
Journal of Geochemical Exploration 178 (2017) 45–54

Contents lists available at ScienceDirect

Journal of Geochemical Exploration

j ourna l homepage: www.e lsev ie r .com/ locate /gexp lo
Grain-scale and deposit-scale heterogeneity of Re distribution in
molybdenite at the Bagdad porphyry Cu-Mo deposit, Arizona
Christian Rathkopf a,1, Frank Mazdab a, Isabel Barton b,⁎, Mark D. Barton b

a University of Arizona Geosciences Department, United States
b University of Arizona Geosciences Department and Lowell Institute for Mineral Resources, United States
⁎ Corresponding author.
E-mail address: fay1@email.arizona.edu (I. Barton).

1 Present address: Klondex Gold, NV.

http://dx.doi.org/10.1016/j.gexplo.2017.03.011
0375-6742/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 21 August 2016
Revised 5 February 2017
Accepted 26 March 2017
Available online 28 March 2017
Electron microprobe analysis of Re concentration in molybdenite grains in 45 samples from 11 rock units at the
Bagdad porphyry Cu-Mo deposit found high variability from the grain to the deposit scale. Measured Re concen-
trations range from b15 to 4450 ppm and do not correlate with rock unit, age, alteration type, ore grade, proxim-
ity to ore, or other observed geological feature. Variability within samples and within grains is nearly as high as
variability over the deposit. Within 23 grains of molybdenite from a single 2-cm-long sample, Re content varied
from b15 to 1215 ppmRe.Within single grains the Re content ranges just aswidely (e.g. 20 analyses on one grain
vary from 44 to 2061 ppm), with intra-grain relative standard deviation (RSD) typically N0.5 and in some cases
N1. Althoughmicroprobemaps show that the Revariation in some crystals correlateswith growth-related zoning
to a limited extent, there was no pattern to the variation in most of the molybdenite grains and the few zoned
examples had no clear sector or consistent oscillatory textures.
Based on our current understanding of trace element incorporation during hydrothermal molybdenite growth,
this evidently heterogeneous distribution of Re in molybdenite precludes the use of microprobe spot measure-
ments of Re as a vector to mineralization, which was the original focus of this study. A follow-up analysis by
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) using spot diameters of 150 μm re-
duced the observed intra-grain variability from1.67 to 1 order of magnitude, but still failed to yield data that cor-
related with any known geological features. This suggests that any further work toward using molybdenite Re
content as a vector to mineralization should either focus on whole-grain methods of analysis or else should
use detailed microprobe mapping of molybdenite growth zones to guide point analyses, and then correlate the
growth zones in molybdenite samples taken over distance through the deposit. This approach could help shed
light on how the development of heterogeneous Re concentrations on the micro-scale relates to the processes
of molybdenite precipitation and alteration.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Purpose of this study

Rhenium can be an important minor or trace element in porphyry
deposits, sometimes concentrating in sufficient quantity to form an eco-
nomic byproduct. Its abundance in the porphyry ore-forming system,
and its incorporation into molybdenite and other minerals, are thought
to depend on the rock type, metal grade, and other geochemical factors
(Berzina et al., 2005). Because of its dependence on system chemistry,
we thought that molybdenite Re content might vary systematically
with respect to ore grade, distance to mineralized rocks, or location in
a mineralized system. Thus, the original objective of this project was
to assess the potential of Re concentration and patterns of variation in
molybdenite as a vector to high-grade molybdenite mineralization in
porphyry deposits, using the Bagdad porphyry Cu-Mo deposit in
Arizona as a case study. A secondary objective was to identify how Re
concentration in molybdenite relates to different rock and alteration
types and to relative timing of individual Mo mineralization events,
thereby elucidating the geochemical factors that affect the behavior of
Re in hydrothermal systems – a topic of considerable recent research
and even more considerable remaining uncertainty. Lastly, the descrip-
tion of Re variability within single deposits can help provide context for
compilations detailing the variability of known Re concentrations in
molybdenite at ore deposits worldwide (e.g. Berzina et al., 2005),
many of which show a large variation in molybdenite Re content across
deposit types but which tend not to be scaled to an assessment of how
Re varies at smaller scales such as within deposits.
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1.2. Geochemical background on Re in molybdenite

Rhenium is one of the scarcest elements in the earth's crust, with an
average abundance of 0.5 ppb (Taylor and MacLennan, 1985). Higher
concentrations are found primarily in hydrothermal systems, as Re be-
haves incompatibly in silicate melts and minerals (Li, 2014) and prefer-
entially enters fluid phases. In magmatic-hydrothermal systems, Re
enters the vapor phase as rhenic acid (H2ReO4), comparable to the
molybdic acid (H2MoO4) that molybdenum forms when it, also incom-
patible, enters the vapor phase (Candela and Holland, 1986; Bernard et
al., 1990). Molybdenite that precipitates tend to incorporate Re in
isovalent substitution forMo4+, sometimes in concentrations up to sev-
eral weight percent (Voudouris et al., 2013). A few volcanic-sublimate
systems and one porphyry deposit are also known to contain small
amounts of end-member rheniite (ReS2) (Voudouris et al., 2009,
2013). Thus Re concentrations in molybdenite vary by 7–8 orders of
magnitude globally (e.g. Berzina et al., 2005; Jonasson et al., 2009;
Sinclair, 2013). Microchemical studies by Kosler et al. (2003) and
Selby and Creaser (2004) have found that the distribution of Re within
individualmolybdenite grains is highly heterogeneous aswell, with var-
iation approaching 3 orders of magnitude.

The geochemical reasons for this multi-scale variability are uncer-
tain, and have lately been a focus of increasing research because of its
potential impact on Re-Os dating. The current hypotheses to explain
the variability can be summarized as (1) different Re concentrations in
the magma or devolatilizing slab that produced the magma (Sun et al.,
2004), (2) different amounts of boiling in the porphyry system
(Candela and Holland, 1986); (3) different oxidation states of the
magmas (Berzina et al., 2005), (4) variable rates and temperatures of
degassing in magmas (Gannoun et al., 2015). However, there is only a
minimal understanding of how much of this variation can be found
within individual ore deposits and individual grains. This study is one
attempt to help constrain both these parameters at a large porphyry
Cu-Mo deposit in Arizona.
Fig. 1. Simplified location and geologic map of the Ba
1.3. Geological background on Bagdad

The Bagdad porphyry Cu-Mo deposit is situated in west-central Ari-
zona approximately 100miles northwest of Phoenix (Fig. 1). It is one of
the largest Cu-Mo deposits in the United States, having an estimated
metal endowment (production and reserves) of 14.5 metric tons of Cu
and 0.7 metric tons of Mo (Leveille and Stegen, 2012). The reserve is
1.25 Gt of 0.33% Cu and 0.02% Mo (Freeport-McMoRan 10-K report,
2015). First discovered in the late 19th century, mining began in 1887
for gold, silver, and lead, with minor zinc production. The initiation of
large-scale mining of copper commenced in 1929 with block caving of
a chalcocite blanket, then in the 1940s to open pit mining of hypogene
ore that continues to the present. Bagdad currently produces copper
and molybdenum with accessory silver and rhenium.

The country rocks in the Bagdad area form a fault-dismembered syn-
cline of Proterozoic metavolcanics and metasediments known as the
Yavapai Series, intruded by Mesoproterozoic plutonic rocks having
compositions ranging from gabbro to rhyolite, but the largest intrusions
in proximity to themine are the Lawler Peak granite and an alaskite por-
phyry stock (Anderson et al., 1955; R. Jenkins, unpubl. data, 2015). Some
of the Proterozoic volcanic rocks host volcanogenic massive sulfide de-
posits that were in operation into the early 1980s (Robison, 1987).
Overlying the Proterozoic rocks is the Cretaceous Grayback Mountain
welded rhyolite tuff (Anderson et al., 1955; R. Jenkins, unpubl. data,
2015). Following deposition of the Grayback Mountain, the area was
successively intruded by monzonitic, dioritic and rhyolite stocks and
dikes (Anderson et al., 1955; R. Jenkins, unpubl. data, 2015). The Gila
conglomerate and several flows of Neogene volcanic rocks form the
top of the section.

The Bagdad porphyry Cu-Mo mineralization is centered within a
quartz monzonitic-granodioritic stock that was intruded by a large
dike-like body of monzogranite and granodiorite. The monzonitic
stock and dike form an elongated intrusion complex that is oriented
northeasterly and comprise the majority of the rocks exposed within
gdad area, modified from Anderson et al. (1955).
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the open pit and are themajor host rocks for the Cu andMo in reserves.
Emplacedwithin these stocks and cutting the stockwork Cu-Mo veinlets
are rhyolitic and granitic plugs, some of which have coeval breccia bod-
ies containing weak Zn and Pb occurrences (Anderson et al., 1955; R.
Jenkins, unpubl. data, 2015). These intrusion age relationships are
broadly consistent with what age data exist: four U\\Pb zircon ages of
73 ± 2 Ma overlap with molybdenite Re-Os ages of 71.8 ± 0.2 (2σ)
and 75.9 ± 0.2 (2σ) Ma and indicate a Cretaceous age for the diorite
and quartz monzonite porphyries (Re-Os dates from Barra et al., 2003;
zircon ages funded by Freeport through the University of Arizona that
are reported by J.D. Mizer, written communication to C. Rathkopf,
2015). The distribution and character of the Cu-Momineralization indi-
cate the monzonitic stock and dike complex have a strong spatial rela-
tionship to hypogene mineralization (Freeport unpub. data), and were
advocated by Anderson (1950) and Lang and Titley (1998) as the pro-
genitors of the system. Supergene leaching, oxidation, and enrichment
of the hypogene ores formed presumably in the Tertiary and were the
covered by Gila Formation sediments and basalt flows (Anderson,
1950).

1.4. Veins and alteration

Themineralization and alteration at Bagdad consists principally of K-
silicate assemblages. Situated on the periphery are sericitic veins con-
taining low amounts of pyrite. The earliest veins are quartz, some with
thin K-feldspar halos that are devoid of sulfides and have a restricted
distribution near the central areas of the monzonitic rocks. These were
followed by a more wide-spread style of pervasive-dominant assem-
blages consisting of biotite and k-feldspar that replaced the groundmass
and primary biotite and amphibole. Quartz veinlets containing variable
amounts of chalcopyrite and pyrite are central to and within the perva-
sively-replaced rocks. Cross cutting are quartz-chalcopyrite-pyrite vein-
lets with k-feldspar and biotite selvages and chalcopyrite in thin
veinlets that comprise the majority of the Cu-bearing stockwork vein-
lets in the deposit. The molybdenite-bearing veinlets are generally
later and occur with quartz in stockwork veinlets having K-feldspar sel-
vages, and some contain accessory chalcopyrite, magnetite, and pyrite.
A distinctive occurrence of Mo is within 2–10 cm-wide veins consisting
of fine, then later coarse molybdenite localized along vein margins with
drusy and coarse quartz in the vein center. Chalcopyrite is a variable
constituent and is commonly seen as 0.5–2 cm sized crystals within
quartz. The Mo-bearing veins have thin sericitic halos and generally
occur in the upper areas of the Mo stockwork veinlets within
monzonitic intrusions. Molybdenite also occurs in minor quantities
along joints and faults as “paint” above the area characterized by Mo-
bearing stockwork veinlets. Situated outward of the K-silicate alteration
and within the post-hypogene granite-rhyolite bodies are quartz-
sericite-pyrite veinlets and halos. Though not documented in the litera-
ture, Freeport geologists have interpreted drilling data and block grades
to represent multiple Mo shells (R. Stegen, unpub. data, 2017).

Literature data on Bagdad are scanty and not always consistent with
Freeport's records of pit geology. Barra et al. (2003) described three
types ofmolybdenite-bearing veins at Bagdad: 1)molybdenite veinlets;
2) quartz-molybdenite veins; and 3) quartz-molybdenite-chalcopyrite-
pyrite veins. Themolybdenite veinlets, though themajorMo source, are
the rarest and thinnest at b3mmwide. The sample suite contained only
6 examples of this vein type, none of which was analyzed owing to the
difficulty of cutting and polishing the sample surface sufficiently ensure
a good analysis. The veinlets of this type could be the same as the mo-
lybdenite sheen or paint on fault surfaces that Anderson et al. (1955)
described. The quartz-molybdenite or train-track veins occur in all
rock types except for breccias and vary in width from 1 to 14 mm. The
molybdenite occurs in grain size ranging from microscopic to N1 cm
and displays a wide variety of textures, ranging from localization at
vein margins to growth across the vein to graphic intergrowth with
quartz. The paragenesis of quartz-molybdenite veins and molybdenite
veinlets could not be ascertained from the samples in this study, though
Freeport-McMoRan geologists believe themolybdenite veinlets predate
the quartz-molybdenite veins (R. Stegen, unpubl. data, 2017). These
may be the quartz-molybdenite-orthoclase-pyrite veins of Anderson
et al. (1955), with the orthoclase and pyrite not described; however,
no orthoclase nor pyrite turned up in samples of these veins over the
course of this study, and Barra et al. (2003) do not mention orthoclase
or pyrite in quartz-molybdenite veins. The quartz-molybdenite-chalco-
pyrite-pyrite veins, which Barra et al. (2003) identified as the youngest
of the three molybdenite-bearing vein types, vary in width from 1 to
12 mm and display textures similar to those of the quartz-molybdenite
veins, with chalcopyrite and pyrite making up b5% of the vein volume.
Given that the samples for this study were chosen precisely because
they contained molybdenite, these quartz-molybdenite-chalcopyrite-
pyrite veins may represent sections of the quartz-pyrite-chalcopyrite
veins located close to intersections with molybdenite-bearing veins,
such as Anderson et al. (1955) described.

Alteration affects most of the rocks at Bagdad, especially the quartz
monzonite stocks that host mineralization. Potassic alteration is coex-
tensive with mineralization (Anderson et al., 1955) and is present to
varyingdegrees in all the samples examined in this study. Intense potas-
sic alteration observed, regardless of lithology, consists of secondary or-
thoclase completely replacing primary feldspars in vein envelopes 1 to
5 mm thick and to a lesser extent in the host rock, along with igneous
biotite and hornblende replaced by secondary shreddy biotite. In
zones of moderate potassic alteration, this shreddy biotite replaces
mafic minerals and orthoclase only partly replaces the feldspars. The
potassic alteration at Bagdad tends to be spatially associated with the
molybdenite veinlets.

Sericitic alteration is less common at Bagdad than potassic alteration
but is locally significant as quartz-sericite-pyrite alteration in the rhyo-
lite plugs and breccia, and as selvage to the molybdenite veins.
Anderson (1950) suggested that the periods of sericitic alteration and
molybdenite deposition were essentially coeval, which is consistent
with the observations made in this study. This form of alteration gener-
ally consists of sericite replacing K-feldspar and plagioclase and sericite-
chlorite replacing biotite; however, the chlorite may be a remnant of
earlier potassic alteration rather than a product of sericitic alteration.
Geographically sericite is most abundant in the upper and outer sectors
of the Bagdad deposit. Intense quartz-sericite-pyrite alteration occurs in
several samples used in this study (Appendix Table 1).

2. Methods

The vein and alteration assemblages of 45 samples collected from
drill core and outcrops, representing 12 different molybdenite-bearing
lithologies, were described using conventional hand-sample examina-
tion techniques (Appendix Table 1). These were supplemented with
staining for K and Ca by conventional methods and followed by exami-
nation via backscattered electron imaging and energy-dispersive spec-
troscopy on a JEOL 6010LA benchtop scanning electron microscope.
Once sample characterization was complete, molybdenite-bearing
pieces were cut for 1″ round epoxy mounts, polished, and carbon-coat-
ed. Rhenium variability was determined by combining standard spot
analyses with core-to-rim transects across grains, and with grids cover-
ing entire grains or large parts of grains. This was supplemented by mi-
croprobe WDS mapping of Re distribution in selected samples.

Analysis of Re content was conducted using the University of Arizo-
na Cameca SX100 electron probe microanalyzer (EPMA) with five
wavelength-dispersive spectrometers. For all spot analyses, beamdiam-
eter was ~1 μm, accelerating voltage was 25 keV, and beam current on
the Faraday cup was 800 nA. Before each round of analyses, the spec-
trometers were calibrated against Re and W metal standards. Re Mα
was measured simultaneously on all five spectrometers for 240 s,
followed by a similar but shorter (60 s) measurement of W Mα, and
the total counts for each element were summed for all spectrometers



Table 1
Results ofmicroprobe analysis, showing averagemolybdenite Re concentrations and stan-
dard deviations for samples.

Sample ID n, grains n, analyses Avg. Re, ppm SD (Re)

MR13001 3 3 174 152
MR13002 3 3 120 55
MR13003 6 6 235 206
MR13004 5 13 248 165
MR13005 23 23 365 333
MR13006 3 10 163 47
MR13007 3 3 198 44
MR13008 2 23 448 79
MR13009 3 3 117 36
MR13010 3 3 142 123
MR13011 2 10 186 100
MR13012 3 9 161 55
MR13013 3 4 57 17
MR13014 7 11 316 160
MR13015 5 9 318 165
MR13016 3 9 325 165
MR13017 5 13 251 163
MR13018 3 3 174 75
MR13019 3 3 204 204
MR13020 1 6 523 368
MR13021 1 6 120 112
MR13022 6 6 298 112
MR13023 4 8 292 245
MR13024 5 7 93 52
MR13025 2 3 2600 2642
MR13026 1 2 157 71
MR13027 4 7 635 475
MR13028 5 9 172 123
MR13029 3 3 125 47
MR13030 3 6 406 55
MR13031 3 3 76 19
MR13032 3 3 77 48
MR13033 9 17 711 378
MR13034 3 3 354 262
MR13035 3 3 120 127
MR13036 3 3 328 80
MR13037 1 9 183 166
MR13038 3 9 123 68
MR13039 5 9 103 86
MR13040 1 8 209 112
MR13041 1 11 506 552
MR13042 2 7 397 60
MR13043 3 3 101 59
MR13044 3 9 447 212
MR13045 3 3 652 484
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to improve overall counting statistics and detection limits. This reduced
the average standard deviation to 19ppmRe and32ppmWper analysis
and the average 2σ detection limit to 15 ppmRe and 26 ppmW. For the
PAP corrections, the matrix was assumed to be stoichiometric MoS2
(40.05 wt% S and 59.95 wt% Mo). In total, 324 microprobe analyses
were conducted. Standard deviations and limits of detections are pre-
sented in Appendix Table 2.

Tests on calcite, quartz, galena, and zincite revealed potentially sig-
nificant interferences between Ca Kα2 and Re Mα, Si Kβ and Re Mα,
Pb Mz and Re Mα, and Zn Kα and Re Lα respectively. The Re Lα peak
could not be used because of a virtually 100% overlap with the Zn Kα.
Table 2
Comparison of the observed variability of Re concentration in molybdenites as measured
by electron microprobe versus LA-ICP-MS.

EPMA LA-ICP-MS

Sample Avg. Re, ppm σ2 Re n Avg. Re, ppm σ2 Re n

MR13001 175 152 3 45 34 11
MR13002 120 55 3 16 6 11
MR13008 496 570 23 143 67 32
The presence of Ca, Pb, and Si had lesser but noticeable effects on Re
Mα with overlaps of 5%, 1% and 0.2% respectively. Spot testing showed
that so long as the Re Lα peak was not used, the effects of the interfer-
ences were generally negligible: areas of high Re in WDS maps
corresponded to highRe in spot analyses, and low-Re areaswere consis-
tently low in Si, Ca, Pb, and Zn as well as Re. The interferences could be-
come significant only at the edges of molybdenite grains, where
scattering of the electron beam into surrounding matrix material rich
in the interfering elements could produce apparent high Re counts.

Follow-up LA-ICP-MS analysis of three of the same molybdenite
grains was conducted at the Lowell Institute for Mineral Resources lab
on a ThermoFinnigan Element2 hooked up to a Cetac LSX-213 laser ab-
lation unit. This was undertaken as a feasibility study to find outwheth-
er analysis of a larger area could smooth out the intra-grain Re
heterogeneity and potentially yield traceable geological trends. The
laser spot size used was 200 μm, with 75% energy, a repetition rate of
20 Hz, and constant focus on the sample surface. Helium and argon
were used as LA and ICP carrier gases with flow rates of 700 mL/min
and 1.2 L/min respectively. Limits of detection for Re were consistently
0.005 ppm or lower. The background signals were measured for 40 s
prior to ablation and washed out for at least 1 min after the laser was
turned off. We used the NIST610 glass as an external standard and ana-
lyzed the Po724M standard along with molybdenite for external con-
trol. Data were extracted from the computer as raw intensities and
were reduced using the SILLS program (Guillong et al., 2008) with stoi-
chiometric Mo as an internal standard. Except for one analysis with 25%
relative error, all relative errors on the samples were b10%.
3. Results

The results, showing Re concentrations in individual analyses and
average Re content of each sample, are given in Table 1. Tungsten con-
centrations were commonly below detection limits and are not report-
ed here; the minority of reliable W concentrations showed no
correlation with Re.
Fig. 2. Photograph of sample MR13005 from the altered porphyry quartz monzonite, with
superimposed circles whose areas correspond to Re ppm inmolybdenite grains, tabulated
at right.



Fig. 3.Microprobe fence across amolybdenite grain in sampleMR13044, showing the variability in Re content and the lack of zoning in the backscattered electron image. Numbers beside
spots are Re content of each, in ppm.
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3.1. Variation of Re content within samples

With a semivariogram, the correlation distance of Re concentration in
molybdenite was found to be b2 mm – that is, the Re concentration in a
molybdenite grain does not correlate better than random with the Re
concentration in anymolybdenite grain locatedN2mmaway. The relative
standard deviation (RSD) on all Bagdadmolybdenite grains averaged 0.58
and had a maximum of 1.16, indicating a very high standard deviation
compared to arithmetic mean. Fig. 2 shows a typical example in which
the 23 grains analyzed varied from b15 to 1215 ppm Re despite all
being potassically altered quartz-molybdenite veins in the porphyritic
quartzmonzonite. Transects of analyses across single grains large enough
formultiple analyses indicate a seemingly randomvariation in Re concen-
tration across each grain (Fig. 3). This variation, in one case, ranged from
44 to 2061 ppm in a grain 15mmacross. It is apparently random, as back-
scatter imaging grains analyzed foundno cores or rims andno evidence of
zoningwithinmost of themolybdenite crystals, and there was no consis-
tent trend toward higher or lower Re from the centers to the edges of
grains (Fig. 4). Patterns to Re content within grains were found in only a
very few grains like the one in Fig. 5, in which Re content appears to fol-
low an oscillatory or growth-zoned pattern. In virtually all of these cases,
Re was enriched in the rim compared to the center of the grain.

The LA-ICP-MS analysis of samples MR-13001, -13002, and -13008
reduced the variability of Re concentration within single grains only
slightly (Table 2). The measured Re concentrations within single grains
spread over 1 order of magnitude, and the standard deviations of the Re
contents ranged from 45 to 82% of the corresponding means.
Fig. 4. Comparison of core-to-rim transects across molybdenite grains in 4 different
mounts, showing that the only consistent trend is a tendency for rims to be enriched in
Re relative to cores of grains in a majority of samples.
3.2. Variation in Re content of molybdenite in the deposit

Digital Appendix A and Appendix Table 1 tabulate the 324 EPMA
analyses of Re concentration in Bagdad molybdenite, which are plotted
for each igneous rock type in Fig. 6. Over the deposit, molybdenite Re
concentration varies from b15 to 4450 ppm with an average of
337 ppm. Among the intrusive lithologies tested, the granite porphyry
had the highest average molybdenite Re content at 702 ppm (Table
1), but the highest individual Re analysis (4456 ppm Re) came from a
molybdenite grain in a porphyritic quartz monzonite breccia with an
overall average Re content of 664 ppm. Themolybdenites from the com-
posite quartz monzonite and the Precambrianmafic hosts had the low-
est average Re at 148ppm for both. Thus there is no evident relationship



Fig. 5.MicroprobeWDSmaps of the Re Mα peak in a grain in sample MR13027, showing
one of the few examples in which Re content correlates with growth-related zoning.
Levels were adjusted in Photoshop to increase the contrast and the picture was cropped
to a smaller size.
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between the %Si of the host rock and the Re content of the molybdenite
at Bagdad.

The distribution of molybdenite Re concentrations over the Bagdad
deposit and around the orebody is also erratic (Fig. 7) and does not cor-
relate with elevation in the deposit, distance to ore, proximity to high-
grade, or other spatial characteristics. Low-Re and high-Re molybde-
nites may occur near one another, and there is no observable trend of
high or low Re in any direction.

Molybdenite Re content showed similar unsystematic variation
among different vein and alteration types. Quartz-molybdenite veins
had molybdenites ranging from 78 to 489 ppm average Re, compared
to a range of 171 to 318 ppm average Re in molybdenites from quartz-
molybdenite-pyrite-chalcopyrite veins. Among rocks with different al-
teration types, the molybdenite Re concentrations are even more
scattered (Fig. 8). Sericitically altered samples had averagemolybdenite
Re varying from 78 to 1041 ppm, compared to a range of 228 to
Fig. 6. Violin plot of the measured distribution, median, average (±1σ), and quartiles of mo
monzonite, QBx = quartz breccia, PQMBx = porphyry quartz monzonite breccia, PQM= por
schist, pCMa = Mafic Precambrian unit, LPG = Lawler Peak granite, GrP = granite porphyry, C
489 ppm average Re for molybdenite grains from potassically altered
rocks (Rathkopf, 2015). In rocks that had been subjected to both sericitic
and potassic alteration, the averagemolybdenite Re concentrations var-
ied from 169 to 318 ppm. The highest-Re molybdenite (1041 ppm) in
any of the alteration-related features came from the matrix of the por-
phyritic quartz monzonite breccia, which had been potassically altered,
but this breccia was present in only one sample.

4. Discussion

The original intent of this study was to correlate molybdenite Re
content to salient geological features of the Bagdad deposit. The results
show no recognizable relationship betweenmolybdenite Re concentra-
tion and host lithologies, vein assemblages or timing, alteration types,
distance to ore, or metal grades, but they do offer some insights into
the level and scale of the heterogeneity of Re distribution at multiple
scales.

4.1. Distribution of molybdenite Re concentrations at Bagdad

The lack of observable correlation between molybdenite Re concen-
tration and variability and any geologic features of Bagdad contrasts
with thefindings of previous studies of the distribution of Re concentra-
tions in molybdenite from porphyry deposits. There are several exam-
ples, from porphyries and related ore systems, in which different
molybdenite Re concentrations within grains or over the deposit are
clearly linked to multiple events. At the Salobo iron oxide-copper-gold
deposit in the Carajas belt of Brazil, multiple episodes of mineralization
produced molybdenite with disparate Re contents (Requia et al., 2003).
At the Boddington Cu-Au deposit (New South Wales, Australia), differ-
ent Re concentrations in molybdenite are clearly associated with two
different mineralizing events (Stein et al., 2001b). Rhenium concentra-
tion in molybdenite follows a similar temporal pattern at Cadia Quarry
(New South Wales, Australia), where the older of two mineralizing
events produced molybdenite with higher Re concentration than the
younger (Wilson et al., 2007). At Pagoni Rachi, two of the observed
vein types contain molybdenite. All the molybdenite at Pagoni Rachi is
very high in Re, but the highest Re values are found in the latest molyb-
denite, which probably crystallized during the system's transition from
lybdenite Re concentration for each of the lithologies present at Bagdad. QM = quartz
phyry quartz monzonite, PcSil = Sillicicic Precambrian units, pcMs = Precambrian mica
QM = composite quartz monzonite, Alp = alaskite porphyry.



Fig. 7. Three-dimensional plot of Re concentrations across the Bagdad deposit. Circles are average molybdenite Re concentrations for each sample. Gray dots represent the 2-D plane
projections corresponding to the 3-D sampling locations.
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the porphyry to the epithermal environment (Voudouris et al., 2009,
2013). Ciobanu et al. (2013) found a similar pattern at the Hilltop de-
posit in Nevada, USA, with Re concentrating to higher levels in the mo-
lybdenite precipitated from a late hydrothermal episode than it had in
the molybdenite that formed earlier, although the late hydrothermal
molybdenite at Hilltop is not necessarily related to the development of
an epithermal system. At the Sar Cheshmeh deposit in Iran, the oldest-
generation (quartz-molybdenite) veinlets contain the least Re, and the
molybdenite Re content increases over time (Aminzadeh et al., 2011).
However, Aminzadeh et al. (2011) contend that the Re content of mo-
lybdenite is also partly a factor of elevation in the ore-forming system.
There is more Re in molybdenite crystals in samples taken from higher
elevations in the deposit, corresponding to lower temperatures and pH
values than are found at depth (Aminzadeh et al., 2011). However, the
coefficient they calculated for the correlation between Re content and
elevation is 0.54 and includes molybdenite from both the granodiorite
stock itself and the crosscutting andesite dikes. Although their data are
scattered, it is possible that both elevation and temporal sequence influ-
ence the eventual Re concentration in molybdenite at Sar Cheshmeh
and likely at other porphyry deposits. The Voznesensk porphyry deposit
may have undergone a similar time-based variation in molybdenite Re
content, as documented by Grabezhev and Voudouris (2014).

It is difficult to relate our results at Bagdad to either temporal se-
quence or elevation aswas done for Sar Cheshmeh, Boddington, Hilltop,
Pagoni Rachi, Cadia Quarry, Voznesensk, and Salobo. At Bagdad the dif-
ferentmolybdenite generations identified do not correlate with Re con-
centration (Table 1), nor do they correlate with elevation in the deposit
(Fig. 7). Although zoning, when present, typically shows Re enrichment
inmolybdenite rims compared to cores, themajority of grains examined
had no consistent zoning patterns. It is possible that there was no
systematic variation in the Re content of the ore-forming fluid over
time at Bagdad, as evidently occurred at porphyry deposits that do ex-
hibit clear trends, and that the geologic history of Bagdad left no corre-
lations to observe. Another possibility is that there is some systematic
character to the variation in molybdenite Re content at Bagdad and
that it does correlate with lithology, alteration type, or other geological
features, but that it escaped detection in this study because the concen-
tration distributions thatwould yield themare not visible at the ~5 μm3-
scale activation volume of our microprobe analyses or the 200-μm scale
of the LA-ICP-MS spot. Some variability could also have been an artifact
of the 800 nA current used duringmicroprobe spot analyses. Particular-
ly for the thinner blades of molybdenite, this could have caused second-
ary fluorescence in adjacent Ca, Pb, Si, and Zn minerals, whose
characteristic X-rays would contribute to the Re peak. However, these
could contribute at most a few tens of ppm Re, which is far below the
measured Re variability even within single grains, so we conclude that
the observed intra-grain heterogeneity is a real feature.

4.2. Causes of grain-scale Re heterogeneity in molybdenite

Thatmolybdenite Re content is heterogeneous at the sub-grain scale
is well documented in the literature (e.g. Stein et al., 2001, 2003; Kosler
et al., 2003; Selby and Creaser, 2004). The Bagdadmolybdenite displays
intra-grain variability in Re content comparable to the molybdenite at
Pagoni Rachi, Hilltop, and the other deposits where Re distribution in
molybdenite has been studied. The original source of this variability is
uncertain but is likely related to the overall abundance of Re in the
ore-forming system. Since virtually no other common or accessorymin-
eral can accommodatemore than trace Re4+, nearly all Re present in the
ore-forming system enters molybdenite. Rekharskiy et al. (1984)



Fig. 8. Scatter plots showing the variation in average Re concentration with qualitative intensity of (a) potassic and (b) sericitic alteration.
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established that molybdenite accommodates Re contents greater than
~6500 ppm by forming a two-phase disulfide with discrete, irregularly
distributed Mo-rich and Re-rich zones, or else by converting some pre-
existing zones of MoS2 to an intermediate Re-rich phase (consistent
with the suggestion of Newberry, 1979). This is supported by recent
NTIMS and TEM studies that have found that Re forms local high-Re
zones rather than being evenly distributed through molybdenite
(Kosler et al., 2003; Selby and Creaser, 2004). The reason for this is ob-
scure, since EXAFS work has shown that the charge, ionic radii, and
bond lengths in MoS2 and ReS2 are identical and Re is therefore not
forced into its own zones by any of these constraints (Takahashi et al.,
2007). The answer could lie in the different coordination polyhedra of
molybdenite and rheniite. Both are based on sheets of MS2 in which
the metal M4+ is in sixfold coordination with sulfur, but since Mo4+ is
a d2 ion and Re4+ is a d3 ion, Mo4+ is coordinated in trigonal prismatic
form whereas Re4+ in rheniite is octahedral (Dickinson and Pauling,
1923; Murray et al., 1994; Gong et al., 2013). Thus molybdenite is hex-
agonal but rheniite is triclinic. If significant amounts of Re must be in-
corporated in molybdenite, exsolution into local high-Re zones may be
energetically favored over an even distribution of Re throughout the
crystal and the attendant structural distortions.

What controls the Re content of the ore-forming system, in turn, is
uncertain (Berzina et al., 2005). Candela and Holland (1986) suggested
that the determining factor was the extent and frequency of boiling in
the magmatic-hydrothermal system, which was largely a function of
depth of emplacement. However, most porphyries form at roughly sim-
ilar depths and all contain evidence for extensive boiling (Seedorff et al.,
2005), so depth and number of boiling episodes are unlikely to be the
single controlling factor. The composition of the parent magma may
play a role, as Sun et al. (2004) have measured varying Re contents in
magmas of different compositions. This conclusion is supported by
Ishihara (1988) and Berzina et al. (2005), who found generally higher
Re contents in molybdenites formed in intermediate systems, but the
overlap between Re concentrations in intermediate compared to felsic
systems is large. Related to this, another suggestion is that Re content
is controlled by oxidation state and other physico-chemical conditions
of metal transport, which govern the efficiency of Re partitioning into
the volatile phase (Bernard et al., 1990; Xiong andWood, 1999). Further
assessment of these hypotheses is beyond the scope of the paper, as an
analysis of Re concentration in molybdenites from different systems
would be required to address them properly.

Another possibility is that post-formation processes have rearranged
an originally homogeneous distribution of Re in molybdenite. This pos-
sibility is easier to assesswith the available data from Bagdad, which in-
dicate that the level of heterogeneity in molybdenite Re concentrations
may decrease or stay the same over time depending on the processes at
work (Selby and Creaser, 2004; Grabezhev and Gmyra, 2012).
Grabezhev and Voudouris (2014) present an example from Voznesensk
inwhich Re distribution closely tracks oscillatory zoning in the hostmo-
lybdenite, suggesting it is an original texture that survived epigenesis
and that overall Re concentration in the grains have not changed (a sim-
ilar texture to the one depicted in Fig. 5). Conversely, McCandless et al.
(1993) clearly demonstrated the potential for overall Re loss from mo-
lybdenite during alteration at Arizona porphyry deposits, and Stein
(2006) documented a case of Re loss bymetamorphism in Scandinavian
granites. No one has postulated that Re content in molybdenite can in-
crease over time, but the evidence for local gains and losses within indi-
vidual crystals is clear: Aleinikoff et al. (2012) and Plotinskaya et al.
(2015) document evidence for the metamorphic and epigenetic redis-
tribution of Re in molybdenites in a Hudson Highlands paragneiss and
in the Mikheevskoe porphyry respectively. At Mikheevskoe the alter-
ation homogenized the Re distribution in molybdenites, whereas at
Hudson Highlands the granulite-facies metamorphism segregated Re,
V, W, and Pb into distinct abundances in cores and rims (Aleinikoff et
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al., 2012; Plotinskaya et al., 2015). Other than these, not much informa-
tion is available on the redistribution of Re within molybdenite, since
most attention has focused on Os redistribution and loss, which has a
greater impact on Re-Os dating (Kosler et al., 2003; Selby and Creaser,
2004).

Bagdad has not been metamorphosed, so the kind of redistribution
described by Stein (2006) or Aleinikoff et al. (2012) is unlikely to have
occurred. However, Re redistribution by epigenetic processes is possible
andwould be consistentwith the Re loss described inmolybdenite from
Arizona porphyries by McCandless et al. (1993). Both hypogene ore-
forming and epigenetic ore-altering processes can cause heterogeneity
in Re distribution in molybdenite, and in the absence of textures such
as Aleinikoff et al. (2012) describe, their effects are virtually indistin-
guishable. At Bagdad, with the sole exception of the crystal in Fig. 5,
none of the heterogeneity is clearly related to hypogene or epigenetic
processes and the observed intra-grain Re variability could represent
the combined effects of both.

The results of this study are not, therefore, conclusive except that
they document a very high level of heterogeneity from the grain to
the deposit scale, and show that little of this variation can be clearly
tied to geological processes or features. This suggests that the use ofmo-
lybdenite Re concentration as either a vector to mineralization or a
proxy for the geological history of an ore deposit should either focus
on whole-grain analysis of Re content or on correlating observed Re
growth zoning over distance. Relating these to geological features
could help lead to a better understanding of the processes that formed
the porphyry ores and that altered them after their formation.

5. Conclusions

An electron microprobe study of Re distribution in molybdenite at
the Bagdad porphyry Cu-Mo deposit shows high variability at scales
from millimeters to kilometers. The average Re content of molybdenite
grains varies from b15 to N4450 ppm Re without discernible relation-
ship to rock unit, age, vein assemblage, alteration type, ore grade, prox-
imity to ore, or other geological characteristics of the deposit. Variation
in molybdenite Re content within single samples was nearly as large,
with a range of 1200 ppm over a distance of b1 cm.Within single grains
ofmolybdenite the Re concentration varied by up to 2046 ppm,without
discernible zoning, cores, or rims except for one crystal with visible
growth zones.

This contrast with findings at other porphyry deposits, where stud-
ies have successfully linked deposit-scale molybdenite Re content to in-
dividual mineralizing events (Boddington, Hilltop, Cadia Quarry, Pagoni
Rachi) or to elevation in the ore-forming system (Sar Cheshmeh). Al-
though grain-scale examinations have shown connections between
molybdenite Re concentration and igneous history (Voznesensk) or
the sequence of alteration overprints (Mikheevskoe, Hudson High-
lands), at Bagdad the intra-grain variation in molybdenite Re content
does not appear to be linked to any measured geological features. In
part this is because Re varies over scales larger than the typical electron
microprobe spot, but a follow-up analysis of larger areas by LA-ICP-MS
did not reduce the variability significantly. These results indicate that
future work on correlatingmolybdenite Re concentrationswith geolog-
ical features should focus onwhole-grain analyses or on finding crystals
that exhibit Re growth zones and correlating them over distance.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gexplo.2017.03.011.

Spreadsheet containing full data set of all samples and microprobe
analyses in this study.
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