % SiO2) that cuts through the quartz monzonite 
porphyry in the Bingham deposit has been dated at 37.7 ± 0.1 
Ma by Deino and Keith (1997). This age is indistinguishable 
from that of melanephelinite lava flows (37.8 ± 0.1 Ma) in the 
upper part of the older volcanic sequence. Deep-seated Mo 
mineralization overprints the youngest quartz latite porphyry 
dike and was dated at 37.3 to 36.8 Ma by molybdenite Re-Os 
(Chesley and Ruiz, 1997; Seo et al., 2012). Subsequent intru-
sives located several km southeast of the mine area include 
the volcanic plugs of the Step Mountain Andesite (36.3 ± 0.2 
Ma) and the Shaggy Peak Rhyolite (35.5 ± 0.1 Ma). In sum-
mary, crosscutting relationships, age data, and geochemical 
evidence suggest that the Bingham Canyon magma system 

follows a broad evolution from monzonitic/latitic composi-
tion toward rhyolitic composition, interrupted by incursion 
of mafic alkaline magma and related magma mixing after the 
emplacement of the quartz monzonite porphyry. Because 
both the quartz monzonite porphyry and the mixed latite por-
phyry dikes are mineralized, it has been proposed that mafic 
alkaline magma was already present at the base of the magma 
chamber during the main mineralization event and that this 
mafic alkaline magma played a key role in providing sulfur and 
metals (Keith et al., 1997; Waite et al., 1997).

Methods
To reconstruct the evolution of sulfur and metals in the Bing-
ham magma system, samples from different rock types rang-
ing from the most mafic magma (melanephelinite; 45 wt % 
SiO2) to the most felsic (rhyolite; 74 wt % SiO2) were investi-
gated (Table 1). Sample locations are shown in Figure 1b, and 
relevant information is summarized in Table 1. In this study, 
we mainly focused on melt and sulfide inclusions because the 
former retain original concentrations of metals and volatiles, 
and the latter are a major host of ore-forming metals (e.g., 
Cu and Au) in the magma. From each sample, one or two 
polished sections of 100- to 300-µm thickness were prepared 
and subsequently examined in a standard petrographic micro-
scope. Small mineral inclusions within phenocrysts that could 
not be identified optically were identified using a Horiba Sci-
entific LabRAM HR800 Raman spectrometer equipped with 
a 632.8-nm HeNe laser source.

Melt inclusions, sulfide inclusions, minerals, and fine-
grained rock matrices were analyzed by laser ablation-induc-
tively coupled plasma-mass spectrometry (LA-ICP-MS). The 
utilized system consists of a 193-nm ArF Excimer laser (Geo-
lasPro system, Coherent, USA) attached to a quadrupole mass 
spectrometer (Elan DRC-e, Perkin Elmer, Canada). Ana-
lyzed isotopes include 11B, 23Na, 25Mg, 27Al, 28Si, 31P, 32S, 39K, 
43Ca, 49Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 75As, 
82Se, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 98Mo, 105Pd, 107Ag, 111Cd, 121Sb, 
125Te, 133Cs, 137Ba, 139La, 140Ce, 181Ta, 195Pt, 197Au, 205Tl, 208Pb, 
209Bi, 232Th, and 238U. The laser was operated at 5 to 10 Hz 
and an energy density of 3 to 10 J/cm2 on the sample surface, 
using laser pits ranging from 15 to 80 µm in diameter. The 
fine-grained rock matrices were analyzed with an 80-µm pit 
and the sample was moved during ablation, resulting in a total 
ablation area of ~1,000 µm2. Three densely pressed powder 
pellets prepared from finely ground (≤10 µm grain size) bulk 
samples were analyzed in a similar fashion in order to obtain 
“bulk-rock” analyses.

The sample chamber was flushed with He gas at a rate of 
0.4 l/min, and 5 ml/min H2 gas was added on the way to the 
ICP-MS (Guillong and Heinrich, 2007). Analyzed isotopes 
were measured using dwell times of 10 to 50 ms per isotope. 
The ICP-MS system was tuned to a ThO rate of 0.07 ± 0.02% 
and a rate of doubly charged Ca ions of 0.20 ± 0.02% based on 
measurements on NIST SRM 610 glass.

Entire, unexposed melt inclusions (both crystalline and 
glassy) were drilled out of the surrounding host mineral, 
and excess ablated host was subtracted numerically from the 
resulting LA-ICP-MS signals to obtain the melt composition 
(Halter et al., 2004a; Pettke, 2006). External standardization 
was based on NIST SRM 610 glass (Jochum et al., 2011). 
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Internal standardization of melt inclusions hosted in olivine 
and plagioclase was based on SiO2 vs. MgO trends displayed 
by whole-rock data (Waite et al., 1997; Maughan et al., 2002; 
Biek, 2006; Stavast et al., 2006), whereas for quartz-hosted 
melt inclusions SiO2 vs. Al2O3 whole-rock trends were used. 
In all cases, the sum of major element oxides was normalized 
to 100 wt %. Sulfide inclusions were quantified using a syn-
thetic pyrrhotite (Po724 T3 SRM of the Memorial University 
of Newfoundland) as external standard for Fe and S, and NIST 
SRM 610 for all other elements, and then normalizing the 
sum of S, Fe, Ni, and Cu to 100 wt %. This approach was also 
used to measure the sulfide standard MSS5 described in Bre-
nan (2015), which was thoroughly characterized by electron 
microprobe, solution-ICP-MS, and LA-ICP-MS and contains 
57.93 ± 0.2 wt % Fe, 39.76 ± 0.14 wt % S, 1.07 ± 0.01 wt % Ni, 
223 ± 17 ppm Cu, 80 ± 7 ppm Se, 59 ± 3 ppm Sb, 43 ± 3 ppm 
Te, and 71 ± 1 ppm Pb. Additionally, the approach was used 
to measure chalcopyrite, bornite, and chalcocite as unknowns. 
In all cases, the results agree within 7% with the reference/
theoretical values (supplementary Table S1), for which reason 
we regard the approach using two separate external standards 
as valid. For altered sulfides, we used the average Fe content 
of fresh sulfides as an internal standard because Fe appears 
to have behaved conservatively during sulfide alteration (see 
below). Analyses of Fe-Ti oxides were quantified based on 
ilmenite KI-2193 collected by Tony Morse (major elements; 
composition given in Janssen et al., 2010) and NIST SRM 610 
(minor to trace elements) as external standards and then nor-
malizing the sum of all major element oxides to 100 wt  %. 
Silicate minerals and analyses of fine-grained rock matrices 
were quantified using NIST SRM 610 glass as an external 
standard and then normalizing the sum of all major element 
oxides to 100 wt %. Uncertainties associated with the analyses 
of sulfides, oxides, silicate minerals, rock matrices, and quartz-
hosted melt inclusions are believed to be ≤5 to 7%, except 
for elements close to the detection limit. For melt inclusions 
hosted in olivine and plagioclase, the uncertainties are dis-
tinctly higher (10–20% for all elements) due to difficulties 
constraining the internal standard (see below).

Unexposed melt inclusions within olivine phenocrysts from 
the melanephelinite of Bingham Canyon (sample Bing1 to 
Bing3) were rehomogenized for 48 hours at 1,100°C and 1.5-
kbar confining Ar pressure in rapid-quench TZM cold-seal 
pressure vessels. Clinopyroxene-hosted melt inclusions from 
the two most mafic magmas identified at Santa Rita, New 
Mexico, were rehomogenized in a similar manner at 1,050°C. 
After exposing selected rehomogenized melt inclusions on the 
surface by polishing, they were analyzed by electron micro-
probe for major elements plus S, Cl, and F. These analyses 
were performed on a JEOL JXA-8200 microprobe equipped 
with five spectrometers and TAP, PET, LiF, and LDE1 spec-
trometer crystals, using 15 kV, 20 nA, and a beam defocused 
to 3 to 10 µm. Na and K were measured for 10 s on peak and 
5 s on each background (10/2 × 5), Si, Al, Ti, Fe, Mn, Mg, and 
Ca with 20/2 × 10, and F, Cl, and S with 60/2 × 30. Na, K, Si, 
S, and Fe were measured first. Time-resolved signals showed 
up to 10% loss of Na in the most hydrous glasses, but no loss 
of Cl and F. Standardization was performed on albite (Na, 
Si), orthoclase (K), spinel (Al), MnTiO3 (Mn, Ti), metallic 
Fe, enstatite (Mg), wollastonite (Ca), fluorite (F), vanadinite 
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(Cl), and barite (S). A topaz crystal containing 20.5 ± 0.5 wt % 
F, according to XRD measurements and equations for cell 
parameters given in Alberico et al. (2003), was measured as 
unknown and returned correct F values of 20.2 ± 0.3 wt % F.

Results

Sample petrography

Fresh samples of melanephelinite (samples Bing1, Bing2, 
and Bing3) are dark green in color and contain phenocrysts 
of olivine (20–25 vol %; Fo85–90) and phlogopite (~3 vol %), 
and a few of clinopyroxene (1–3 vol %; Fig. 2a). Published 
whole-rock analyses of this rock type contain 44 to 46 wt % 
SiO2 and plot in the basanite field of the total alkali vs. silica 
(TAS) diagram (Maughan et al., 2002). The olivine pheno-
crysts measure up to 3 mm in length and are mostly unzoned. 
They contain abundant Cr spinel inclusions and rare inclu-
sions of phlogopite and crystallized melt inclusions (Fig. 3a). 
A few olivine phenocrysts contain Cr- and Ni-rich cores that 
are characterized by particularly abundant Cr spinel inclu-
sions. Clinopyroxene phenocrysts have a greenish color, are 

much smaller (<0.5 mm), and commonly exhibit distinctive 
core-rim textures (Fig. 2e) with dark green, Fe-, V-, and Zr-
rich cores and light green, Mg-, Cr-, and Ni-rich rims. Only a 
few very small melt inclusions are present in the clinopyrox-
ene phenocrysts. Despite careful screening, no sulfide inclu-
sions were found in olivine and clinopyroxene phenocrysts. 
This evidence suggests that the melanephelinite magma was 
sulfide undersaturated, as was also concluded in previous 
studies (Waite et al., 1997; Maughan et al., 2002). However, 
barite inclusions were not found either, which contrasts with 
the finding of Maughan et al. (2002).

A sample of shoshonite (Bing4; 55 wt % SiO2) is greenish 
gray in color and contains phenocrysts of clinopyroxene (10–
15 vol %), biotite (7–10 vol %), and olivine (3–5 vol %; Fo88–89) 
in an aphanitic groundmass (Fig. 2b). Many of the clinopyrox-
ene phenocrysts show obvious core-rim textures (Fig. 2f) with 
dark green, often sieve textured cores, and light green rims. As 
in the case of the melanephelinite, the cores are rich in Fe, V, 
and Zr, whereas the rims are rich in Mg, Cr, Ni, and Sr—i.e., 
the grains are reversely zoned. Melt inclusions are very rare in 
this rock; only one single inclusion hosted in olivine could be 

Bingham
Deposit 

40°26′
112°07′ 112°06′ 112°05′ 112°04′

40°27′

40°28′

40°29′
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1 km
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Bing 2

Bing 3

Bing 4

Bing 19

Bing 6

Bing 8

Bing 12

Bing 13
Bing 14 5 km

N

Older volcanic suite

Latite dikes
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Andesite

Rhyolite

Younger volcanic suite

(39.2-38.7 Ma)
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(37.82 ± 0.14 Ma)

(36.26 ± 0.18 Ma)
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and limestone
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and number 

Latitic minette bearing
block and ash flows

Bingham intrusions
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(a)(b)

Butterfield 
Canyon 

Rose Canyon 

Fig. 1.  (a) Simplified geologic map of the eastern Oquirrh Mountains, showing the location of the Bingham deposit and the 
study area (modified after Waite et al., 1997). (b) Geologic map of the study area (Butterfield Canyon and Rose Canyon), 
showing the locations of samples that were investigated in this study (modified after Maughan et al., 2002; Biek et al., 2005, 
2007).
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analyzed. On the other hand, magmatic sulfide inclusions are 
abundant and are hosted mainly in clinopyroxene (Fig. 4a).

A hand specimen of a pyroxene-bearing latite (Bing19; 
60  wt  % SiO2; collected from a large boulder on the val-
ley floor of Rose Canyon) is dark gray in color and contains 
phenocrysts of plagioclase (20–25 vol %; An37–47), clinopy-
roxene (15–20 vol %), biotite (5–7 vol %), and minor magne-
tite (<1 vol %) in an aphanitic groundmass. The plagioclase 
phenocrysts contain abundant crystallized melt inclusions 
(Fig. 3b) and apatite inclusions plus some magnetite inclu-
sions, whereas the clinopyroxene phenocrysts host fewer melt 
inclusions that are either glassy or crystallized. Magmatic 

sulfide inclusions are rare, but present, in this rock. Several 
small sulfide inclusions (<10 µm in diameter) were found in 
clinopyroxene.

Samples of latite (Bing12, Bing13, and Bing14; 58–61 wt % 
SiO2) were taken from the same sill in Castro Gulch that 
has been studied in detail by Stavast et al. (2006). They con-
tain phenocrysts of hornblende (20–30 vol %), plagioclase 
(5–10 vol %; An40–50), biotite (5–10 vol %), quartz (~1 vol %), 
and magnetite (~1 vol %) set in a dark gray, fine-grained 
matrix (Fig. 2c). Altered remains of a mafic phenocryst phase 
(5–10 vol %; most likely olivine) are present, as well. A single 
clinopyroxene phenocryst/xenocryst was observed in sample 
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Fig. 2.  Photographs of polished thick sections and individual phenocrysts from different rock types. Polished thick sections 
are from melanephelinite (a), shoshonite (b), latite (c), and andesite (d). Clinopyroxene phenocrysts from melanephelinite (e) 
and shoshonite (f) show core-rim textures with dark green cores and light green rims. Anhydrite inclusions are common in 
hornblende phenocrysts from latite (g) and andesite (h). Images (a) through (d) were taken with incident light, while images 
(e) through (h) were taken in transmitted light. Abbreviations: anh = anhydrite, cpx = clinopyroxene, hbl = hornblende, ol = 
olivine, plag = plagioclase.
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Bing14. Abundant magmatic sulfide inclusions are present 
in the hornblende phenocrysts of all latite samples. They are 
fresh if completely surrounded by hornblende (Fig. 4b) but 
partially to completely altered to a fine-grained aggregate of 
magnetite ± pyrite if intersected by cracks (Fig. 4c). Similar 
aggregates of fine-grained magnetite ± pyrite occurring in 
the rock matrix (Fig. 4d) represent decomposed sulfide blebs 
(Larocque et al., 2000; Stavast et al., 2006). Another common 
type of magmatic inclusion in hornblende phenocrysts is anhy-
drite (Fig. 2g). Plagioclase phenocrysts host solid inclusions 
of spinel, magnetite, ilmenite, and rare anhydrite. Magnetite 
phenocrysts usually contain 10.7 to 13.3 mol % ulvöspinel; 
however, in sample Bing14, an additional magnetite popula-
tion occurs that contains 20.6 to 21.0 mol % ulvöspinel and 
is intergrown with ilmenite containing a 57.1 to 57.5 mol % 

FeTiO3 component. A single microphenocryst of zircon was 
observed, as well. Melt inclusions are abundant in plagioclase, 
where they are either crystallized or glassy (Fig. 3c), but they 
are rare in hornblende, where they are mostly glassy.

The andesite from Step Mountain (Bing6 in Fig. 1b) is 
light gray in color and contains phenocrysts of plagioclase 
(15–20  vol  %; An29–32), biotite (7–10 vol %), hornblende 
(7–10 vol %), clinopyroxene (~5 vol %), quartz (3–5 vol %), 
and <1 vol % of magnetite and ilmenite set in a fine-grained 
groundmass (Fig. 2d). Rare titanite phenocrysts (with ilmen-
ite reaction rims) are present, as well. Several hornblende 
grains display core-rim textures with dark cores and bright 
rims. Magnetite is present both as small phenocrysts in matrix 
and as inclusions within hornblende and contains 16.5 to 
20.0  mol % ulvöspinel. A few magnetite inclusions coexist 
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Fig. 3.  Examples of melt inclusions (MI) within various host minerals. (a) Crystallized melt inclusions in olivine (ol) from 
melanephelinite. (b) Crystallized melt inclusions in plagioclase (plag) from pyroxene-latite. (c) Crystallized melt inclusions in 
plagioclase from latite. (d) Crystallized melt inclusions in plagioclase from the Step Mountain Andesite. (e) Crystallized melt 
inclusions in clinopyroxene (cpx) from the Step Mountain Andesite. (f) Glassy melt inclusions in quartz (qtz) from the Shaggy 
Peak Rhyolite. Abbreviations: cpx = clinopyroxene, ol = olivine, plag = plagioclase, qtz = quartz.
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with inclusions of ilmenite in the same hornblende pheno-
crysts, allowing reconstruction of temperature and fO2. More-
over, inclusions of anhydrite are present in the hornblende 
(Fig. 2h). Melt inclusions (commonly crystallized) are abun-
dant in plagioclase (Fig. 3d) and quartz but rare in clinopyrox-
ene (Fig. 3e), while sulfide inclusions are present dominantly 
in hornblende (Fig. 2h).

The rhyolite from Shaggy Peak is light gray in color and 
contains phenocrysts of plagioclase, quartz, and biotite. Many 
large, glassy melt inclusions are preserved within the quartz 
phenocrysts (Fig. 3f). No sulfide inclusions were observed in 
this rock.

Thermobarometry

To estimate the preemplacement crystallization conditions of 
the magmas, the following methods were applied: (1) Al-in-
olivine thermometry of spinel-bearing magmas (Coogan et al., 
2014); (2) Ti-in-phlogopite thermometry (Righter and Car-
michael, 1996); (3) zircon saturation thermometry (Watson 
and Harrison, 1983); (4) Fe-Ti oxide thermometry and oxy-
barometry (Lepage, 2003, using the normalization scheme of 
Stormer, 1983, and the calibration of Andersen and Lindsley, 
1985); and (5) amphibole-plagioclase thermometry (Holland 
and Blundy, 1994). The results are summarized in Table 2, 
whereas the corresponding compositional data are provided 
in supplementary Tables S2 and S6.

In the melanephelinite, both spinel and phlogopite are pres-
ent as well-preserved inclusions within olivine phenocrysts, 

suggesting these three minerals were in equilibrium with 
each other. Al-in-olivine thermometry yields crystallization 
temperatures of 1,140° to 1,160°C, consistent with tempera-
ture estimates of 1,130° to 1,140°C based on Ti-in-phlogopite 
thermometry performed on unaltered phlogopite inclusions 
within olivine.

30 μm 30 μm

30 μm 20 μm

cpx

po

po

hbl

hbl

py+cpy

matrix

(a) (b)

(c) (d)

po

matrix

Fig. 4.  Reflected-light photomicrographs of sulfide inclusions. (a) Sulfide inclusions in clinopyroxene (cpx) from shoshonite. 
(b, c) Sulfide inclusions in hornblende from latite. The sulfide inclusion in (c) was intersected by a crack and thus is partly 
altered to iron oxides at its lower end. (d) Large sulfide inclusion in the matrix of the latite. The sulfide inclusion is almost 
completely altered to iron oxides (gray minerals), which occupy ca. 50% of the original sulfide inclusion volume. Abbrevia-
tions: cpx = clinopyroxene, cpy = chalcopyrite, hbl = hornblende, po = pyrrhotite, py = pyrite.

Table 2.  Summary of Thermobarometry Results

Magma type	 Method	 n1	 T (°C)	 log fO2

Melanephelinite	 Al-in-olivine	   5	 1,140–1,160
	 Ti-in-phlogopite	   5	 1,130–1,140

Shoshonite	 Apatite saturation	   1	 >960

Pyroxene-latite	 Zircon saturation	   4	 770–840
	 Apatite saturation	   4	 830–930

Latite	 Zircon saturation	 11	 760–830
	 Magnetite-ilmenite	 4/3	 920–960	 QFM +
				    (2.2–3.0)
	 Plagioclase-hornblende	 3/3	 750–800

Andesite	 Zircon saturation	   7	 710–750
	 Magnetite-ilmenite	 2/2	 870–920	 QFM +
				    (2.3–2.6)

Rhyolite	 Zircon saturation	   4	 690–710

QFM = quartz-fayalite-magnetite
1 Number of the analyzed grains



228	 ZHANG AND AUDÉTAT

For the shoshonite, a minimum temperature was con-
strained via apatite saturation thermometry based on the 
SiO2 and P2O5 content of the fine-grained rock matrix. How-
ever, the rock does not contain any apatite, implying that the 
obtained temperature of 960°C represents only a minimum 
value.

The pyroxene-bearing latite, in contrast, was apatite satu-
rated. Plagioclase-hosted melt inclusions yield apatite satu-
ration temperatures of 830° to 890°C, whereas the less 
evolved rock matrix yields 930°C. The higher temperature 
and less evolved composition of the rock matrix compared 
to melt inclusions (supplementary Table S2) suggest that this 
magma underwent an event of magma mixing prior to its 
emplacement.

For the latite samples from Castro Gulch, reconstruction 
of crystallization conditions is very challenging because these 
rocks record strong evidence for magma mixing, including (1) 
coexistence of quartz and olivine (the latter now altered), and 
(2) the presence of melt inclusions that are distinctly more 
evolved than the fine-grained rock matrix (see below). How-
ever, hornblende phenocrysts commonly contain inclusions of 
plagioclase, and vice versa, suggesting that these two miner-
als crystallized partly at the same time. Amphibole-plagioclase 
thermometry on such coexisting mineral pairs yields tempera-
tures of 750° to 800°C, with values generally decreasing from 
core to rim. Zircon saturation temperatures calculated from 
the Zr content of melt inclusions hosted in plagioclase range 
from 760° to 830°C; magnetite and ilmenite micropheno-
crysts occurring in the rock matrix return 920° to 960°C; and 
oxygen fugacities of log fO2 = QFM + (2.2 – 3.0). These data 
suggest that the latite of Castro Gulch formed as a result of 
mixing between a felsic magma with a temperature of ~750°C 
and a more mafic magma with a temperature of at least 
920°C (likely much higher, as the oxides in the matrix prob-
ably reflect the temperature after mixing). That efficient mix-
ing between such contrasting magmas is physically possible 
has been demonstrated, e.g., at Mt. Pinatubo, where mixing 
between a dacitic magma of ~780°C and a basaltic magma of 
~1,200°C produced a hybrid andesite (Pallister et al., 1996).

A similar picture emerges for the Step Mountain Andesite: 
whereas melt inclusions in plagioclase and quartz are rhyo-
litic in composition (see below) and yield zircon saturation 
temperatures of 710° to 750°C, the fine-grained rock matrix 
is dacitic in composition and yields magnetite-ilmenite tem-
peratures of 870° to 920°C and an oxygen fugacity of log fO2 
= QFM + (2.3–2.6). Therefore, this rock also records mixing 
between felsic and mafic components shortly before magma 
emplacement.

Composition of melt inclusions

Although melt inclusions have clear advantages over whole-
rock analyses with regard to obtaining information on the 
abundances of volatiles and metals in magmas, there can be 
major difficulties in their quantification, especially if they are 
crystallized. Postentrapment modifications such as partial 
decrepitation, stretching, diffusive equilibration with the sur-
rounding host mineral, and diffusive loss (or gain) of water 
are very common phenomena, and most of them cannot be 
reversed during rehomogenization. Therefore, in the case of 
crystallized melt inclusions, the reconstruction of original melt 

compositions is challenging independent of whether they are 
reheated and then quenched to a glass or analyzed directly by 
LA-ICP-MS without prior reheating. In either case, it is nec-
essary to use an internal standard to determine the amount of 
surrounding host that needs to be subtracted from (or, in the 
case of incomplete rehomogenization, added to) the analysis 
to obtain the true melt composition (e.g., Halter et al., 2004a; 
Pettke, 2006; Zajacz and Halter, 2007). For melt inclusions 
hosted by olivine, diffusive reequilibration between crystalliz-
ing melt inclusions and the surrounding host has been shown 
to result in strong depletions of Fe and Mg in the residual 
melt, of which only Mg can be reversed during rehomoge-
nization (Danyushevsky et al., 2000). In this study, most melt 
inclusions were analyzed without prior rehomogenization by 
LA-ICP-MS, using pit sizes that were significantly larger than 
the optically visible part of the inclusions, such that material 
precipitated during sidewall crystallization was included in 
the signal. Original melt compositions were then calculated 
by subtracting olivine host until the results fit on the MgO 
vs. SiO2 trend defined by whole-rock compositions. There is 
considerable uncertainty (10–20%) in this approach because 
of the diffusive equilibration of the trapped melts with their 
host, and because whole-rock compositions may not follow 
liquid lines of descent if their formation involved significant 
amounts of magma mixing, entrainment of cumulate frac-
tions, or subsolidus alteration. However, in the absence of 
better constraints on the internal standard, it seems to be the 
best approach available. The results are listed in Table 3 and 
supplementary Table S2, and are plotted together with whole-
rock analyses and rock matrices in Figure 5.
The results obtained for olivine-hosted melt inclusions from 
the melanephelinite agree well with whole-rock data in terms 
of FeO, Al2O3, CaO, MnO, TiO2, Nb, Rb, Sr, Y, Zr, Ba, La, 
and Ce (Fig. 5), whereas the concentrations of Na2O, K2O, 
and P2O5 are distinctly higher in the melt inclusions (5.7 ± 
0.5 wt %, 5.0 ± 0.6 wt %, and 0.85 ± 0.14 wt %, respectively) 
than in reported whole-rock analyses (3.6 ± 0.3 wt %, 3.0 ± 
0.2 wt %, and 0.41 ± 0.09 wt %, respectively; Table 3; supple-
mentary Table S2). The reason for the mismatch of the lat-
ter elements is not clear. In the case of Na and K, it may be 
due to loss of alkalies from the melanephelinite magma via 
a volatile phase (as suggested by Elkins-Tanton et al., 2007, 
for a similar case in Siberian flood basalts), whereas P may 
be too high in the melt inclusions due to accumulation of 
this slowly diffusing element in boundary layers around fast-
growing phenocrysts (e.g., Kent, 2008). On the other hand, 
LA-ICP-MS analyses of the fine-grained matrix of the mela-
nephelinite returned P contents similar to those in the melt 
inclusions (Fig. 5; supplementary Table S2). The Cu content 
of the melt inclusions is relatively high, ranging from 150 to 
280 ppm (average 170 ppm). Four LA-ICP-MS analyses of 
the fine-grained rock matrix of the melanephelinite returned 
a slightly more evolved melt composition, with 48 wt % SiO2, 
9 to 11 wt % MgO, and 9 to 11 wt % FeO. The copper con-
tent of the rock matrix is highly variable (20–1,400 ppm), sub-
stantiating the need of melt inclusions to reconstruct original 
metal concentrations.

From the shoshonite sample, only a single olivine-hosted 
melt inclusion could be analyzed. Although the result is again 
associated with an uncertainty of ~10 to 20%, a composition 
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similar to that of the rock matrix is indicated. The Cu content 
of the melt inclusion (140 ppm) is only slightly lower than that 
of melt inclusions analyzed from the sulfide-undersaturated 
melanephelinite, suggesting that, at the time of melt entrap-
ment, the shoshonite magma either had not reached sulfide 
saturation yet or did so only shortly before.

From the pyroxene-bearing latite, only melt inclusions 
hosted by plagioclase could be quantified with a satisfactory 
degree of certainty. The results suggest that the trapped melts 
contained 67 to 72 wt % SiO2, 0.2 to 0.8 wt % MgO, 1.6 to 
2.5 wt % CaO, and 1.2 to 3.8 wt % FeO. These compositions 
are slightly more evolved than the fine-grained rock matrix 
(68 wt % SiO2) but distinctly more evolved than the composi-
tion of the bulk rock (59 wt % SiO2, according to LA-ICP-MS 
analyses on a densely pressed powder pellet). The Cu content 
of the plagioclase-hosted melt inclusions is extremely variable 
and ranges from 120 to 1,500 ppm (Fig. 5h; average 900 ppm), 
with most values being an order of magnitude higher than the 
Cu content of otherwise compositionally similar melt inclu-
sions analyzed from other phenocryst phases in sulfide-sat-
urated rocks investigated in this study. Similar observations 
have been made in melt inclusion studies performed on the 
Alumbrera porphyry Cu-Au deposit (Halter et al., 2005) 
and on a basaltic andesite from the Villarrica volcano, Chile 
(Zajacz and Halter, 2009). In both cases, plagioclase-hosted 
melt inclusions were found to contain up to an order of mag-
nitude higher Cu concentrations than melt inclusions in other 
coprecipitated minerals. Whereas Halter et al. (2005) and 
Zajacz and Halter (2007) attributed the anomalously high Cu 
contents to accidental entrapment of a Cu-rich fluid phase, 
we prefer an explanation via postentrapment diffusional gain 
of Cu through plagioclase, which process could recently be 
reproduced experimentally (Zhang and Audétat, 2016).

In the latite samples from Castro Gulch, only plagioclase-
hosted melt inclusions were analyzed because amphibole-
hosted ones are very small and difficult to quantify due to the 
compositional similarity between host and melt, and because 
other phenocryst phases are either scarce (<1 vol % clinopy-
roxene) or altered (olivine). Consequently, only the felsic end 
member involved in the formation of this mixed magma was 
constrained. The felsic melt inclusions contain 70 to 73 wt % 
SiO2, 15 to 17 wt % Al2O3, 3.1 to 4.8 wt % K2O, 3.7 to 4.6 wt % 
Na2O, 1.0 to 1.5 wt % FeO, and 0.2 to 0.4 wt % MgO. Copper 
concentrations are fairly reproducible and correlate with Sr, 
with most values ranging between 6 and 16 ppm.

In the Step Mountain Andesite, reliable analyses were 
obtained only from melt inclusions hosted by plagioclase and 
quartz. The results suggest that the trapped melts contain 69 
to 75 wt % SiO2, 0.5 to 1.5 wt % FeO, and 0.04 to 0.28 wt % 
MgO. Copper contents in the quartz-hosted melt inclusions 
range from 5 to 30 ppm and correlate positively with Ba (i.e., 
Cu contents decrease with increasing degree of melt fraction-
ation), whereas plagioclase-hosted melt inclusions have highly 
variable Cu contents between 3 and 190 ppm that correlate 
with neither the degree of melt fractionation nor the abun-
dance of other chalcophile elements, again suggesting posten-
trapment modification of original Cu contents (Fig. 5h).

Quartz-hosted melt inclusions from the Shaggy Peak Rhyo-
lite have a rhyolitic composition and contain mostly between 7 
and 14 ppm Cu (Fig. 5h, supplementary Table S2).

Composition of sulfide inclusions

Sulfide inclusions within phenocrysts are present in all inves-
tigated rock types except for the melanephelinite and the 
Shaggy Peak Rhyolite. In all samples, the sulfides consist 
dominantly of FeS, with Cu contents ranging from 1.4 to 
3.5 wt % and nickel contents from 0.4 to 1.8 wt % (Table 4; 
supplementary Table S3). In addition, the sulfides typically 
contain the following concentrations of trace elements: 1,500 
to 2,200 ppm Co, 200 to 500 ppm Mn, 50 to 200 ppm Zn, 30 
to 60 ppm Se, 3 to 10 ppm Pb, 3 to 7 ppm Ag, 2 to 5 ppm Mo, 
2 to 4 ppm Te, 0.9 to 1.8 ppm Pd, 0.3 to 0.9 ppm Bi, and 0.2 
to 0.5 ppm Au. Based on reconstructed magma temperatures 
and Fe-Cu-S and Fe-Ni-S diagrams published by Kullerud 
et al. (1969), it is evident that all sulfides were trapped in the 
form of monosulfide solid solution.

Decomposed sulfides in the matrix of the latite consist 
of fine-grained clusters composed of ~50 vol % magnetite, 
with or without minor amounts of pyrite and/or chalcopy-
rite (Fig. 4d). For LA-ICP-MS analysis, we chose slightly 
exposed clusters, drilled them out of the surrounding matrix, 
and integrated the resulting signals. The signals were quan-
tified using Fe as an internal standard, assuming that Fe 
behaved conservatively during the alteration of the sulfides. 
This assumption seems realistic if one considers the volume 
percentage of magnetite (~50 vol %) and the densities of 
pyrrhotite (4.6  g/cm3), magnetite (5.2 g/cm3), and matrix 
(~2.8 g/cm3). The results suggest that also Ni, Co, Ag, Cd, 
Pd, and Pt behaved quite conservatively, whereas S, Cu, Se, 
Te, and Au were lost and Mn, Zn, Pb, Mo, As, Bi, and Tl 
were gained during the alteration process (Fig. 6).

Volatile content of rehomogenized melt inclusions  
in melanephelinite

About 20 olivine-hosted melt inclusions from the melaneph-
elinite were selected for rehomogenization. Melt inclusion-
bearing olivine chips were individually wrapped in Pt foil of 
0.03-mm thickness and then held for 48 h at 1,100°C and 1.5-
kbar confining Ar pressure in a TZM cold-seal pressure vessel. 
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Likely due to postentrapment loss of H2O from the melt inclu-
sions (see below), only five of them reached a mostly molten 
state during this process (Fig. 7). Of those, one inclusion was 
subsequently lost during polishing. Electron microprobe anal-
yses of the remaining four melt inclusions (hosted in four sep-
arate olivine grains) reveal that even these inclusions did not 
reach full homogenization because they contain far less MgO 
(6.07–6.58 wt %) than the whole rock (~15.6 wt % MgO) and 
the calculated composition of unheated melt inclusions ana-
lyzed by LA-ICP-MS (~16 wt % MgO). For this reason, we 
numerically added olivine host to the electron probe micro-
analysis (EPMA) data until the MgO contents reached a value 
of 16.0 wt %. This was met after adding 24 to 25 wt % olivine 
(supplementary Table S4). Resulting concentrations of SiO2 
(39–42 wt %), CaO (10–11 wt %), FeOt (9.2–10 wt %), Al2O3 
(8.9–9.9 wt %), Na2O (4.2–6.8 wt %), and K2O (3.9–4.6 wt %) 
agree well with the range of values obtained by LA-ICP-MS on 
unheated melt inclusions, verifying this approach. Correspond-
ing volatile concentrations (after dilution with olivine) are 800 
to 2,500 ppm S, 3,300 to 6,900 ppm F, 2,100 to 2,600 ppm Cl, 
and (based on EPMA totals) 1 to 5 wt % H2O (Table 5, supple-
mentary Table S4). The low water content of three out of the 
four analyzed inclusions is not compatible with the presence of 
relatively H2O rich but F- and Cl-poor phlogopite (Maughan 
et al., 2002). It suggests that the melt inclusions lost significant 

amounts of H2O after their formation, which is also indicated 
by the difficulty of rehomogenizing them.

Although Maughan et al. (2002) report the existence of bar-
ite inclusions within olivine phenocrysts, we were not able to 
find such inclusions despite an extensive search. Therefore, in 
the absence of any other sulfur-, chlorine-, and fluorine-rich 
solid phases, the concentrations of S, Cl, and F measured in 
the melt inclusions can be considered a first-order approxima-
tion of their abundance in the bulk melanephelinite magma.

Discussion

Fractional crystallization vs. magma mixing

Several lines of evidence suggest that magma mixing played 
an important role in the formation of the ore-related latite and 
other intermediate magmas at Bingham Canyon: (1) whole-
rock compositions defining linear trends in Harker diagrams 
(Fig. 5), (2) common occurrence of reversely zoned and/or 
compositionally distinct groups of phenocrysts, (3) occur-
rence of reaction rims around phenocrysts, (4) sieve-textured 
plagioclase, (5) the presence of melt inclusions that have a 
more evolved composition than the rock matrix, and (6) vari-
able initial Sr and Nd isotope ratios that fall on a mixing array 
between melanephelinite and dacite (Maughan et al., 2002). 
Linear trends between mafic and intermediate whole-rock 

30 μm

(a)

MI

ol
30 μm

(b)

MI

before heating after heating

ol

Fig. 7.  Transmitted-light photomicrographs of an olivine (ol)-hosted melt inclusion (MI) from melanephelinite before (a) and 
after (b) rehomogenization for 48 h at 1,100°C and 1.5-kbar confining Ar pressure.

Table 5.  Representative EPMA Analyses of Rehomogenized Melt Inclusions

Sample no.	 Rock type	 Spot	 F	 Na2O	 Cl	 SO3 	 FeO 	 SiO2	 MgO	 K2O	 CaO	 MnO	 Al2O3 	 TiO2	 Total

Bingham Canyon (after numerical addition of 24–25 wt % olivine)													          
		
Bing1	 Melanephelinite	 C1-3 (3 µm)	 0.34	 6.28	 0.21	 0.22	 9.07	 41.5	 16.0	 4.51	 10.1	 0.16	 9.71	 0.84	 99.1
Bing1	 Melanephelinite	 D (3 µm)	 0.62	 5.59	 0.26	 0.38	 9.89	 39.9	 16.0	 4.31	 10.2	 0.13	 9.47	 1.14	 98.1
Bing1	 Melanephelinite	 C2 (10 µm)	 0.55	 6.86	 0.24	 0.38	 9.47	 38.2	 16.0	 4.12	 10.9	 0.12	 8.94	 1.10	 97.1
Bing1	 Melanephelinite	 29-MI2-2 (3 µm)	 0.69	 5.34	 0.21	 0.63	 9.38	 39.9	 16.0	 4.02	   9.3	 0.13	 8.22	 0.86	 94.7

Santa Rita (no host addition)
SR26	 Basaltic andesite	 45 (10 µm)	 b.d.	 4.57	 0.03	 0.05	 2.73	 58.5	 1.12	 4.82	 5.05	 0.09	 20.0	 0.87	 97.8
SR26	 Basaltic andesite	 61 (3 µm)	 b.d.	 4.02	 0.05	 0.08	 4.33	 59.7	 1.86	 5.87	 3.98	 0.15	 17.5	 0.97	 98.5
SR31	 Basaltic andesite	 41 (10 µm)	 0.01	 4.04	 0.05	 0.04	 5.35	 56.0	 2.88	 5.74	 5.33	 0.13	 17.5	 1.07	 98.1
SR31	 Basaltic andesite	 42 (10 µm)	 b.d.	 4.02	 0.05	 0.04	 5.49	 55.2	 2.84	 5.79	 4.97	 0.13	 17.5	 1.18	 97.2

b.d. = below detection
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compositions in CaO vs. SiO2 and MgO vs. SiO2 diagrams 
are particularly indicative of magma mixing as, during closed-
system fractional crystallization of mafic arc magmas, CaO 
and MgO rapidly decrease with increasing SiO2 (e.g., Cassidy 
et al., 2015). Based on whole-rock abundances of major and 
trace elements, Waite et al. (1997) modeled the composition 
of ore-related latites as a mixture of ~10 wt % melanephelinite 
and ~90 wt % of a “more felsic” magma of dacitic (?) composi-
tion. However, because most of the melt inclusions analyzed 
from latite turned out to have a rhyolitic composition (Table 
3; supplementary Table S2), we prefer a model that involves 
a rhyolitic end member. In this case, the composition of the 
latite can be approximated by a mixture of 30 to 50 wt % mela-
nephelinite magma and 50 to 70 wt % rhyolitic magma (Figs. 
5, 8a; supplementary Fig. S2).

Metal content of the latite magma

Stavast et al. (2006) conducted a detailed study on the same 
latite sill that was sampled in the present work. They dis-
covered a margin that was quenched so rapidly that even 
most of the matrix-hosted sulfides were preserved. Based on 
petrographic mapping and electron microprobe maps, they 
estimated the abundance of sulfides in this sample at 0.19 ± 
0.1 vol %, which translates to 0.30 to 0.33 wt % if one consid-
ers the density contrast between pyrrhotite and latite. Com-
bining this sulfide content with the concentrations of strongly 
chalcophile elements measured by LA-ICP-MS in the sul-
fide inclusions (2.1 ± 0.5 wt % Cu, 1.3 ± 0.5 ppm Pd, 0.29 
± 0.13  ppm Au, 0.4 ± 0.2 ppm Pt; Table 4; supplementary 
Table S3) suggests that the bulk magma contained at least 50 
to 80 ppm Cu, 3 to 6 ppb Pd, 0.5 to 1.3 ppb Au, and 0.6 to 
1.9 ppb Pt. In the case of Pd and Pt, these minimum values 
should correspond to actual values because DMSS/melt partition 
coefficients are extremely high (≥6,000 for Pt, ≥44,000 for 
Pd; Bell et al., 2009) and the platinum group element (PGE) 
content of silicate and common oxide minerals is essentially 
nil; hence, ≥97% of these two elements were hosted in the 
monosulfide solid solution (MSS). In the case of Cu and Au, 
however, DMSS/melt values are significantly lower (~3,000 for 
Cu; ~300 for Au; Li and Audétat, 2015); hence, the amount of 
metal stored in the silicate melt and in minerals must also be 
considered. Using (1) the abovementioned DMSS/melt values for 
Cu and Au, (2) a crystal:melt ratio of 1:1 (Table 1), and (3) an 
average DCumineral/melt value of 0.15 (Liu et al., 2014), the bulk 

magma can be estimated to have contained 50 to 90 ppm Cu 
and 0.8 to 2.0 ppb Au (Table 6). The combined values (50–
90 ppm Cu, 3–6 ppb Pd, 0.8–2.0 ppb Au, and 0.6–1.9 ppb Pt) 
agree reasonably well with the maximum concentrations of 
these elements found in glassy sill margins analyzed by Stavast 
et al. (2006) (35 ppm Cu, 0.6 ppb Pd, 1.2 ppb Au, 0.6 ppb Pt), 
except for Pd, which differs by a factor of 5 to 10. The reason 
for the latter discrepancy is not clear. In any case, the latite 
bulk magma should have contained no more than 90 ppm Cu 
and 2.0 ppb Au.

An independent estimate of the amount of Cu present in the 
latite bulk magma can be obtained from magma mixing con-
siderations. As discussed above, the ore-related latite magma 
can be modeled by a mixture of ~40 wt % melanephelinite 
magma and ~60 wt % rhyolite magma, and the composition 
of the melanephelinite magma can be approximated by the 
composition of the olivine-hosted melt inclusions. Because 
the melanephelinite magma was sulfide undersaturated and 
rhyolitic magmas are generally Cu poor (e.g., Keith et al., 
1997; Johnson et al., 2013), the Cu content of the magma mix-
ture can be approximated by taking the average Cu content of 
the olivine-hosted melt inclusions (180 ± 50 ppm) and mix-
ing it at a 40:60 ratio with the average Cu content of rhyolitic 
melt inclusions (11 ± 6 ppm Cu, supplementary Table S2). 
The resulting Cu content of 79 ± 20 ppm agrees rather well 
with the value of 50 to 90 ppm estimated above, based on the 
modal abundance and composition of magmatic sulfides.

In a similar fashion, a rough estimate of the Au, Pd, and 
Pt content of the latite magma can be obtained by taking 
the concentrations of these elements in the melanephelinite 
whole rocks (Maughan et al., 2002) and multiplying them with 
a factor of 0.4 (i.e., the concentration of these elements in 
rhyolite is assumed to be zero). Given the crude nature of 
this approach, the results (3.1 ± 0.8 ppb Pd; 0.6 ± 0.2 ppb Au; 
2.8 ± 0.5 ppb Pt) are in surprisingly good agreement with the 
estimates made based on the actual abundance and composi-
tion of sulfides in the latite magma (3–6 ppb Pd, 0.8–2.0 ppb 
Au, 0.6–1.9 ppb Pt). A different approach needs to be used 
for molybdenum because it behaves incompatibly during frac-
tional crystallization, causing residual felsic melts to become 
enriched in Mo (e.g., Audétat, 2010, 2015). Hence, the con-
tribution from the felsic end member needs to be taken into 
account. Based on Mo contents of 1 to 3 ppm in melaneph-
elinitic melt inclusions, 2 to 3 ppm in rhyolitic melt inclusions, 

Table 6.  Mass Balance Constraints for the Metal Content of Latite

	 Cu	 Pd	 Au	 Pt

Concentration in sulfide (ppm)	 21,000 ± 500	 1.3 ± 0.5	 0.29 ± 0.13	 0.4 ± 0.2
Melt (wt %)	 50	 50	 50	 50
DMSS/SM1	 3,000	  44,000	 300	 6,000
Calculated concentration in melt2	 7 ± 2	 0.03 ± 0.01	 1.0 ± 0.4	 0.07 ± 0.03
Crystals (wt %)	 50	 50	 50	 50
Calculated concentration in crystals3	 1.0 ± 0.3	 –	 –	 –
Calculated concentration in whole rock4	 53–87	 2.5–5.7	 0.8–2.0	 0.6–1.9
% metals stored in sulfide 	 94	 99.6	 65	 97

1 DMSS/SM values are from Bell et al. (2009; Pd and Pt) and Li and Audétat (2015; Cu and Au)
2 Copper concentration is given in ppm; concentrations of the other metals are given in ppb
3 Cu content of crystals was calculated based on an average bulk crystal/melt partition coefficient of 0.15 reported in Liu et al. (2014, 2015)
4 Based on a sulfide abundance of 0.30 to 0.33; copper concentration is given in ppm; concentrations of the other metals are given in ppb
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Fig. 8.  FeO vs. SiO2 diagrams depicting whole-rock data and melt inclusion compositions from three porphyry Cu deposits 
and five barren arc magma systems. In all cases, the most mafic and most felsic magma compositions are shown, plus the 
compositions of typical intermediate members. The fact that the latter plot on linear interpolations between the two end 
members suggests that they formed by magma mixing rather than by fractional crystallization, as the latter process results in 
FeO vs. SiO2 trends that are strongly curved downward. Tick marks and associated numbers refer to percentages of mafic 
end member involved in hypothetical mixing trends. Data sources: Bingham—whole-rock data (same sources as in Fig. 5); 
Alumbrera—melt inclusion data from Halter et al. (2004b); Santa Rita—whole-rock data from Jones et al. (1967) and this 
study, plus melt inclusion data from Audétat and Pettke (2006). Sources of whole-rock data used for barren magma systems: 
Karkonosze—Słaby and Martin (2008); Mount Hood—Kent et al. (2010); Mount Pinatubo—Pallister et al. (1996); Mount St. 
Helens—Smith and Leeman (1987, 1993); Popocatépetl volcano—Witter et al. (2005).
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and a mafic to felsic magma mixing ratio of ~40:60, the Mo 
content of the latite bulk magma can be estimated at 2 to 
3 ppm Mo.

Temporary storage of chalcophile elements  
in magmatic sulfides

Although magmatic sulfides take up large amounts of chal-
cophile elements, attainment of sulfide saturation in upper-
crustal magma chambers does not necessarily have a negative 
effect on the mineralization potential: petrographic studies 
have shown that magmatic sulfides in upper-crustal intrusives 
usually get destroyed at late-magmatic to subsolidus stages 
(except for sulfide droplets that are fully enclosed within other 
minerals); hence, most of the metal taken up by magmatic sul-
fides becomes available for the mineralizing fluids (e.g., Keith 
et al., 1997; Larocque et al., 2000; Audétat and Pettke, 2006; 
Stavast et al., 2006; Nadeau et al., 2010; Audétat and Simon, 
2012). That chalcophile elements are only temporarily stored 
in magmatic sulfides at upper-crustal levels is also indicated 
by reports of matching metal ratios in magmatic sulfides vs. 
premineralization fluid inclusions, volcanic gases, and/or bulk 
ores (Halter et al., 2005; Stavast et al., 2006, Nadeau et al., 
2010). In the case of Bingham Canyon, Stavast et al. (2006) 
found that the relative proportions of S, Cu, Mo, Au, and Pb 
lost from the slowly cooled latite sill interior are similar to 
those present in the bulk mineralization. A similar comparison 
can now be made based on the LA-ICP-MS analyses of sulfide 
inclusions (Fig. 9). Whereas S:Cu:Au:Ag ratios in the mag-
matic sulfides match well with those in the bulk ore, the rela-
tive abundances of Mo, Zn, and Pb in the magmatic sulfides 
are distinctly lower. This observation agrees with the fact that 
DMSS/melt values of Mo, Zn, and Pb are orders of magnitude 
lower than those of S, Cu, Au, and Ag (Li and Audétat, 2012, 

2015), meaning that only insignificant amounts of Mo, Zn, 
and Pb are sequestered by the magmatic sulfides. Metal ratios 
in premineralization, intermediate-density fluid inclusions at 
Bingham Canyon (Landtwing et al., 2010; Seo et al., 2012) 
match those of magmatic sulfides only with regard to Cu:Ag, 
whereas the relative abundances of Mo, Pb, and Zn in the 
fluid inclusions more closely resemble those of the bulk ore 
(Fig. 9). Interestingly, the Au:Cu ratio of the fluid inclusions 
is distinctly higher than that of both the magmatic sulfides 
and the bulk ore. The reason for this discrepancy is not clear, 
but, potentially, it reflects preferential transport of Au to the 
epithermal environment (Heinrich et al., 2004), leading to a 
lower Au:Cu ratio at the level of the porphyry deposit.

Comparison with other magma systems

In order to identify potential key factors in the genesis of por-
phyry Cu (±Mo, Au) deposits, we will now compare the results 
discussed above with data from two other mineralized magma 
systems (Santa Rita, USA, Audétat and Pettke, 2006; Alum-
brera, Argentina, Halter et al., 2005) and several presumably 
barren arc magma systems. As barren systems, we chose mod-
ern arc volcanoes, which means that we do not know whether 
these magma systems ultimately will be barren or mineralized. 
However, as economically mineralized magma systems are gen-
erally rare, it appears safe to assume that most of the chosen 
modern occurrences will ultimately be barren. Both the two 
additional porphyry Cu-mineralized occurrences and the mod-
ern arc volcanoes were chosen based on evidence for magma 
mixing and the availability of data regarding the metal and vola-
tile content of mafic input magmas, such that metal and volatile 
content of intermediate magmas can be estimated indirectly 
using the approach outlined above. At Santa Rita, the age rela-
tionship between the studied mafic samples (one correspond-
ing to the most mafic sample described in Audétat and Pettke, 
2006, and one collected more recently from an even more mafic 
dike that was truly sulfide undersaturated) and the mineraliza-
tion is not well constrained. New age data reported by Mizer et 
al. (2015) suggest that some of the dikes in the North Star Basin 
are 13 m.y. younger than the mineralization (the latter dated at 
59.5 ± 1.5 Ma), whereas mineralogically similar dikes occurring 
2 to 3 km farther east are crosscut by ore-related quartz monzo-
diorite porphyry dikes (Hernon et al., 1964; Jones et al., 1967). 
Other dikes in the North Star Basin appear to be related to a 
conspicuous layer of andesite breccia, which itself is cut by the 
74.4-m.y.-old, Cu-Zn-Ag-Au–mineralized Piños Altos pluton 
5 km farther west (McLemore, 2008). Hence, the investigated 
samples could theoretically be anywhere from ≥15 m.y. older 
to ≥13 m.y. younger than the mineralization at Santa Rita, but, 
based on the crosscutting relationships of mineralogically simi-
lar dikes with ore-related quartz monzodiorite porphyry, we 
believe that they are of premineralization origin.

1. Extent of mixing with mafic magma

The chemical arguments and mass balance calculations pre-
sented above suggest that the ore-related latite magma at 
Bingham Canyon gained most of its Cu, Au, and S from the 
mafic magma that was involved in the mixing event. A magma-
mixing origin of intermediate magmas has been documented 
from several other porphyry Cu (±Mo, Au) deposits, such as 
Alumbrera (Halter et al., 2004b), Santa Rita (Audétat and 
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Pettke, 2006), Grasberg (Pollard et al., 2005), Ok Tedi (van 
Dongen et al., 2010), and Yanacocha (Chiaradia et al., 2009), 
as well as from numerous unmineralized magma systems 
(e.g., reviews by Eichelberger, 1978; Reubi and Blundy, 2009; 
Kent et al., 2010). This does not mean that magma mixing is 
a requirement for economic mineralization, as there are also 
examples of porphyry Cu (±Mo, Au)–mineralized magma 
systems that show no or only little evidence for magma mix-
ing, such as Yerington (Dilles, 1987) and the Highland Valley 
deposits (McMillan, 2005). However, for the present discus-
sion we focus on magma systems that evolved prominently 
by magma mixing because they allow the metal content of 
intermediate magmas to be estimated based on the metal 
content of the mafic input magma and the mixing ratio with 
more silicic magmas. Reconstructed compositions of the most 
mafic, the most felsic, and typical intermediate magmas pres-
ent in three porphyry Cu (±Mo, Au)–mineralized systems 
and five presumably barren arc magma systems are shown in 
Figure 8 and the supplementary Figure S1. In all cases, the 

intermediate magma compositions lie on simple mixing trends 
as opposed to fractional crystallization trends that would be 
characterized by rapid decreases in Fe, Mg, and Ca between 
45 and 55 wt % SiO2. The percentage of mafic magma involved 
in the intermediate magmas varies from ~30% to ~70%, with 
no systematic difference between barren and mineralized 
systems. Therefore, the ore-related intermediate magmas at 
Bingham Canyon, Santa Rita, and Alumbrera do not seem to 
involve higher proportions of mafic end-member magmas than 
the intermediate magmas occurring in barren magma systems. 
However, there appears to be a trend of the mafic end mem-
bers in mineralized systems being more mafic than those in 
barren systems (Fig. 8).

2. Metal content of mafic input magmas

LA-ICP-MS analyses of olivine-hosted melt inclusions from 
the melanephelinite at Bingham Canyon suggest that the 
mafic input magma contained about 150 to 280 ppm Cu 
(Fig. 10a; Table 3). Similar concentrations are found in mafic, 
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sulfide-undersaturated melt inclusions of basaltic trachy-
andesite to phonotephrite composition from the Santa Rita 
porphyry Cu-Mo-Au deposit (260–360 ppm; Audétat and 
Pettke, 2006; and new, so far unpublished data provided in 
supplementary Table S5). The latter melt inclusion data were 
calculated using the Al2O3 content of finely crushed bulk rock 
of that same sample as an internal standard. For the por-
phyry Cu-Mo-Au deposit at Bajo de la Alumbrera, Halter et 
al. (2005) constrained the Cu content of the mafic, sulfide-
undersaturated input magma at 100 to 200 ppm Cu.

For the presumably barren arc magma systems depicted in 
Figure 9, no melt inclusion data are available for the mafic 
end member. For this reason, we used data of olivine-hosted 
melt inclusions from other arc magma systems (as compiled in 
the GeoRoc melt inclusion database) as a reference for barren 
systems. The only occurrences for which data on both Cu and 
SiO2 are listed in this database are the Tonga arc (Sun et al., 
2004a; Leslie et al., 2009), the Aegean arc (Vaggelli et al., 
2009), the Central American volcanic arc (Lloyd et al., 2013), 
the New Britain arc (Sun et al., 2004b), and Mt. Etna (Col-
lins et al., 2009). The melt inclusion Cu contents from these 
occurrences cover a wide range, from 20 to 380 ppm, with 
most data points falling between 100 and 200 ppm (Fig. 10a). 
These data suggest that the mafic input magmas at Bingham 
Canyon, Santa Rita, and Alumbrera were not unusually Cu 
rich compared to their counterparts in barren arc magmas. 
However, more data are needed (especially from mineralized 
systems) to make firm conclusions.

A similar picture emerges with respect to Mo and Au abun-
dances (Fig. 10b, c). In the case of Mo, few melt inclusion 
data are available in the GeoRoc database, for which rea-
son we instead used data from fresh whole rocks for barren 
samples. Notice that metals may have been lost from these 
samples but are unlikely to have been added to them; hence, 
the data probably represent minimum values. Again, no sys-
tematic differences between barren and mineralized magma 
systems were noticed. In the case of Au, only whole-rock data 
can be compared because the Au contents of mafic melts are 
generally too low to be measured by LA-ICP-MS in single 
melt inclusions. The data shown in Figure 10c suggest that 
the mafic input magma at Bingham Canyon was not particu-
larly Au rich compared to other mafic arc magmas.

In summary, the data shown in Figure 10 provide no evi-
dence that the mafic input magmas in mineralized systems 
were unusually metal rich. The same conclusion was reached 
in a recent study on a porphyry Cu deposit in northern China 
(Hou et al., 2015).

3. Sulfur content

Hunt (1991) pointed out that porphyry Cu deposits are, first 
and foremost, large sulfur anomalies, with enrichment in S 
being 10 to 100 times greater than enrichment in Cu when 
compared to the abundance of these elements in average 
continental crust. Therefore, the possibility of a major con-
trol of magmatic sulfur contents on the mineralization poten-
tial needs to be explored. Rehomogenized melt inclusions 
from the melanephelinite at Bingham Canyon contain 800 to 
2,500 ppm S, which is well within the range of sulfur con-
tents reported for mafic melt inclusions in other primitive 
arc magmas (Fig. 11a). Therefore, the mafic input magma at 

Bingham Canyon does not seem to have been unusually rich 
in sulfur. However, the concentration of 800 to 2,500 ppm S 
measured in mafic melt inclusions is too low to account for 
the sulfur content of the latite magma (>1,300 ppm, based on 
a sulfide content of 0.31 wt % and the additional presence of 
anhydrite) if all the sulfur present in the latite magma were 
derived from the mafic end member. In that case, the mafic 
end member had to contain ≥3,000 to 3,500 ppm S (assuming 
~40% mafic component in hybrid latite magma). The discrep-
ancy can be explained by the fact that the felsic end-member 
magma involved in the generation of the hybrid latite magma 
also contained appreciable amounts of sulfur, as is shown by 
the presence of anhydrite inclusions in plagioclase pheno-
crysts with compositions similar to those hosting the rhyolitic 
melt inclusions (supplementary Table S6). The presence of 
magmatic anhydrite in the felsic end member suggests that 
sulfur may have been added via volatile fluxing from underly-
ing mafic magma (Hattori, 1993; Keith et al., 1997) and, thus, 
that in the case of sulfur the indirect approach via the compo-
sition of mafic melt inclusions and the mafic to felsic magma 
mixing ratio provides only a minimum estimate of the sulfur 
content of the mixed magma.

The same is true for Santa Rita, where both the felsic end-
member magma and the hybrid, ore-related quartz monzo-
diorite magma contained magmatic anhydrite (Audétat et al., 
2004; Audétat and Pettke, 2006). Based on a modal abun-
dance of 1 to 2 vol % anhydrite phenocrysts, the ore-related 
quartz monzodiorite magma at Santa Rita contained 2,500 to 
4,000 ppm S (Audétat et al., 2004), which is far more than the 
≤300 ppm S present in the analyzed mafic melt inclusions 
(Fig. 11). For Alumbrera, no data on volatile concentrations 
in melt inclusions are available, but, based on a Cu content 
of ~100 ppm in sulfide-undersaturated andesitic melt inclu-
sions and an average S/Cu ratio of 40 in magmatic sulfides, 
Halter et al. (2005) estimated the sulfur content of the ore-
forming magmas at ca. 4,000 ppm S. Chambefort et al. (2008) 
constrained a minimum value of 1,000 ppm S for anhydrite-
saturated magmas associated with high-sulfidation epithermal 
Au deposits at Yanacocha, based on anhydrite solubility. Mag-
matic anhydrite has also been reported from the “porphyry 
A” stock at El Teniente (Stern et al., 2007) and from a grano-
diorite porphyry associated with the Qulong porphyry Cu-Mo 
deposit in Tibet (Xiao et al., 2012).

A quantitative comparison with barren arc magma systems is 
difficult because evidence for volatile fluxing and the formation 
of magmatic anhydrite is also common in barren systems (e.g., 
Luhr, 2008; Parat et al., 2011; Wallace and Edmonds, 2011). 
The trachyandesite of El Chichón contained ~2,500 ppm S, 
based on an anhydrite content of ca. 1 vol % (Luhr, 2008), 
whereas the Mt. Pinatubo dacite contained <2,500 ppm S 
(Pallister et al., 1996). No quantitative estimates are available 
for other intermediate magmas of “barren” systems. There-
fore, we presently cannot say with any confidence whether or 
not porphyry Cu (±Mo, Au)–forming magmas contain more 
sulfur than nonmineralizing arc magmas.

4. Water, fluorine, and chlorine contents

Porphyry Cu (±Mo, Au)–mineralizing magmas commonly 
exhibit high Sr/Y ratios (Richards, 2011; Loucks, 2014), which 
has been interpreted by some researchers to reflect unusually 
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high water contents of the parental magmas (e.g., Rodríguez 
et al., 2007; Alonso-Perez et al., 2009; Richards, 2011). High 
water contents may promote the mineralization potential via 
more efficient metal extraction from the magma and the for-
mation of vent structures into which fluids are focused. How-
ever, as demonstrated by Loucks (2014), high Sr/Y can also be 
produced from arc magmas that contain normal water con-
centrations if they undergo fractional crystallization at high 
pressure. A comprehensive treatment of this topic is beyond 
the scope of this contribution, but it looks like it is not pos-
sible to discriminate between these two possibilities based on 
trace element signatures alone. Most of the magmas present 
at Bingham Canyon (including the ore-related latite) were 
clearly hydrous, as indicated by the common presence of 
hornblende and biotite phenocrysts. However, whether or not 
they were more hydrous than ordinary arc magmas remains 
to be tested. Unfortunately, the water content of rehomog-
enized melt inclusions from the melanephelinite cannot be 
used as a criterion, because these inclusions seem to have lost 
water (see above). An experimental study performed by Irving 
and Green (2008) on a composition similar to the Bingham 

melanephelinite (their “basanite + 10 vol % olivine” mix) 
reproduced the assemblage olivine + phlogopite + clinopyrox-
ene at 1,120° to 1,160°C and 10 to 20 kbar at a water content 
of 4.5 wt %. This water content is similar to that of primitive 
arc magmas in general (3.9 ± 0.4 wt % H2O; Plank et al., 2013). 
The phlogopites in the melanephelinite of Bingham Canyon 
have a high enough molar OH/F ratio (~4.2; Maughan et al., 
2002) to allow comparison with this F-free experimental sys-
tem. Therefore, based on these indirect constraints, we do not 
see any evidence that the magmas at Bingham Canyon were 
unusually water rich.

The mineralization potential of magmas may also be affected 
by the content of other volatiles, in particular by the availability 
of chlorine, because this element promotes the partitioning of 
Cu and Au into the exsolving fluid phase (e.g., Candela and 
Holland, 1984; Zajacz et al., 2010). Electron microprobe analy-
ses of rehomogenized melt inclusions from the melanephelinite 
at Bingham Canyon suggest fluorine and chlorine concentra-
tions of 3,300 to 6,900 and 2,100 to 2,600 ppm, respectively. 
Three out of the five presumably barren arc magma systems 
plotted in Figure 11b show similar chlorine contents; hence, 
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the melanephelinite magma of Bingham Canyon does not seem 
to have been unusually chlorine rich. Although chlorine con-
centrations are likely to be affected by volatile fluxing, there is 
no evidence that major amounts of chlorine are stored in solid 
phases in intermediate to felsic magmas. However, chlorine 
contents of felsic melts commonly are similar to those of mafic 
melts (e.g., Webster, 2004; Webster et al., 2015); hence, admix-
ture of felsic magmas does not necessarily result in lower Cl 
concentrations. Therefore, we believe that, in contrast to sulfur, 
the chlorine content of mafic input melts is a good approxima-
tion of the chlorine content of potentially mineralizing, inter-
mediate magmas. The same applies for fluorine. Interestingly, 
the fluorine content of the melt inclusions analyzed from the 
melanephelinite at Bingham Canyon is about an order of mag-
nitude higher than that of most data reported from barren 
systems. The only melt inclusions from barren systems with 
similarly high fluorine contents are those of potassic basanites 
from the Mexican volcanic belt (Fig. 11c). These magmas are 
interpreted to have formed by small-degree partial melting of 
phlogopite- and garnet-bearing peridotite that was metaso-
matized by slab-derived fluids (Vigouroux et al., 2008). In the 
case of Bingham Canyon, such an event of subduction-related 
metasomatism and metal enrichment in the mantle source can 
be traced back to the Early Proterozoic (Pettke et al., 2010). 
It seems unlikely, however, that the Bingham Canyon magma 
system became so productive due to elevated fluorine contents, 
as this element does not form stable complexes with Cu, Mo, 
and Au in hydrothermal fluids (e.g., Keppler and Wyllie, 1991), 
nor do fluorine contents of a few thousand ppm significantly 
affect magmatic phase relationships. The fluorine and chlorine 
contents of the mafic melt inclusions analyzed from Santa Rita 
are within the range displayed by most of the barren systems. 
Hence, there is no evidence for unusually high amounts of 
water, chlorine, and fluorine in the productive magma systems, 
except for elevated fluorine contents in the case of Bingham 
Canyon.

5. Other parameters

In view of the lack of evidence for unusually high concentra-
tions of metals, chlorine, and water in the mafic input magmas 
at Bingham Canyon, Santa Rita, and Alumbrera, other fac-
tors affecting the mineralization potential of arc magmas need 
to be considered. One such factor is the emplacement level 
of the magma chamber. If the magma chamber forms at too 
great a depth, then it is unlikely to develop structures such as 
stockwork zones or breccia pipes into which magmatic-hydro-
thermal fluids can be focused (e.g., Cloos, 2001; Richards, 
2005; Sillitoe, 2010). If the chamber forms at very shallow lev-
els, then it is likely to erupt in a catastrophic, caldera-forming 
event. Due to this, porphyry Cu-mineralizing magma cham-
bers are located almost exclusively at 5- to 15-km paleodepth 
(Sillitoe, 2010). However, numerous other subduction-related 
intrusions exposed in the North American Cordillera were 
emplaced at a similar depth range (2–10 km; Ducea and Bar-
ton, 2007), and it seems very unlikely that all of them were 
mineralized. Therefore, additional factors must be met in 
order to produce economic porphyry Cu mineralization.

Another potential key factor may be the size of the magma 
chamber. Obviously, very large amounts of magma were 
needed to supply all the Cu, Au, and Mo present in economic 

deposits if the conclusions above are correct, i.e., that the 
magmas were not exceptionally metal rich. Taking an average 
Cu content of ~70 ppm for the latite (see above) and a total 
endowment of 28.5 Mt Cu at Bingham Canyon (Mutschler 
et al., 1999), at least 150 km3 of latite magma was required to 
form this deposit. Similar minimum volumes were calculated 
by Richards (2005) for supergiant (≥10 Mt Cu) porphyry 
Cu deposits in general. Assuming an average Cu content 
of 60  ppm in andesite magmas, he calculated that at least 
100 km3 of magma was needed to supply the amount of Cu 
stored in such deposits. Actual magma volumes must have 
been considerably higher, because neither the Cu extraction 
efficiency nor the Cu deposition efficiency is 100%. Based on 
geophysical and thermal constraints, Steinberger et al. (2013) 
estimated the volume of the magma chamber beneath Bing-
ham Canyon at ~2,000 km3. Similar magma chamber vol-
umes are indicated by the size of exposed cogenetic plutons 
at the porphyry Cu deposits at Yerington, USA (~1,300 km3; 
Dilles et al., 1987), and the Highland Valley porphyry cluster, 
Canada (≥1,000 km3 if only the younger phases are consid-
ered; ≥5,000 km3 if the older phases are included; McMillan, 
2005). A rigorous comparison of magma chamber volumes 
in barren versus mineralized systems is difficult due the fact 
that, in mineralized systems, the underlying source magma 
chamber is usually not exposed, whereas in the case of large, 
exposed plutons, it is unclear whether or not a deposit once 
was present at higher levels. Furthermore, large plutons or 
batholiths commonly consist of multiple intrusions that were 
emplaced over too long a time interval to be able to interact 
with each other. In an attempt to make such a comparison, 
Cloos (2001) found that magma chambers beneath active arc 
volcanoes seldom exceed a volume of 100 to 200 km3, and 
that special tectonic circumstances are required to produce 
large upper-crustal magma chambers. The same conclusion 
was reached by Richards (2005), who pointed out that large 
magma fluxes are necessary to create large upper-crustal 
magma chambers. However, if the mineralization potential 
indeed depends critically on the size of the upper-crustal 
magma chamber, then how does this fit with the high Sr/Y 
ratio of fertile magmas, which appears to be inherited from 
processes operating in the lower crust? It would mean that the 
same circumstances that cause high Sr/Y ratios also promote 
the formation of large magma chambers in the upper crust. 
Indeed, recent work by Ducea et al. (2015) suggests that high 
Sr/Y magmas tend to form during periods of a high magma 
production rate (so-called flare-up events), which themselves 
are associated with periods of crustal thickening. Therefore, if 
it is true that large magma fluxes are necessary to create large 
upper-crustal magma chambers, then a link to the high Sr/Y 
signature of fertile magmas seems feasible.

In summary, based on the few data currently available, we 
do not see any evidence that porphyry Cu (±Au, Mo)–form-
ing magmas were systematically enriched in Cu, chlorine, or 
water compared to nonmineralizing arc magmas, nor does 
magma chamber depth (although certainly important) seem 
to be the sole factor controlling the mineralization poten-
tial. What remain from the list of potential key parameters 
mentioned in the introduction are (1) sulfur content and (2) 
magma chamber size. The former is linked to fO2 and magma 
composition, because sulfur solubility in silicate melts strongly 
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increases with fO2 and magma alkalinity (e.g., Jugo et al., 
2010; Baker and Moretti, 2011; Masotta and Keppler, 2015), 
whereas the latter may be linked to tectonic regime. Further 
work is required to constrain the effects of these parameters 
on the mineralization potential of arc magmas.

Conclusions
The results of this study suggest that the ore-related latite 
magma at Bingham Canyon was produced by mixing of ~40 wt 
% mafic magma of approximately melanephelinitic composi-
tion with ~60 wt % felsic magma of rhyolitic composition. The 
mafic magma provided the bulk of copper and gold present in 
the latite, and the mixing process resulted in the precipitation 
of ~0.3 wt % magmatic sulfides, which sequestered nearly all 
available S, Cu, and Au. Sulfur appears to have been contrib-
uted from both end members, but the felsic magma probably 
became enriched in sulfur via fluxing of volatiles from under-
plating mafic magma. Based on the abundance and compo-
sition of magmatic sulfides, the ore-related latite magma at 
Bingham Canyon is estimated to have contained 50 to 90 ppm 
Cu, 0.8 to 2.0 ppb Au, 2 to 3 ppm Mo, and ≥0.12 to 0.14 wt 
% S. The precipitation of magmatic sulfides was not detrimen-
tal to the mineralization potential because most sulfides were 
subsequently destroyed (at the magmatic or subsolidus stage), 
and thereby released their sulfur and metal content to the min-
eralizing fluids. An independent, first-order estimate of the Cu 
content of the latite magma can be obtained by taking the aver-
age Cu content of mafic, sulfide-undersaturated melt inclusions 
and diluting it with the amount of admixed felsic end member.

Applying the latter approach for two other porphyry Cu-
mineralized magma systems (Santa Rita, USA, and Bajo de 
la Alumbrera, Argentina) and several presumably barren 
magma systems suggests that the input magmas in mineral-
ized systems were not unusually rich in Cu or Cl and H2O. 
The situation for sulfur is unclear because major amounts of 
sulfur can also be provided by the felsic end member. Clearly, 
more data are needed to allow firm conclusions. If mineraliz-
ing magmas prove to be unusually sulfur rich, then this factor 
(which likely is linked to magma oxidation state and/or the 
extent of mafic magma underplating and associated volatile 
fluxing) may play a key role in the formation of porphyry Cu 
(±Mo, Au) deposits. If mineralizing magmas prove to have 
normal sulfur contents, then other parameters, such as the 
formation of unusually large magma chambers within 5- to 
15-km depth and the development of vent structures that 
enable focused fluid flow, may dominate.
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