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ABSTRACT 
The potential application of molybdenite as a geochronometer in the Re-Os isotopic 

system has been recognized for nearly 40 years, but dating attempts have been sporadic 

and produced mixed results. This study documents the behavior of Re in molybdenite by 

applying microprobe/back-scattered electron imaging, x-ray diffraction, and infrared 

microscopy to molybdenite samples from base metal porphyry deposits, pegmatites, and 

skarns, that experienced processes active in hypogene, supergene, and weathering 

environments. Hypogene 3R and 2H molybdenite experience Re loss during 

hydrothermal alteration, which also causes increased infrared transparency (IR). Under 

supergene conditions, apparent Re loss in 3R and 2H molybdenite does not increase IR 

transparency. Re is not incorporated into supergene phases such as ferrimolybdite, but is 

enriched in an unidentified K-Al-silicate (illite 1) intergrown with molybdenite. These 

minute intergrowths would not be detected in a simple optical examination. Rhenium in 

molybdenite may be removed by later processes after some has decayed to 1870s, 

causing erroneously old ages, or it may be adsorbed into the illite intergrowths, creating 

ages that are too young. Molybdenites exposed to weathering alter to Re-enriched 

powellite which can be detected using back-scattered electron imagery. Hypogene and 

near surface processes produce discernible effects in molybdenite that can be detected 

prior to dating. 

Re-Os dates for base metal porphyry deposits associated with the Laramide 

orogeny (-90-50 million years ago) reveal that within individual deposits, mineralization 

occurs near the final stages of magmatic activity irrespective of the time of inception, 

magnitude, or duration of magmatism. The deposits differ widely in location and in 

extent and timing of magmatism, but have nearly identical ages for mineralization. Re

Os ages suggest that mineralization occurred during two distinct intervals, from -74 to 

70 million years ago and 60 to 55 million years ago. Deposits that formed in the oldest 

interval are in >1.7 Ga basement of northwestern Arizona, whereas the younger deposits 

are in <1.7 Ga basement in southern Arizona and northern Mexico. Synchronous, 

widespread mineralization implies that similar crust-mantle interaction occurred on a 

regional scale, for ore deposits previously thought to be the product of localized 

processes. 
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CHAPTER 1 

INTRODUCTION TO THE RHENIUM-OSMIUM ISOTOPE SYSTEM 

Rhenium (Re) and osmium (Os) are transition elements belonging to Group VIIb 

and vm of the Periodic Table, respectively. Transition elements in this region have the 

widest range of oxidation states, and the highest oxidation states of the transition elements. 

Rhenium and osmium exhibit these characteristics, with valences from + 1 to +7 for Re and 

from 0 to +8 for Os (Bloss, 1971; Schindler, 1975). Rhenium has an electron 

configuration similar to manganese, with seven valerice electrons, five of which are d 

electrons and two are unpaired s electrons. The most stable valences of Re are +4 to +7, 

resembling molybdenum more than Mn, which is most stable as Mn+2. The geochemical 

affmity of Re to Mo is reflected in the fact that Re is often associated with Mo in rocks and 

minerals (Morris and Short, 1969; Schindler, 1975) and molybdenite (MoS2) is the 

primary source of world rhenium production (Noddack and Noddack, 1931; Sutulov, 

1970). 

Osmium has 6 d electrons and 2 s electrons, and with ruthenium has a +8 valence; 

the highest of any transition elements (pourbaix, 1966; Schindler, 1975). Osmium is 

chemically similar to ruthenium and iridium, and is assumed to behave coherently with 

these more easily analyzed elements (Crocket, 1981). In natural systems Os is most stable 

either as 0 or +4, reflected in the common occurrence of Os with Ir and Ru as an alloy 

(osmiridium, iridosmine, rutheniridosmine), or as part of the laurite-erlichmanite solid 

solution series (RUS2-0SS2; Cabri, 1981; Bowles et aI., 1983). 

Rhenium has two naturally occurring isotopes 185Re (37.398%) and 187Re 

(62.602%), which together give Re an atomic weight of 186.20679 (Gramlich et aI., 

1973). 187Re decays to stable 1870s by beta decay: 

187Re ---> 1870s + ~ + v + Q (2.5 keY; Faure, 1986) 

The half-life of 187Re is presently determined to be 4.23·1010 years (Al/2 = 1.64.10-11 

yrl; Lindner et al., 1989). All seven of the naturally occurring isotopes of Os are stable 

and include 1840s (0.023%), 1860s (1.600%), 1870s (1.510%), 1880s (13.286%), 1890s 

(16.251 %), 1900s (26.369%), and 1920s (40.957%), with an atomic weight of 190.2386 

(Nier, 1937; Luck and Allegre, 1983). The daughter isotope 1870s is usually expressed 

relative to a neighboring stable isotope of osmium, which in past studies is 1860s (1870s 
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/ 1860 S). Present studies use 1870s /1880 s ratios because the more abundant 1880s isotope 

does not have any isobaric interference such as 186W for 1860s , and the radioactive decay 

of 190Pt also produces 1860s, leading to some uncertainties in the meaning of the 1870s 

/1860 s ratio for Pt-bearing materials. 

Typical abundances of Re and Os for rocks and sulfides (Tables 1,2) illustrate 

several of the features unique to the Re-Os system. Re and Os are siderophile, in contrast to 

the lithophile nature of the Sm-Nd, Rb-Sr and U-Th-Pb systems (Drake and Jones, 1983; 

Fleet and Stone, 1991). This behavior suggests that most of the Re and Os in the earths 

budget are in the core, in contrast to the elements of the other radiogenic isotope systems 

which are concentrated in the silicate mantle and crust The elements are also strongly 

chalcophile, and are in higher concentrations in sulfides relative to silicate rocks (compare 

Tables 1,2; Hart and Ravizza, 1993; Martin et al., 1993). Another unique feature of the Re

Os system is that Os is compatible to highly compatible relative to Re in partial melting of 

the mantle (Walker et al., 1988, 1989a). High Re/Os ratios in the products of mantle 

melting evolve to greatly elevated 1870s/1880s ratios over time. Thus, Re-Os isotopes are a 

potentially powerful tool for documenting interactions between the crust and mantle. 

The potential application of Re-Os isotopes to geological problems has been 

recognized for decades (Herr and Merz, 1955; Herr et al., 1967; Schindler, 1975; Allegre 

and Luck, 1980), but only in the past few years has its potential begun to be realized. 

Several problems hindered the full application of Re-Os isotopes, such as difficulty in 

concentrating and separating the elements from samples with low (ppb-ppt) concenu'ations, 

an inherent lack of instruments with detection levels in this range, and uncertainties in the 

half-life of 187Re. The procedural problems have been resolved with a variety of techniques 

(Ravizza and Turekian, 1986; Martin, 1989; Luck and Allegre, 1991; Reisberg et aI., 1991; 

Creaser et al., 1991; Volkening et al., 1991; Dickin et al., 1992). The alkaline fusion/acid 

distillation technique (Walker, 1988; Morgan and Walker, 1989; Morgan et aI., 1991) has 

proven the most effective in the study of sulfides, and has been used in this study 

(Appendix 3). 

The earliest measurements ofRe and Os enriched materials were performed by 

colorimetric methods or by neutron activation analysis, with large uncertainties for samples 

with low concentrations (Herr and Merz, 1955; Hirt et al., 1963; Morgan and Lovering, 

1967; Morgan et al., 1968; Giles and Schilling, 1972; Luck and Allegre, 1982). A number 

of instruments that can now measure nanogram quantities of Re and Os include atomic 

absorption spectrometry (AAS), secondary ion mass spectrometry (SIMS), accelerator 



12 

Table 1. Ranges in rhenium and osmium concentrations for selected meteorites, 
rocks, sediments, and seawater. For references, see Table 2. 

Rock type Re, ppb Os, ppb Re/Os No. of Ref. 
ratio analyses 

Iron Meteorites 
meteorite ITA 157-4800 790-86000 0.06- 11 1,2 

0.21 
meteorite lIB 1.39-22.7 12.7-137 0.11- 4 1,2 

0.17 
meteorite rnA 35-153 273-18400 0.08- 12 1,2,3 

0.15 
meteorite IIIB 2.83-5.10 17.1-100 0.05- 6 1,2 

0.20 
Continental Mantle 
spinel lherzolite 0.011-0.26 1.48-4.9 0.01- 13 4 

0.07 
spinel harzburgite 1.28 5.69 0.09- 1 5 

0.12 
garnet lherzolite 0.092-0.895 2.85-4.78 0.01- 3 5,6 

0.12 
garnet harzburgite 0.022-0.245 1.1-10.8 0.01- 9 5 

0.31 
Ronda peridotite 0.033-0.710 2.5-6.7 0.01- 11 6 

0.28 
eclogite 0.35-2.38 0.002-0.56 0.69-6.6 3 7 
Mantle-Derived Magmas 
komatiite 0.2-7.31 0.04-9.8 0.28-2.0 41 8,9,10 
Mg-tholeiite 1.57-9.0 1.4-9.1 0.05-2.6 9 8,9 
carbonatite 0.009 0.059 0.15 1 4 
kimberlite 0.069-1.73 0.656-1.91 0.05-2.6 3 8,9 
flood basalt 0.055-1.42 0.003-2.13 0.05- 13 4,7,11 

28.0 
Oceanic Mantle 
ocean harzburgite 0.180-0.207 0.52-3.11 0.08- 2 12,13 

0.35 
ocean peridotite 0 .. 046-0.173 2.9-5.9 0.01- 3 12,13 

0.04 
ocean dunite 0.013-0.820 1.05-7.04 0.08-2.2 5 7,13 
Oceanic Crust 
MORB 1.42 1 4 
om 0.82-1.57 0.004-0.82 0.13- 22 12,14 

19.2 
ContiMlental Lower Crust 
granulite 3.7 0.16 2.3 1 7 
eclogite (hornblende) 0.089 0.56 0.16 1 7 
Mantle/Crust Derived Melts 
granite 0.077-0.56 0.004-0.06 2.3-31.0 5 7,15,16 
nephelinite 0.27 0.27 1 1 7 
andesite 0.34 0.02 17 1 7 
dolerite 0.42-1.88 0.005-0.064 29-318 4 7,9 



Table 1. (continued) 

Continental Sediments 
iron fonnation 
shale 55-285 
organic sediments 20.9-184 
Sea Water 0.007 
-- = not determined; * = estimated 

3.2 
0.91-3.69 
0.23-0.685 
0.000002* 

60-90 
90-269 

1 
7 
11 
1 

13 

17 
18 
19 
20 
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Table 2. Ranges in rhenium and osmium for selected sulfides. 

Mineral Re, ppb Os, ppb No. of Reference 
analyses 

pyrite 0.003-37.4 0.042-0.13 5 17,21,22 
chalcopyrite 0.0004-860 0.002-6.15 7 17,21,22,2 

3 
bornite 0.098-0.76 0.06-0.34 3 17,21,22 
galena 0.003-0.046 0.001-0.003 2 21,22 
pyrrhotite 26-449 3.1-392 4 17,21,23 
molybdenite 2.1- 16900 17 17,21,22, 

115000000 24,25,26,2 
7 

sphalerite 0.06-0.2 0.03-50 3 17,21 
tetrahedrite 200 1 21 
chalcocite 4000 1 21 

References: IMorgan et aI., 1992; 2Pernicka and Wasson, 1987; 3Luck and Allegre, 
1983; 4Morgan et aI., 1981; 5Walker et aI., 1989b; 6Reisberg et aI., 1991; 7Morgan and 
Lovering, 1967; 8Walkeretal., 1991b; 9WalkeretaI., 1989a; lOWalker et aI., 1988; 
llEllam et aI., 1992; 12Martin, 1991; 13Luck and Allegre, 1991; 14Hauri and Hrut, 1993; 
15Walker et aI., 1991a; 16Morgan and Wandless, 1983; 17Schindler, 1975; 18Ravizza and 
Turekian, 1989; 19Ravizza et aI., 1991; 20Anbar et aI., 1992; 21Ivanov et aI., 1970; 
22Morgan et aI., 1968; 23Dickin et al., 1992; 24Herr and Merz, 1955; 25Schieder et aI., 
1981; 26Luck and Allegre, 1982; 27Bernard et aI., 1990. 
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mass spectrometry (AMS), inductively-coupled plasma mass spectrometry (lCP-MS), and 

resonance ion mass spectrometry (RIMS; Morgan et aI., 1981; Schieder et al., 1981; 

Walker and Fassett, 1986; Koide et al., 1987; Russ and Bazan, 1987; Walker, 1988; Hirata 

et aI., 1989; Jackson et aI., 1990; Fehn et aI., 1991; Ravizza and Turekian, 1992). 

Detection in the part per trillion range is presently being achieved by negative thermaI 

ionization mass spectrometry (NTIMS; Creaser et al., 1991; Volkening 

et aI., 1991; Anbar et aI., 1992; Yin et aI., 1993a,b). The benefit of greater sensitivity by 

NTIMS has yet to be fully realized, due to high procedural blanks in reagents, filaments 

and reaction vessels (Yin et aI., 1993a). 

Early estimates of the half-life of 187Re were based on Re-Os anaIysis of samples 

whose ages were independently known (Herr and Merz, 1958; Herr et aI., 1963; HelT et 

aI., 1967; Allegre and Luck, 1980; Luck et aI., 1980; Luck and Allegre, 1983), with 

determinations of 4.3-6.201010 years and errors on the order of 0.501010 years. Counting 

methods produced similarly discrepant ranges and large uncertainties (3.5-6.6010 10 years 

±O.5-1.30101O years; Payne and Drever, 1965; Brodizowski and Conway, 1965; Naldrett. 

1984). The presently accepted value of (4.23±O.13)0101O years is based on isotope dilution 

ICP-MS anaIysis of 1870s separated from a large source of initiaIly osmium-free rhenium 

that had decayed over a two year period (Lindner et aI., 1986,1989). 

These improvements in the anaIysis of Re and Os have led to an explosion of Re-Os 

isotope applications to geological problems in recent years. These include: early ealth 

evolution based on komatiites and meteorites (Morgan et aI., 1981; Chou et aI., 1983; Luck 

and Allegre, 1983, 1984; Morgan, 1985; Walker et aI., 1988, 1991a; Morgan and Walker, 

1989; Walker and Morgan, 1989; Morgan et aI., 1992); meteoritic input at the Cretaceous

Tertiary boundary (Luck and Turekian, 1983; Lichte et aI., 1986), at impact craters (Palme 

et al., 1978; Koeberl et al., 1993), from cosmic flux (Esser and Turekian, 1988; Palmer et 

aI., 1988), and in the formation of layered mafic intrusives (Walker et aI., 1991b; Dickin et 

al., 1992); flood basaIt genesis (Ellam et aI., 1992; Hart et aI., 1993), sub-continental 

lithospheric mantle evolution (Walker et aI., 1989a; Reisberg et aI., 1991); geochronometry 

of black shaIes (Ravizza and Turekian, 1989; Ravizza et aI., 1991), mantle evolution based 

on ophiolites, MORBs, oms, and oceanic peridotites (Hattori and Hart, 1991; Martin, 

1991; Luck and Allegre, 1991; Hauri and Hart, 1993); seawater and crustal evolution 

(Palmer and Turekian, 1986; Turekian et aI., 1990; Koide et aI., 1991; Anbar et aI., 1992; 

Ravizza and Turekian, 1992; Ravizza and German, 1993; McCandless et aI., 1993a); metal 

sources and ages for platinum group and gold mineralization in mafic igneous rocks 
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(Lambert et aI., 1988; Hart and Kinloch, 1989; Martin, 1989; McCandless and Ruiz, 1990, 

1991,1993a,b; Ruiz and McCandless, 1990; McCandless et aI., 1991a,1992; Ruiz et at, 

1992,1993; Walker et al., 1989b, 1992), and base metal sulfide mineralization in felsic 

magmatic systems (Schindler, 1975; Luck and Allegre, 1982; Luck et al., 1983; 

McCandless et aI., 1991b; McCandless and Ruiz, 1992a,b; Stein et aI., 1992, 1993). 

With regard to this last application, the age of mineralization in felsic magmatic 

systems is an important issue to resolve. Geological relations in ore deposits associated 

with felsic igneous rocks often suggest that mineralization may be associated with more 

than one magmatic event, with multiple ages for magmatism, mineralization, and 

hydrothermal alteration documented for minerals believed to be associated with the ores 

(Shafiqullah et aI., 1980; Chesley et aI., 1993; Hanson et aI., 1993). In many cases 

mineralization ages are based on silicate phases that have equivocal relationships to the 

actual mineralization; the ages determined may relate to hydrothermal or magmatic events 

unrelated to mineralization (Warnaars et al., 1978; Shafiqullah et aI., 1980) or may be 

erroneous due to post-crystallization alteration (see discussion by Halliday, 1977). 

Molybdenite is an ideal mineral for determining the actual age of sulfide 

mineralization because it is a common, Re-enriched sulfide, with Re in the ppm to weight 

percent range (Table 1; Fleischer, 1959,1960; Giles and Schilling, 1972; Kovalenker et aI., 

1974; Newberry, 1979a,b; Bernard et aI., 1990). Only 1870s produced by decay of 187Re 

is present in molybdenite, thus it is an ideal mineral for Re-Os geochronometry (Hut et al., 

1963; Luck and Allegre, 1982; this study). But success in the dating of molybdenite has 

been elusive and unpredictable, with results ranging from equivocal to preposterous (Herr 

and Merz, 1955; Hirt et al., 1963; Herr et al., 1967; Schieder et al., 1981; Luck and 

Allegre, 1982; Luck et aI., 1983; Ishihara et aI., 1989; Suzuki and Masuda, 1990). Two 

poly types of molybdenite are found in nature, and Newberry (1979a) found a positive 

correlation between Re concentration and the 3R poly type in molybdenite. He also 

proposed that post-crystallization Re loss could occur in molybdenite (New ben)'; 1979b). 

Post-crystallization Re loss as theorized by Newberry (1979b) is often suggested as an 

explanation for erroneous Re-Os molybdenite ages (Luck and Allegre, 1982; Ishihara et aI., 

1989), but no evaluation of the molybdenites by the criteria of Newberry (I 979b ), or any 

other criteria, prior to dating was ever attempted. For successful application of the Re-Os 

molybdenite geochronometer, a better understanding of the behavior of Re in molybdenite, 

and criteria by which unaltered molybdenite could be recognized, was needed. 
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The present study sought to establish the Re-Os molybdenite geochronometer as a 

viable dating technique by addressing the following objectives: 

(1) Evaluate the behavior of Re in molybdenite from a variety of geologically well

constrained settings, in which primary and secondary processes could be independently 

recognized. Well-studied locations were sampled, with assistance from experts familiar 

with the geological history at each location. The crystal-chemical state of the molybdenites 

sampled was determined using x-ray diffraction, microprobe, and infrared microscope 

techniques. 

(2) Establish criteria by which molybdenites suitable for dating can be distinguished 

from molybdenites that have not remained closed to Re since crystallization. 

(3) Obtain Re-Os ages on samples of molybdenite, determined to be altered or 

unaltered by the criteria established in (2), and compare the Re-Os ages to independently 

determined ages reported in literature (in most cases obtained by K-Ar methods). 

(4) Use Re-Os geochronometry to resolve the relationship between sulfide 

mineralization and the onset, duration, and magnitude of felsic magmatism associated with 

Laramide base metal porphyry deposits. 

The bulk of research addressing objectives (1) and (2) is contained in the article by 

McCandless, Ruiz, and Campbell (1993), published in Geochimica et Cosmochimica Acta, 

Volume 57, pages 889-905. In accordance with 1992 University of Arizona Graduate 

Council Policy, which allows published dissertation work to be included directly in the 

dissertation, this article is photocopied in its entirety and comprises Appendix A. Objectives 

(3) and (4) are summarized in the article by McCandless and Ruiz (1993) in Science, 

Volume 261, pages 1282-1286. Text and figures comprising this article are found in 

Appendix B. Citations in the Science article of Appendix B are in an abbreviated format; 

full citations for this article, and Appendix A, can be found in the References. Co-authors 

have clarified content and concepts contained in these articles, but the research and the 

interpretation of results are entirely my own work. Instructions for molybdenite fusion and 

distillation for recovery of Re and Os is provided in Appendix C; details of the other 

analytical methods are found in Appendix D. Appendix E summarizes the geological and 

age relations for base metal porphyry deposits and includes figures from Appendix B, 

which reproduced poorly in the original article. 



18 

CHAPTER 2 

SUMMARY OF THE PRESENT STUDY 

Geochemistry of Re in molybdenite applied to Re-Os geochronometry 

The methods, results, and conclusions of this study are presented in the papers 

contained in Appendix A and B of this dissertation. The following is a summary of the 

most important findings in these papers. 

Past studies demonstrated that molybdenite occurs in nature as mixtures of two 

polytypes, 2H and 3R (Zeilikman et al., 1970; Newberry, 1979a; Watanabe and Soyeda, 

1981; Filimonova et al., 1984). The 3R polytype differs from 2H in having a longer c 

unit cell length, due to rotation and translation of the S-Mo-S layers (see Appendix A, 
Fig. 1). The 3R polytype is less common and grows by screw dislocation, which is 

triggered by the substitution of ions with ionic radii nearly similar to Mo. Newberry 

(1979a,b) found a positive correlation between polytype abundance and Re 

concentration in molybdenites. In 3R-Re space, Newberry (1979a,b) divided 

molybdenites into four regions representing crystallization and alteration environments 

(see Appendix A, Fig. 2a). In this study combined microprobe and XRD analyses 

demonstrate that Re is generally higher in molybdenite with more 3R polytype present, 

but the relationship is clearly not linear (see Appendix A, Fig. 2b). The Re 

concentration within mixed polytype samples is also heterogeneous at the submicron 

scale. The heterogeneous distribution of Re in single molybdenite crystals is not 

surprising, because the polytype mixture is not ideal chemical substitution, but a 

physical mix of two polytypes with significantly different structures. The result is that 

3R regions in a molybdenite crystal are revealed by the microprobe as Re-enriched 

zones and 'spot maximums' (Giles and Schilling, 1972). With respect to Re-Os 

geochronometry, this level of heterogeneity is not a problem as long as both polytypes 
in the molybdenite formed contemporaneously. 

It has been known for some time that molybdenite is near-opaque to infrared 
light (IR) and has variable IR transparency (Shuey, 1975; Campbell et al., 1984). The 

possibility that IR transparency may correspond with Re concentration was 

investigated, because the IR transparency of many minerals is apparently dependent on 

trace element concentrations (Campbell, 1991). Infrared transparency was qualitatively 

rated on a scale from 1 to 4, with transparent IR=1 and opaque IR=4. No 
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correspondence with Re concentration was detected, but IR transparency does seem to 

correlate with alteration of molybdenite. Molybdenites that have experienced high 

temperature alteration (evidenced by geologic criteria) have increased transparency. 

Altered molybdenites have average IR values less than 3.5, using the qualitative IR 

evaluation scheme adopted in this study. Infrared microscopy therefore serves as an 

additional tool in evaluating Re mobility in molybdenites under high temperature 

conditions. Molybdenite affected by high temperature alteration can still give a 

reasonable age, provided the alteration is associated with the same thelmal event 

responsible for mineralization. Infrared microscopy cannot distinguish when the 

increased transparency developed, however, and ages obtained on any molybdenites 

with IR<3.5 may be erroneous. 

Newberry (1979b) predicted that minor Re loss and recrystallization of 3R to 

2H molybdenite at high T may form high-Re 2H molybdenite, but high-Re 2H 

molybdenite was not encountered in this study. The smaller radii, Re+4 ions form point 

defects about which screw dislocation growth occurs in molybdenite. Point defects are 

also the sites most prone to bond breaking in subsequent chemical reactions. Alteration 

will cause Re loss preferentially at these sites but the only way to have polytype 

transformation is by dissolution and recrystallization, because the S-Mo-S layers must 

be rotated and translated. It is not likely that high-Re 3R molybdenite will recrystallize 

to a high-Re 2H polytype because Re present in solution would again be drawn to 

molybdenite and nucleate by screw dislocation. Only advective removal of Re by 

hydrothermal fluids would allow 3R to recrystallize as 2H molybdenite. Thus, 3R-2H 

poly type transformation without Re loss is geochemically unreasonable. The results of 

this study suggest that Re loss occurs with little or no polytype transformation. 

Evaluating suitable molybdenites for dating based solely on the diagram of Newberry 

(1979b; Appendix I, Fig. 2a), a possibility alluded to in previous dating attempts (Luck 

and Allegre, 1982; Ishihara et al., 1989) is ineffective for these reasons. 

In the near-surface environment, molybdenite mayor may not experience Re 

loss, subject to Eh-pH conditions as demonstrated in this study. Molybdenite in rocks 

affected by near surface alteration processes typically would not be selected for dating 

except in cases where no other samples are available. Significant Re may be 

concentrated into secondary phases such as powellite or illite, and the most effective 

method of detecting molybdenite altered by weathering or supergene processes is 
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alteration and replacement by secondary, Re-enriched minerals. 
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The most significant detriment to the successful application of molybdenite Re

Os geochronometry is the occurrence of Re-enriched K-Al-Si (illite?) phases in altered 

molybdenite. The illite inclusions in molybdenite typically have an order of magnitude 

more Re relative to their molybdenite host. Illite may be identified by XRD in 

molybdenites which appear 'sooty' (Carpenter, 1968), but the small amounts of illite 

encountered in the samples of this study were not detected using XRD, and would be 

overlooked in a simple optical examination prior to dating. The presence of this phase 

is significant. Re and Mo share similar stability fields in Eh-pH space and can be 

complexed into solutions under supergene conditions, whereas Os is not soluble in 

these fluids either as Os or OSS2. Rhenium in molybdenite may be removed by 

supergene fluids after some has decayed to 1870s, producing erroneously old ages, or 

Re from external sources may be adsorbed by the illite intergrowths, producing ages 

that are too young. 

Re-Os molybdenite ages were determined by isotope dilution ICP-MS. High 3R, 

high IR (i.e. unaltered) molybdenites from the Copper Creek, Sierrita, and Morenci 

deposits in Arizona and unaltered 2H molybdenites from Maria, Mexico, Bingham, 

Utah, Bagdad, Arizona and Pima-Mission, Arizona are within the uncertainties of K-Ar 

ages for igneous or gangue mineral phases associated with mineralization. The center of 

a 25 mm thick molybdenite + quartz vein at Bagdad has a Re-Os age that agrees with 

mineralization, whereas molybdenite from the vein edge contains Re-enriched K-Al 

silicates that contribute to an erroneously younger age. In contrast, the molybdenite 

from Morenci contains some Re-enriched K-AI silicate material, but gives an age 

within error of the mineralizing stock. Rhenium in the Morenci molybdenite is five 

times greater than the molybdenite from Bagdad (2041.9 vs 465.6 ppm; see Appendix 

1, Table 3), and appears to be less affected by the intergrowths than the molybdenite 

from Bagdad. 

Altered molybdenites from the Gold Acres skarn, and from the Ajo, Ray, 

Lorelei, and American Eagle base metal porphyry deposits were also dated. 

Molybdenite from the Gold Acres Cu-Mo skarn is transparent, Re-depleted, and gives 

an age of 168.3 Ma vs 99.0 Ma for the associated stock. Molybdenite from the Lorelei 

deposit was also predicted to have suffered Re loss, but the Re-Os age is younger than 
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predicted, requiring either Re addition or Os loss. Re-enriched weathering products 

similar to those observed at nearby Xamchab may also be present in the Lorelei 

molybdenite, but escaped detection by BSE imagery. Rhenium content is similar to the 

altered Bagdad molybdenite (349.5 ppm), and small amounts of Re-enriched phases 

could significantly shift the Re-Os age toward a younger value. Although the high 3R 

molybdenites from American Eagle, Ajo, and Ray fall within primary crystallization 

space of Newberry (1979a,b), they were predicted to give erroneous ages, based on low 

IR values (IR=3.1, 2.0, 3.0 respectively). 

The results of this study show that Re loss in molybdenite can occur in 

hypogene and supergene environments, and optical examination alone is insufficient for 

selecting molybdenite which is suitable for dating. Poly type and Re measurement alone 

are also insufficient because molybdenite can experience Re loss without significant 

poly type shift. In this study, combined microprobe, XRD, BSE, and infrared 

microscopy has been successfully used to assess alteration in 16 molybdenite samples 

prior to dating. For the 16 samples evaluated, an 81 % accuracy in prediction suggests 

that the criteria for distinguishing altered from unaltered molybdenite are valid. These 

techniques for evaluating molybdenite are non-destructive, and should be performed 

before any molybdenite is dated by the Re-Os method. 

Molybdenite Re-Os geochronometry and Laramide base metal porphyry 

mineralization 

The accurate Re-Os molybdenite ages obtained in this study for base metal 

porphyry ore deposits in southwestern North America it possible for the first time to 

directly interpret mineralization in context with other magmatic events at each locality, 

and with Laramide magmatism on the regional scale. The Re-Os ages demonstrate that 

ore deposition in base metal porphyry systems is coincident with a particular intrusion, 

and are similar to the K-Ar ages for those mineralizing intrusions that are themselves 

not too altered to be dated. Mineralization is generally midway or near the end of dated 

magmatism at each locality, irrespective of the time of onset, duration, or areal extent of 

magmatism. For one base metal porphyry system (Copper Creek, Arizona) the first 

evidence is presented that both hypogene and breccia pipe mineralization are 

contemporaneous events. 
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On the regional scale, Re-Os ages suggest that mineralization occurred during 

two distinct intervals from ,...74 to 70 million years ago and 60 to 55 million years ago. 

Deposits that formed in the oldest interval are in the> 1.7 Ga basement of northwestern 

Arizona, whereas the younger deposits are in <1.7 Ga basement in southern Arizona 

and northern Mexico. In Laramide times, magmatism associated with fast subduction of 

the Farallon plate is ubiquitous (see Appendix B,E). The oceanic lithosphere of the 

Farallon plate was probably homogeneous in composition and age, thus, there were no 

significant differences in its age or composition that would account for the widely 

separated but narrow intervals of mineralization. The most obvious differences are in 

the Precambrian crust involved in partial melting. Restriction of the older 

mineralization interval to the greater than 1.7 billion year old basement in the 

northwest, and of the younger interval to the less than 1.7 billion year old basement in 

the southeast suggest that the Precambrian crust is influencing the timing of base metal 

porphyry mineralization. Volatiles and partial melts of relatively constant composition 

were driven off during subduction of the Farallon plate, and interacted with the lower 

crust, partially melting it and incorporating these crustal melts with the mantle derived 

melts. Portions of these mixed magmas reached the upper crust as flows or intrusions. 

The residues of these mixed melts of lower crust and mantle were remelted as new 

volatiles or partial melts rose from the mantle in response to the subducting Farallon 

plate. As remelting of these residues continued in the lower crust, some components 

accumulated which are crucial for the formation of base metal porphyry deposits (for 

example, metals, sulfur and/or water). Eventually a magma evolved which contained a 

sufficient amount of these components such that upon emplacement into the upper 

crust, a base metal porphyry deposit formed. This critical level was achieved in the 

older Precambrian crust ,...74 to 70 million years ago, and in the younger Precambrian 

crust it occurred ,...60 to 55 million years ago. It is significant that magmatism of similar 

age and duration is common throughout both Precambrian basement domains, yet base 

metal porphyry mineralization is restricted to two different intervals which are specific 

to those domains. The processes leading to regional timing of mineralization were 

probably not instantaneous, but evolutionary, creating intervals of time during which 

magmas that reached the upper crust would contain the components necessary for the 

formation of a base metal porphyry deposit. 
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Unequivocally establishing the source of the components needed to form base 

metal porphyry deposits is beyond the scope of this study. This study has shown that in 

southwestern North America, the regional timing of base metal porphyry formation 

corresponds with the type of basement in which the deposits occur. Because that timing 

is dependent on the emplacement of a particular, mineralizing magma, it places the 

constraint that some component, perhaps some metals, must be obtained from the 

magma itself. 
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APPENDIX A 

RHENIUM BEHAVIOR IN MOLYBDENITE IN HYPOGENE AND 

NEAR-SURFACE ENVIRONMENTS: IMPLICATIONS FOR RE-OS 

GEOCHRONOMETRY 

Reprint of an article that appeared in Geochimica et Cosmochimica Acta, Volume 57, 

pages 889-905, by T.E. McCandless, J. Ruiz, and A.R. Campbell. 
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Rhenium behavior in molybdenite in hypogene and near-surface environments: 
Implications for Re-Os geochronometry 

TOM E. McCANDLESS. 1 JOAQUIN RI.'IZ. 1 and ANDREW R. CAMPBELL 2 

'Depanment orGeoscien=. Univenity or Arimna. Tucson. Arizona 85721. USA 
'Department or Geoscience. New Mexico Institute or Mining and Technology. Socorro. New Mexico 87801. USA 

(Received June II. 1992; accepted in revised!orm October IS. 1992) 

Abstract-Rhenium is concentrated mainly in molybdenite (Mo~ I and occurs as a major cation in only 
a few rare minerals. This affinity makes molybdenite an ideal mineral for Re-Os geochronometry. but 
research on the behavior of Re in molybdenite is limited. Infrared microscope. XRD. back·scattered 
electron (BSE). and microprobe techniques have been used in this study to document Re behavior in 
molybdenite affected by hypogene and near·surface processes. In the hypogene environment. both 3R 
and 2H molybdenite can experience Re loss during hydrothermal alteration. which also causes increased 
infrared transparency (IR). Alteration at temperatures as low as -ISO·C can cause Re loss in the presence 
of advecting fluids. and will affect Re-Os dating if it occurs long after primary mineralization. Re loss in 
3R and 2H molybdenite under supergene conditions does not increase IR transparency. Rhenium is not 
incorporated into supergene ferrimolybdite. but is enriched in K·A)·silicate intergrowths which may be 
illite(?). These minute intergrowths are present in se\'eral samples and would not be detected in a simple 
optical examination. In the supergene environment elemental Os is stable. whereas Re is not. Rhenium 
in molybdenite may be removed by supergene fluids after some has decayed to "'05. causing erroneously 
old ages. or it may be adsorbed into the illite interp-owths. creating ages which are too young. In the 
weathering environment. Proterozoic molybdenites have altered to Re-enriched powellite. which can be 
detected using back·scattered electron imagery. Combined microprobe. XRD. BSE. and infrared mi· 
croscopy can be successfully used to detect alteration in molybdenite prior to dating. These techniques 
are non-destructive and should be performed before any molybdenite is dated by the Re-Os system. 

INTRODUcnON 

Mol. YBDENITE ( M~) IS THE MAJOR source of Re. and as a 
dominant cation Re occurs in only a few rare minerals (SARP 
et a1 .. 1981: EKSTROM and HALENIUS. 1982: VOLBORTH. 
1985; MlTOlELL et a1 .. 1989; GABELMAN. 1990; TARKIAN 
et a1 .. 1991 ). In spite of this affinity. past studies have pro
duced limited and sometimes contradictory results regarding 
the distribution ofRe in molybdenite (RILEY. 1967: MORGAN 
et a1 .. 1968: GILES and SCHILLING, 1972; NEWBERRY. 
1979a.b: FIUMONOVA et a1 .. 1984; ISHIHARA. 1988). Mo
lybdenite is a hexagonal disulfide mineral with Mo" octa· 
hcdrally coordinated by S-'. Six·fold coordination in mo
lybdenite is distorted to a prismatic rather than octahedral 
form. and continuous Mo-S layers stack one above another 
in simple sequence (Wlt..SON and YaFFE, 1969). The two 
polyt>'JlCS. 2H and 3R. differ in the manner of stacking in 
the c unit cell direction. in which c for 3R is 1.5· (c) for 2H 
{Fig. II. The 3R polytype is less common and is belieVed to 
form by screw dislocation. caused by the substitution of ions 
with ionic radii nearly similar to Mo (ZEUKMAN ct a1 .. 1969; 
NEWBERRY. 1979a: WATANABE and SoEDA. 1981; Fill· 
MONOVAetal .. 1984). NEWBERRY ( 1979a.b) found a positive 
correlation berween polytype abundance and Re concentra· 
tion in molybdenites. In 3R·Re space, he divided molybde· 
nites into four regions representing crystallization and alter· 
ation environments (Fig. 2a). Region I represents low-Re 
2H molybdenites crystallized in veins dominated by K·feld· 
spar and quanz and with K·feldspar alteration selvages (A· 
veinlets I. Region 2 represents high·Re 2H molybdenites 
crystallized with quam in veins dominated by sulfides and 
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sericitic seh-ages (D-veins). Region 3 contains mixed polytype 
molybdenite with high Re associated with prograde skarns 
and quanz-dominant veins without alteration selvages (B
veins). NEWBERRY (1979b) also proposed that recrystalli. 
zation of high 3R molybdenite to 2H molybdellite could oc· 
cur at high temperatures with some loss of Re. as indicated 
by the left.pointing arrow in Fig. 2a. This process may not 
be tenable. based on results presented in this study. The fourth 
region contains molybdenites altered by supergene fluids 
which can remove Re without altering Polytype structure 
(Fig. 2a). In this study. samples from porphyry deposits are 
dominantly quam·molybdenite veins with no alteration sel· 
vages except when otherwise noted. 

The potential application of molybdenite as a geochron· 
ometer in the Re-Os isotopic system has been recognized for 
nearly forty years, but dating attempts have been sporadic 
and produced mixed results (Fig. 3: HERR and MERZ. 1955. 
1958: HIRT ct a1.. 1963: LUCK and AlliGRE. 1982: LUCK 
et a1., 1983: isHIHARA et aI., 1989). Rhenium loss rather 
than Os addition may account for the poor results. and if it 
is possible to document postcrystallization loss of Re in mo
lybdenite. then samples suitable for dating can be selected. 
This study is an attempt to document the behavior of Re in 
molybdenite by applying microprobe. BSE. XRD. and in· 
frared microscope techniques to molybdenite samples from 
a variety of geologically well-constrained settings. The samples 
arC from base metal porphyry deposits. pegmatites. and skams 
which ha\'c been exposed to processes active in hypogene. 
supergene. and weathering environments. These processes 
produce disccmable cffects in molybdenite. which can be de
lCdCd prior to dating bY the Re-Os method. All data collected 
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IMolybdenite polytypes I 
Mo 0 

S 0 3R 

FIG. I. Crystal structure of molybdenite polytypeS 2H and 3R 
I after WIlSON and YOFFE. 1969). 

during this study are compiled in Table I. and a summary 
of locations and results is listed in the AppeDdlA. 

ANAL\"I1CAL TECHNIQUES 

PoI)1}lIC AbUDdanc:e 

Pol~1)'PC abundance was determined by X-ray diffraction ( XRD) 
using the technique ofFRONDEL and WICKMAN ( 1970). Molybdenite 
was scraped from samplrs to produce a powder of OaIcrs -0.2 mm 
in diameter. To avoid orientation of the molybdenite. the powder 
was sprinkled onto double-stick cellophane tape attached to a 50 
'C SO )( 4 mm glass slide. The powders were scanned on a Siemens 
J).SOO X-ray diffractometer usin~ CuKa radiation. Scans were from 
~S-60'~9ata rate of 1'29 min" and count rate of 10' sec". Theo
retical modeling of WICKMAN and SMITH ( 1970 I allowed FRONDEL 
3lId WICKMAN (1970) to demonstrate that naturally occurring po-
1)1ype5 of molybdenite have distinct XRD patterns "'ith n:speCI to 
~9.lo mixed polytype molybdenite. the relative heights of the major 
3R and ~H peaks arc a function of the dominant polytype present 
(FROSDEL and WICKMAN. 1970). Using this relation and the XRD 
patterns of molybdenites reponed by FRONDEL and WICKMAN 
(19701. polytype compositions for the molybdenitrs of this study 
are delermined and reponed as percentage of 3R pment (%3R) in 
Table I. 

RbaUam CODc:elltration by Microprobe 

Mohbdenite Oakes were selected from the XRD slides and re
mountCd so that smooth cleavage surfaces were face up on the mount 
3lId parallel to the mount surface. The molybdenilrs were C-coated 
and anat)ud on a Cameca SX-50 electron microprobe. Del None 
uoilite was used for S, and metal foil for Mo, W, and Re standards. 
Matrix effects were corrected using ZAF. Counting timrs for Mo and 
S ~ 10 seconds with 10 seconds background counting. Molyb
denum was analyzed on a PET crystal using the La line. with back
pounds adjusted to avoid interferences from S Ka lines. Sulfur was 
anaI)ud on PET using the Ka line with backgrounds adjusted to 
avoid interference from Mo La lines. Rhenium was measured on 
TIAf' using the Ma line. Rhenium and tungsten counting times were 
30 sec .. ith 30 sec background counting time. This ensured a lower 
detection limit of 0.01 WI% for Re. with /).01 WI% 2". An average of 
6~ pains from each sample were analyzed. and the average for each 
sample is reponed in Table I. Tungsten concentrations were below 
detection limits in most cases and arc not reponed. Our measured 
Re concentrations in some cases are higher than preVIOusly reponed 
for molybdenites from the same locality (FLEISCIIER. 1959. 1960: 
GlUSandSC1!JWNG. 1972: KOSKI. 1981 ) and plot above the primary 
aysulIization 6elds of NEWBERRY ( 1979b: Fig. 2b). To con6rm that 
!be measured Re concentrations are real and nOI an artifact of 
mounting or analytical methods. high and low Re molybdenite sam
ples tine mounted in epoxy on glass slides and carefully polished. 
ldentia.l points were analyzed on microprobcs located II the un;' 
Ymities of Arizona and Cape Town using differenl staDduds. Mea-

sured Re \-alues from the two probrs arc vinuaUy indistinguishable. 
Howe\·er. the random points selected in botb molybdenites do show 
grc8ler within-sample \'ariations than can be accounted for by count
ing statistics. In this study. an average of 6ve random points is taken 
to represent the average Re concentration of a molybdenite. Results 
suggest that Re estimated in this manner is generally comparable to 
concentrations determined by isotope dilution. The standard devia
tion reponed for samples in Table I reflects the real variation of Re 
in molybdenite and is not based on counting statistics. 

Inlraml Transparency 

The same molybdenite flakes analyzed on the microurobe were 
examined for infrared transparency ( IR I using a Research Devices 
model F infrared microscope with a wavelen~ range from 0.8-1.2 
I'm /CAMPBELL et at .. 19841. The band gap for molybdenite indicates 
that it should be near-opaque to infrared light and ba\'C \-ariable IR 
transparenl v (SHUEY. 1975: CAMPBELL et at .. 1984). Samples were 
examined to .!etern::::~ if the variable transparency is related to het
erogeneous Re distribution. as the IR transparency of many minerals 
is apparently dependent on trace element concentrauons I CAMPBELL. 
1991 ).IR transparency is qualitatively rated on a scale from I to 4. 
"'ith transparentlR = I and opaque IR = 4 (Fig. 3a-dI.IR is sensitive 
to sample thickness, and results arc based on grains with an approx
imate thickness of 0.2 mm. Individual molybdenite grains arc also 
variable in transparency. and 50 the IR transparency of each grain 
in the sample is averaged. For each sample. the IR transparencies of 

(a) 
2H ~2H+3R--·' 

o 20 40 60 80 100 

(b) 
0.5 

0 CI 
OAIl:: 

0 ~ 
0.3~ 

0 0.2 s:, cs ... 
2 

CI 
0.1< 

1 0.0 
0 20 40 60 80 100 

Average % 3R 

Flo. 2. (a I Polytype abundance vs. Re diav-un of NEWBERRY 
( 1979b I. showing the three regions of molybdenite crysWIization 
(light stipple I. and a1teralion (dark stipple I. A1teralion pnlCesSICS are 
indicated in italics with dIrection of change indicated by arrows. See 
text (or details. Dashed line encloses region of original daubIse of 
NEWBERR\' (1979b). (bl The same regions in (al. now compressed 
aIoIIs the \'Cnical axis to account for the higher Re content in mo
lybdcDites of tbis stud). 
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a ..,..·,. 

FIG. 3. Infrared microscopy images of molybdenites showing range in transparency and zoning_ (a) 29GRVB. 
Gravelone. South Africa. IR = 1: (b) 98LL. Lorelei. South Africa. IR = 2: (c) 81KAL. San Manuel. Arizona. lR 
= 3: (d) 5CACC. Copper Creek Arizona. IR = 4. (e) 78MAR. Maria. Mexico. IR = 3 ,.,; th apparent zoning along 
crystal edge. (f) close-up of edge in ( e l . Scale bars are 0.25 mm. 

all grains measured are averaged. and this value is listed in Table I. 
Infrared banding in one sample ( 78MAR; Fig. 3e.f) showed no cor
respondence with Re concentration. Increased IR transparency does 
seem to correlate with alteration of molybdenite. however. as is pre
sented in the following section. 

Rhellium and Osmium Coocentraliom by ICP-MS 

Rhenium and osmium concentrations in selected molvbdenitcs 
were determined using isotope dilution. The samples were treated 
by alkaline fusion with distillation of Os after the technique of MOR
GAN and WALKER ( 1989 ). The Os distillate and an aliquot of the 
Re-hearing residual solution were analyzed on a TS-Sola ICP-MS. 
Analytical uncertainty on the instrument is much better than 1%. 
115 Re-enriched metal was used as a Re spike. Natural Os served for 
the Os spike because analysis of unspiked molybdenites indicated 
that only 1170s is presenL 

HYPOGENE ENVIRONMENTS: MOLYBDENITE 
FORMATION AND ALTERATION 

In the hypogene environment sulfide minerals are precip
itated and concentrated by circulating solutions associated 
with a thermal event. usually an intrusion, at depths of 1-
10 km (LINDGREN. 1933: TITLEY, 1982). Alteration of the 

intrusion occurs in concert -with sulfide mineralization. which 
in porphyry deposits produces mineral assemblages specific 
to certain P-T-x conditions. Potassic alteration (orthoclase 
+ biotite + quartz) is usually associated with molybdenite 
+ chalcopyrite mineralization and occurs near the center of 
the intrusive stock. Phyllic I argillic alteration (sericite + bio
tite + clays) occurs peripheral to potassic alteration. but can 
overprint potassic alteration. Propylitic alteration (chlorite 
+ epidote + calcite) is peripheral to phyllic 1 argillic alteration 
and represents the waning stages of alteration in a porphyry 
system (TITLEY. 1982). These alteration assemblages form 
over a temperature range of T =::: 500- I 50°C. which in this 
study is considered high-temperature alteration. The type and 
timing of fluid interaction with the molybdenites in the hy
pogene environment is based on the association of these al
teration assemblages with our samples. 

Porphyry Base Metal Deposits 

Copper Creek. Arizona. FSA 

Molybdenites from porphyry base-metal deposits are plot
ted in Fig. 4 in the regions for molybdenites from similar 
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Table 1. Average composition, polytype. and infrared transparency values for molybdenites of this study. 
Element values are in weight percent. with standard deviation listed. Poly type abundance reported in 
percentage of 3R poly type. See Appendix 1 for location and sample descriptions. 

s-, .. .... s a. Total !Ua IR s-, .. .... S a. Total !UR IR 
I'OIlPHYRY DEPOSITS PORPHYRY DEPOSITS 

ABWicaa £Isle- AZ Rq.AZ 
60CCAEA 60.2 0.61 40.8 0.33 O.!JI CI.OI 101.1 113 3.3 12SRY4 59.7 0.40 39.7 D.36 0.06 0.1)1 99.5 4J 3.0 
60CCAEII 59.0051 40.20.62 0.35 D.35 99.6 69 4.0 SontoCu.oLAZ 
AJo,AZ &1KA!. 59.4 0.3a 4()j 0.52 0.011 0.02 100.2 2 3.0 
54AJ03 59.2 0.40 40.1 0.96 0.111 Q06 99.4 50 2.0 84KA!. 59.7 1.16 40.6 0.21 0.03 0.02 100.3 0 2.5 
Bop.4,AZ 99SAN 58.9 D.2B 40.4 0.42 0.12 0.15 99.4 2 3.0 
34BACI 59.9 0.12 40.& 0.13 o.a; 0.01 100.8 0 4.0 ICX6AN 595 Q06 40.5 D.32 0.01 0.1)1 100.1 2 3.0 
34BACE 59.9 0.30 405051 0.01 IJ.05 100.4 13 3.1 SonIlRJ,-,NM 
Ilnpwn,UT 3OIN1 59.7 0.31 40.1 0.51 0.11 0.10 99.9 6 3.9 
3tQMA23 60.0 0.60 40.30.27 O.l11IJ.05 100.4 25 3.9 4OIN3 58.9 0A5 4O.D 0.49 o.a; 0.01 99.0 15 2.5 
SQI 59.60.85 40.2 0.45 0.1)1 0.03. 99.& 0 4.0 SImI'-'AZ 
51B 60.1 o.so 39.9 0.86 0.01 0.03 100.0 0 3.8 130SIE 595 0.61 40.1 0.16 0.D2 om 99.6 50 3.3 
CuIo_AZ SII .. IIoII.AZ 
8XMAS S9.70.1S 40.1 0.61 0.21 0.\3 100.0 ?S 2.0 32531 595 0.69 4D.2 0.40 0.\3 0.D2 99.8 10 4.0 
Coppor er.Jr. AZ 43SBT 59.6 2.54 41.2 0.59 0.00 0.00 100.8 0 4.5 
ICACC 59.1 0.\3 40.& 0.28 O.U D.01 100.0 "" 4.0 4SSBT 595 0.68 40.1 D.54 0.01 0.03 99.6 20 4.0 6CC)C 595 0.30 40.00.35 0.42 0.1& 99.9 I!O 35 OSIIH 59.4 0.62 39.9 0.27 0.D2 om 99.3 0 4.0 
SCACC S9.7 0.82 40.4 052 0.15 0.15 100.3 10 4.0 SquwhoJr.AZ 
oa-....... AZ 129SP3 59.6 0.35 39.6 D.31 0.D2 om 99.2 45 2.3 
7Dl\.V S93 0.83 40.6 0.19 0.02 0.01 99.9 0 4.0 SlCAllHS 
Ely. NY CaI4.AaoI.NY 
6/iaYS S9.o 070 40.3 0.41 0.10 o.m 99.4 7 2.5 35CAIP 59.7 070 40.4 D.2S 0.D2 O.DI 100.1 0 2.8 
"""""'-CD ......... AZ 
SIIINIIK 59.0 1.48 41.0 0.24 0.0\ 0.01 100.0 1 4.0 91MIS 60.6 0.35 395 1.65 0.04 om 100.1 0 4.0 
15HEN 60.0 039 40.7 0.15 0.0\ 0.0\ 100.1 0 35 5&a MaItIn. "alm 
LanIel. NudWa 61PKM 59.0 0.96 40.1 D.39 0.01 0.0\ 99.1 0 4.0 
98LL 595 055 40.6 0.20 0.1)1 0.03 tOOl tOO 2.9 SII .. IolLAZ 
M&rIo, .. alCD 3&SIICI 59.2 0.44 4D.2 D.36 0.03 om 99 .• II 4.0 
4DLUf 59.6 0.99 40.20.30 0.1)1 IJ.05 99.& 0 35 Silt. NY 
S5MAJI 595 059 40.8072 0.0\ 0.01 100.3 0 35 12Sn.I 595 D.41 4()j D.39 0.00 0.00 tOO.2 5 35 
55MARE S93 0.90 40.2 0.13 o.a; 0.10 99.6 0 3.4 13SIM 58.8 0.18 40.5 D.14 0.0\ om 99.3 0 4.0 
18MAJt S9.1 0.52 40.1 0.44 0.02 O.DI 99.9 0 35 PECMA111ES 
MIMnI hrIr. AZ Cnwelatto. _III Abka 
I27JD!I 6O.t 072 39.6 0.28 om O.DI 99.9 0 2.6 29CJtVAI 59.3 D.t4 4IlI 0.16 0.03 om tOO.1 0 3.0 
2MPlL S9.2 0.41 40.1 0.41 0.02 o.m 99.9 0 3.0 29C1VAE 60.2 D.09 4D.2 0.48 0.D2 0.D2 100.4 0 3.0 
""'-d.AZ 29CJtVB 59.6 D.54 40.5 0.01 0.00 0.00 100.1 0 2.0 
IDWR S95 D..68 405 0.71 om O.DI 100.0 6 3.6 x-a. ... _IIIAbka 
I9WOR S9.9 0.36 40.1 0.18 om 0.00 IIXl.6 0 3.0 28XAMI 595 0.41 4O.D D.2S 0.14 Q06 99.6 - 2.0 9!WOR 59.60.82 405 059 0.Q6 IJ.05 IIXl.2 0 33 2.8XAME 60.2 D.6O 4D.2 QJ3 0.16 CI.OI 100.6 - 2.0 
94M0R S9.7 0.11 40.4 0.38 0.41 0.3a 1005 15 Jj 37XAME 59.6 D.46 40.4 D.39 0.01 0.1)1 100.0 .. 2.0 
95MOR S9.4 o.ss 403 0.71 0.011 IJ.05 99.8 U 35 31XAJdI 60J D.88 4D.2 0.12 0.1& 0.111 100.7 3S 4.0 
o--.NM 
II.5QtlI 595 0.0; 413 0.15 0.02 O.DI 100.8 0 3.0 --natd __ 

deposilS defined by NEWBERRY (1979b I. The best con- molybdenite in separale quam veins about 8 cm apan have 
strained 3R molybdenites from a primary en, ironment are high a"erage 3R "alues of 69% and 83'<. bUI for the Imer. 
from the Copper Creek deposil. a shallowly emplaced base Re contenl is much lower at 0.08 vs. 0.35 wt% !Table I: Fig. 
metal porphyry associated with a short-lived pulse of hydro- 4a I. The Re-<iepleled aggregate also has calcite in the vein 
thennal alteration (Fig. 4a: GUTHRIE and MOORE. 1978: and intergrown \\ith the molybdenite. Calcite in porphyry 
J. D. Guthrie. pers. commun .. 1991 I. Molybdenites from deposits is usually associated \\;th propyllitic alteration. which 
breccia pipes at Copper Creek are believed 10 represent pri- postdates molybdenile mineralization. The high-Re aggregate 
mary crystallization molybdeniles which ha'e experienced has IR = 4.0 vs. IR = 3.3 in the Re-<iepleted aggregale. It is 
neither subsequent high-temperature nor supergene altera- possible that the molybdenite which is Re-<iepleted may ha,'e 
tion. Infrared transparency is > 3.5 in all cases. and both Re been accessed by late-stage hydrothennal fluids which re-
conlent and 3R correlate posilively (Table I: Figs. 3d.4a 1.ln moved Re and increased IR transparency. withoul affecting 
some large individual crystals Re·rich zones were detected. polytype structure. Rhenium appears to have been incor-
X-ray imaging of a single crystal 6 mm in diameter revealed porated or absorbed into the calcite intergrowths. \\ith 5.45 
a 0.15 mm: area with an average of 0.49 \\1'< Re vs. 0.32 wt% Re present. 
wt% for the region surrounding it (Fig. 5a.b I. The Re-en-
hanced region is small relative to the whole CT)"StaI. comprising Christmas and A}o. Ari:ona. USA 
only 0.53% of the total surface area scanned. 

Evidence for hil!h·temperature alteralion of molybdenite 

American EaRle. Ari:ona. USA is indicated for samples from the Chrislmas and Ajo deposits. 
which were also collected from the hypogene cores of their 

The hypogene core of the porphyry syslem al Copper Creek respectj,'e porphyry systems. The Ajo and Chrislmas samples 
is 800 m below the surface in Ihe American Eagle Basin fall in the hil!h 3R. high-Re trend (Fig. 4a I. but have IR 
(J. D. Guthrie. pers. commun .. 19901. Two aggregates of = 2 (Figs. 4a.6a-c I. Geological evidence suggests thatlaler. 



49 

Geochemistry of Re in molybdenite 893 
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FIG. 4. Polytype abundance vs. Re content. divided into la) high 
JR and (b I low JR or 2H groups. Shaded areas are the same as in 
Fig. 2. 

high-temperature events have affected the molybdenites. Basic 
dikes are present in the pit at Christmas and are 25.5 Ma old 
( Me KEE and KOSKI. 198 I: KOSKI and COOK. 1982). in con
trast to the 62 Ma old stock which is responsible for miner
alization (CREASEY and KISTLER. 1962). At the Ajo mine. 
the 63 Ma mineralizing stock was intruded by a granite stock 
21 Ma ago (HAGSTRUM et aI .. 1987). The molybdenite at 
Ajo is from the northwestern margin of the older stock. which 
has been affected by temperatures in excess of 300·C. as in
dicated by reset K-Ar ages and paleomagnetic orientations 
( HAGSTRUM et aI .. 1987). It is possible that fluids associated 
with these later high T events at Christmas and Ajo have 
caused Re loss and increased IR transparency. without sig
nificantly modifying polytypc. 

Sama Rita. Nf!>I' Mexico. USA 

High-temperature alteration is also proposed for 2H mo
lybdenite from Santa Rita. Stockwork molybdenite + c"al
copyrite mineralization associated with potassic alteration 
has in some areas been overprinted by later phyJlic/argillic 
alteration (NIELSEN. 1968). Two molybdenile + quartz veins 
were sampled from the potassicaJly altered center of the de
posit. with one bearing the phyllic/argillic overprint. The 

molybdenilCS are roughly identical in polytypc abundance. 
but differ by a factor of2 in Re content (Fig. 4b). The samples 
are about 250 m apan and differ only by the presence of the 
phyllic/argillic overprint in the low-Re sample. This sample 
also has a lower IR transparency OR = 2 vs. 4; Fig. 6e.f ). 
which suggests that the later high-temperature fluids which 
produced the overprint may have also removed Re and in
creased transparency. 

Bagdad. Arizona. USA 

Mineralization at Bagdad is associated with a quanz-mon
zonite intrusion into Proterozoic granite and metasediments. 
with molybdenite + chalcopyrite + quanz veins up to 8 em 
in thickness I MEDHI. 1978: J. Hawley. pers. comm .. 1991). 
In a molybdenile + quanz vein 25 mm thick from the hy
pogene zone of the deposit. 3R polytypc is higher at the edge 
of the vein (13% vs. 0% 3R). but Re values are lower (0.04 
vs. 0.051101<;' Re: Table I: Appendix). A lower Re content 
for the higher 3R edge suggests that Re loss has occurred. 
Back-scanercd electron (BSE) imagery of molybdenite from 
the edge of the vein revealed dark regions which have K. AI. 
and Si as major components detected in an energy dispersive 
spectra. and contain up to 0.14 wt% Re. The K-AI silicate 
mineral is possibly illite. analogous to illite intergrown with 
molybdenile at Questa. New Mexico. USA (CARPENTER. 
1968). IR is also lower at the edge of the vein (IR = 3. I vs. 
4). The sample is from an area dominated by pervasive p0-

tassic alteration. but minor phyJlic alteration may have de
veloped eryptically along pre-<:xisting vein structures. It is 
possible that Re loss was coupled with selective phyllic al
teration at Bagdad. increasing transparency along the edge 
of the molybdenite vein. The iIIite(?) may also have formed 
at this time. as a product of alteration of muscovite or or
thoclase inclusions in molybdenite. The occurrence is sig
nificant and suggests that Re lost from molybdenite may be 
taken up by intergrown K-AI silicate phases during alteration. 

SIwus 

Carbonate and calcareous pellitic host rocks undergo dra
matic alteration to Ca-Mg-Fe-AI silicate assemblages in 
proximity to intrusions (EINAUDI and BURT. 1982). The 
skarn assemblages vary according to protolith. but can be 
separated into prograde or retrograde stages of skarn for
mation (NEWBERRY. 1979b). Rhenium depletion may occur 
in molybdenite associated with retrograde skarn development 
(NEWBERRY. 1979b). Five skarns were sampled in this study. 
and only one is associated with retrograde skarn development 
(Star. Table I: Appendix). The molybdenites are largely 2H 
polyt~llC. lOoith 3R less than I 1%. Molybdenites associated 
with CuoMo porphyries at Mission and Silver Bell. Arizona. 
USA. are higher in Re than the W-Mo skarn at Star. Nevada. 
USA. and the Cu-Zn-Ag skarn at San Manin. Mexico (Table 
I ). Higher Re in molybdenites from CuoMo skarns was also 
noted b~' NEWBERRY ( 1979b). At Gold Acres. Nevada. USA. 
a CuoMo skarn has been faulted and a later epithermal gold 
deposit has been superimposed on it. with fluid temperatures 
reaching ISO-I7S·C (HAYS and Foo. 1991: NASH. 1972). 
Rhenium in the Gold Acres molybdenite is lower relative to 
the Mission and Silver Bell CuoMo skarns. and IR is signif-
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FIG . 5. ( a.b) 6CCJG. Microprobe element map of 80% 3R molybdenite from Copper Creek showing high-Rc zone 
( 0.49 wt% Re) surrounded by molybdenite containing onl y 0.32 wt% Re. Higher Re indicated by a denser gray pattern . 
(c ) 28XAM. Back-scattered electron image for molybdenite (light gray, lower right) with powellite (dark gray. upper 
left) alteration rim from Xamchab. South Africa. ( d,e, f) Microprobe element maps of S. Ca. and Re concentration 
for same image as in ( c 1. Dense gray areas indicate higher element abundance. Scale bar.; are 0.25 mm. 

icantly lower ( 2.8 vs. 4: Fig. 6d: Table I) . The fluids which 
produced the epithermal gold deposit may have altered the 
molybdenite. lowering Re and increasing transparency. 

NEAR-SURFACE EN\·lRONMENTS AND 
MOLYBDENITE ALTERATION 

The Supergene Zone 

In sulfide-bearing rocks the near-surface environment 
consists of a coupled zone of dissolution in the weathering 
zone. and of precipitation in the supergene zone. In the su
pergene zone, sulfides oxidized during weathering release 
mobile components which percolate downward to form new 
minerals under ambient P-T but oxygen-poor conditions, 
usually near the water table (EMMONS, 1933; TITLEY, I 982; 
SATO. 1992) . Molybdenite associated with supergene Cu
minerals was considered supergene molybdenite by NEW

BERRY ( 1979a.b); this criteria was applied to samples from 
Silver Bell and Morenci. Arizona. USA. 

Silver Bell. A ri=ona. USA. 

At Silver Bell. molybdenite was collected from the open 
pit in the supergene zone. and a single drill core provided 
samples from the transitional and hypogene zones (Fig. 7a ). 
The transitional zone is defined by molybdenite plus both 
hypogene chalcopyrite and supergene chalcocite, and in the 
other zones either chalcocite or chalcopyrite dominates. as 
shown in Fig. 7a. All samples are in a monzonite stock ( 73-
69 Ma: LIPMAN and SAWYER. I 985) . A plot of Re concen
tration vs. depth for the molybdenites shows some apparent 
loss of Re from the supergene to transitional zone of the 
deposit. The 20% 3R molybdenite at -.. 100 m depth in the 
transitional zone should have more Re than the 10% 3R 
sample from 25 m. but is lower by a factor of three ( 0.04 vs. 
0.13 wt% Re; Fig. 7a). For the 2H molybdenites, Re content 
is slightly lower in the transitional zone relative to the hy
pogene 1.0ne ( Fig. 7a) . There are also K-Al silicate patches 
in molybdenite. with Re increasing from 0. 15 wt% in the 
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FIG . 6. Infrared microscopy images of molybdenites possibly altered by high-temperature fluids. ( a.b) 8XMAS I. 
Christmas. Arizona. showing (a) IR = I and (b ) IR = 2: (c) 54AJ03. Ajo. Arizona.IR = 2: (d) 35GAIP. Gold Acres. 
N~ IR = 2: (e) 3CHN I. Santa Rita. New Mexico. molybdenite from potassic zone with IR = 3.5: and ( fl 4CHN3. 
from phyllically overprinted vein with IR = 2. Scale bars are 0.25 mm. 

bYJl08tlle zone to 0.50 wt% in the transitional zone. This 
suggestS that in the transitional zone, Re has been locally 
remobilized from molybdenite into the K-Al silicate inter
growths. K-Al silicates are absent in the 10% 3R molybdenite 
from the pit. suggesting that the phase never developed. or 
has been removed by supergene fluids. Significantly, IR for 
all samples is 4 regardless of location ( Fig. 7 a). The obser
vations suggest that Re loss due to low-temperature supergene 
processc:s has occurred, but did not increase IR transparency. 

Mormci. Arizona. USA 

Molybdenite-quartz veins from the supergene and hypo
gene zones of mineralized Precambrian granite and two early 
Tertiary monzonite porphyry stocks were sampled. In the 
Precambrian granite. supergene molybdenite is higher in 3R 
but lower in Re relative to molybdenite from the hypogene 
zone (0.01 vs. 0.03 wt% Re; Fig. 7b) . In the 58 Ma quartz 
moozonite stock.. supergene molybdenite with 13% 3R is only 
slightly higher in Re than hypogene 2H molybdenite (0.08 
vs.. 0.06 wt% Re). Both cases suggest possible depletion of 
Re in the supergene samples. Molybdenite from the supergene 

zone of the younger quartz monzonite porphyry is 85% 3R 
with 0.41 wt% Re (Figs. 4a,7b) . In this sample, the molyb
denite is completely surrounded by secondary chalcocite. A 
few Re-enriched K-AI silicate intergrowths in this sample 
suggest some alteration, but IR is unaffected (IR = 3. 7 ). IR 
is less than 3.6 in the other samples and is in fact lower for 
molybdenites in the hypogene zone (Fig. 7b) . As at Silver 
Bell, the results suggest that in the supergene zone. Re loss 
has occurred, but is not associated with increased IR trans
parency. 

Questa. New Mexico. USA 

At Questa. New Mexico. USA, much of the Mo is 
in the fonn of the supergene mineral ferrimolybdite 
(Fe2(Mo0.h · nH20; CARPENTER. 1968). High Fe/Mo ratios 
favor the formation of ferrimolybdite (TITLEY. 1963). and 
the abundance of pyrite at Questa provided Fe for widespread 
development of this supergene mineral (CARPENTER, 1968 ). 
I:lement mapping and analysis of 2H molybdenite with a 
ferrimolybdite and illite rim show that the ferrimolybdite 
contains no Re vs. 0.02 wt% Re in the molybdenite (Fig. 8; 
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FIG. 7. I al Schemauc cross-5CC1ion of monzonite. dacite porphy~. 
and skarn relationships at Silver Bell Mine with approllmate bound· 
aries for the supergene. transitional. and hypogene zones. Geology 
IS alier RICHARD and COURTRIGHT ( 1966). and zones are defined 
by base metal sulfide assemblages as indicated. Sta~ indicate sample 
locations from the pit and drill hole. and Re content IIo,th depth is 
shown on the righL IR and JR values also listed as indicated in the 
key. (b) Schematic cross-5CC1ion at Morenci sholloing h)-pogene min· 
eralizauoD and supergene enrichment in Precambnan granite (gn ) 
and quanz monzonneSlocks (qmp). Sample locations are stars. IIo1th 
JR. Re content. and IR values as indicated in the key. 

Tables 1.1). The absence of Re in supergene ferrimolybdite 
has been observed elsewhere (MORACHE\'SKII and NE. 
(,HAEVA. 1960). Rhenium enhancement does occur in a K
AI silicate phase similar to that observed at Bagdad. Silver 
Bell. and Morenci. USA. which is revealed by element map
ping (Fig. 8). Molybdenite at Questa described as "sooty" 
has been shown to be intimately mixed with illite (CARPEN. 
TER. 19681. It is assumed that the K-AI silicate phase in this 
sample is also illite. Rhenium content in the illite is an order 
of magnitude greater than in the molybdenite (0.1 I wt% Re). 

Weat~Zooe 

Hypogene sulfides exposed to the weathering zone interact 
with oxidizing fluids which alter the minerals. and the com
ponents are either removed (to the supergene zone as in the 
previous case 1 or precipitate alteration products in situ from 
the primary phases (EMMONS. 1933). Rhenium loss from 
molybdenite in a non-advective weathering environment may 
be a subtle effect most detectable at the crystal edges. Large 
molybdenites from two Precambrian pegmatites and a Cu-

Mo porphyry were examined to evaluate Re loss from weath
ering. 

Grave/Olle. SOUlh Africa 

The albitite pegmatite at Gravelotte is at the contact be
tween Archean tonalitic gneiss and talc-chlorite-biotite schists 
in the Murchison greenstone of nonheastern South Africa. 
Molybdenite at this locality is associated "'ith native bismulh. 
scheelite. and emerald (RODD and ROBB. 1986). A single 
musco\;te age of2040 Ma from a pegmatite 35 km southeast 
of Gravelone mayor may not reflect the emplacement age 
of the Mo-bearing pegmatites (JAMIESOs and SCHREINER. 
1957: ROBD and RODD. 1986). No significant weathering or 
enrichment zones exist at the mine. Two molybdenites 20-
30 mm in diameter were large enougl1 for average Re and 
polytype to be detennined from the center and edt!e of the 
crystals. The samples are 2H. and the Re-depleted rim for 
one molybdenite is within uncenainty of the analyses ( Fig. 
9). Both the edge and interior have IR = 3. suggesting Re 
loss from some earlier higl1-temperature event. A second :!H 
molybdenite which contains no Re has an even lo""er IR 
\'a1ue (IR = 2: Fig. 3a). 

Xamchab. Sowh A/rica 

The pegmatites at Xamchab are in the Vioolsdrif leuco
granite of 1730 :!: 20 Ma (REID. 1979) and contain mol~'b
denite "'ith scheelite and base metal sulfides (BoWLES. 19881. 
Molybdenite from this locality was dated by HERR and MERZ 
(1958). and gives an age of 1275 Ma (>' = 1.64· 10-\1: liS!)' 
SER et a1 .. 1989}, The Vioolsdrifbatholith is within the Na
maqua mobile belt. which experienced metamorphism at 
1100-1000 Ma. expressed by greenschist metamorphism in 
the region of Xamchab (REID. 1982: D. L. Reid. pers. C(lm

mun .. 1991 ). The core and rim of one sligl1tly altered mo
lybdenite 30 mm in diameter shows a large difference in both 
pol~1~-pe and Re content from center to edge (Fig. 91. The 
edge is 44'< 3R but has less Re than the 35'C 3R center (0.07 
\5. 0.18 "'1'C Re: Table I ). The molybdenite may h3\'e crys
tallized "'ith a higl1er polytype and Re-rich edge which has 
since lost Re. The edge of the sample is significantly more 
tmnsparent. with IR = 2 vs. 4 for the center. It is possible 
that some Re loss occurred during the 1100-1000 Ma meta
morphic e\·enl. as well as from weatherint!- BSE and element 
mapping indicate that Re-enriched powellite (Ca( MO.Re )0,) 

is present as an alteration product with 2.46-3.00 WI'.;; ReO) 
/Table 11. The boundaries between the molybdenite and 
powellite are fairly sharp. suggesting that higl1 3R. high-Re 
zones may have been selectively altered. A second molyb
denite hea\ily rimmed by powellite also shows Re enrichment 
in the powellite (Fig. 5c-fl. Probe tra\'erses across the 
boundary between the powellite and molybdenite even in 
this heavil~' altered sample indicate that Re enhancement 
occurs ",;thin tens oJ' microns (Fig. lOa.bl. Rhenium loss 
from weathering is not diffuse from the center of the molyb
denite to the molybdenite-powellite boundary: instead. spe
cific higl1-Re zones or rims are preferentially altered. The 
molybdenite has IR = 2. which is a value expected for a higl1 
3R molybdenite which has been altered by a later higl1-tem-



53 

Geochemistry of Re in molybdenite 897 

Flo. 8. (a) 115QU. Back-scattered electron image of molybdenite (white) altered to ferrimolybdite (light gray) and 
illite(?) (dark gray) from Questa. Microprobe element maps for (b) S. (c) Mo. (d) Fe. (e) AI, (f) Si. (g) K. and (h) 
Rc abundances. High concentrations indicated by white areas. Scale bar is 0.25 mm. 

perature event. However, mixtures of molybdenite and pow
ellite can increase transparency. as powellite is transparent 
to infrared radiation. 

Table 2. Representative analyses of powellite 
and ferrimolybdite alteration products of 
molybdenite. All values in weight percent. 

&m:m. ~ ~ lliQuZ 
CaO 25.6 245 26.7 
Fe2Q3 25.2 
Mo0:3 n.3 n .1 70.9 65.9 

Re0:3 3.00 2.46 2.77 0.00 
Total 99.9 99.1 100.4 91.1• 
Key: Xam-3n, 37, 28, powellite in molybdenite 
37XAM (Table 1); 115Qu2, ferrimolybdite in 
molybdenite JISQU. - = not determined; •H:zO 
content not determined. 

Lorelei Cu-Mo porphyry, Namibia 

The Lorelei porphyry Cu-Mo deposit in Namibia is part 

of the Ha.ib volcanic group and has a primary crystallization 
age of 1960 Ma (REID, 1979; REID et al. , 1987; VJUOEN et 

al., 1986). The molybdenite has been exposed to supergene 
alteration and the same metamorphic events as at Xamchab. 
It is 100% 3R, but very low in Re (0.04 wt% Re; Fig. 4a). 
IR is 2.9 (Fig. 3b), suggesting that early Re loss occurred 
during greenschist metamorphism as suggested at Xamchab, 
with further loss likely from supergene and weathering pro
cesses. 

DISCUSSION 

Molybdenite in the Hypogene Environment 

In contrast to the prediction of NEWBERRY ( I979b ), high
temperature fluids appear to cause Re loss and increased 
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FIG. 9. Polytype·Re plol of large single molybdenile crystals from 
Precambrian pcgmatites at Gravclone and Xamchab. South Africa. 
with approximate ages for minetalization as indicated. 

transparency in both 3R and :!H molybdenitcs without sig
nificantly changing polytype. The critical IR value is - 3.5; 
molybdenites below this have probably experienced alteration 
from high-temperature fluids. In porphyry systems, fluids 
move largely along fractures. which are interminently sealed 
offby precipitating minerals (TITLEY. 1982). Late-stage hy
drothermal fluids can therefore remove Re from molybdenite 
in one vein. whereas molybdenite in a nearby vein may escape 
alteration because it is sealed. This may explain why quartz
molybdenite veins only centimeters apan from American 
Eagle differ greatly in IR and Re contenL Similar late-stage 
phyllic/argillic alteration along vein edges at Bagdad pro
duced Re-cnriched K-AI silicate intergrowths in molybdenite. 
which are detectable only by BSE imagery. On a larger scale 
Re-depleted 2H molybdenite at Santa Rita occurs in late
stage phyllic/argillic alteration envelopes within the potass
ically altered hypogene core of the system. Molybdenite from 
the skarn at Gold Acres is more transparent than molybdenite 
from other Cu·Mo skams and appears to have lost Re to 
fluids associated \\;th later epithermal Au mineralization. 
These observations imply that Re loss can occur in fluids 
associated with phyllic/argillic to propylitic alteration, at 
tempel'3tures as low as 150·C. Infrared microscopy. coupled 
with microprobe. SSE. and XRO analysis of molybdenites, 
can document Re loss from alteration associated with high
temperature thermal events. 

Molybdenite in tbe Near-5urface EnYironmeat 

Field and theoretical studies suggest that MoS: should be 
unstable in supergene settings and that Re may be more mo
bile than Mo (VISOORAOOV. I 957a.b; TITLEY and AN· 
THONY. 1961 ). Some molybdenites in the supergene zone at 
Silver Bell and Morenci were Re-depleted relative to samples 
in the hypogene lone. but others appeared to be unaffected. 
As with the hypogene environmenL supergene processes are 
also fracture-controlled (TITLEY. 1982). and some molyb
denites may escape alteration due to restricted fluid access. 
This cannot explain the apparent stability of 3R molybdenite 
surrounded by supergene chalcocite at Morenci. At most base 
metal porphyry deposits. and in this study. the supergene 
lone is defined by the presence of chalcocite after chalcopytite 
(NEWBERRY. 1979b). Theoretical studies suggest that con
ditions favorable for increased Cu solubility are not coosan
guinous with increased Mo solubility. so fluids which alter 

chalcopytite may not affect molybdenite (HANSULD, 1966). 
In Eh·pH space. this is supported by the observation that the 
lower limit of chalcocite stability jUst overlaps with the upper 
limits of ReS, and MaS, stability (Fig. Ila.b). Hence, Duids 
capable of altering chalcopytite and precipitating chalcocite 
may be unreactive with molybdenite. An alternate possibility 
is that the metastable chalcocite + molybdenite assemblage 
exists because molybdenite alteration is hindered by a high 
activation energy barrier (SATO. 1992). High Fe/Mo ratios 
do produce favorable conditions for supergene alteration of 
molybdenite at Questa. and 2H molybdenite partially altered 
to ferrimolybdite is low in Re and may have suffered some 
Re loss. Rhenium is not enricbed in the ferrimolybdite. but 
in a K-AJ silicate phase. Rhenium can form insoluble rhenates 
in the presence of K which often absorb onto clays (BoYKO 
and MILLER. 1980). This observation. and the association 
of molybdenite with illite at Questa (CARPENTER. 1968), 
leads us to suspect that the K-AJ·silicate pbase detected at 
Questa, Bagdad. Morenci. and Silver Bell. USA. is illite. Mo
Iybdenites from the supergene zone are generally opaque with 
IR > 3.5. maJcing infrared microscopy an ineffective means 
of detecting Re loss under these conditions. 

In the weathering environmenL a single molybdenite from 
Gravelone appears to have slight Re depletion at the edge. 
though the difference relative to the interior of the crysta1 is 
within anal)1ical error. Molybdenitcs from Gravelone have 
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FIG. II. Eh·pH diagram ShO"ln~ relationshipsoflal Mo.(b) Re. 
and (c) Os species at1S·C and I bar. Data from TtTLEY (1963): 
8RooKINS (1986. 1987). The "e3thering/sup(ll!ene environment 
enclosed bnhedashed line is defined usinp;data from SA10 (19601. 
with the lower boundary defined b) the lower limit of chalcocite 
stability after GARRELS and CHRIST I 1965: ~cu = 10-·). 

IR < 3. and Re loss may be also associated with some high
temperature event. Weathering of molybdenites from Xam
chab produced powellite which is Re enriched. The powellite 
may have preferentially fonned from alteration of high 3R. 
Re-enriched zones in the molybdenites. as broad elemental 
diffusion zones between phases. are absent. The IR trans
parent edge of one crystal is depleted in Re relative to the 
interior. Auids associated with later greenschist metamor-

phism may account for the increased transparency and Re 
depletion. A 100% 3R molybdenite from the Lorelei porphyry 
experienced the same metamorphic event and is also Re
depleted. All of these Precambrian settings have molybdettites 
with IR < 3.5. Since there is no correlation between Re loss 
and increased IR transparency in supergene environments. 
the increase must have occurred from some earlier thermal 
evenL Initial Re loss likely occurred from this earlier evenL 
with additional loss during weathering. The techniques ap
plied here can therefore unravel the geologic history of some 
molybdenites prior to allempts to date them by Re.Qs ge0-

chronometry. 

Implications for Re-Os Geochronometry 

Re dislribu/lon du"nf( mol,vbdenile cr),slalli::Dlion 

This study has demonstrated that Re concentration is het
erogeneous for molybdenites from hypogene environments. 
In extremely rare cases such as at Copper Creek. high-Re 
lones can be detected (Fig. 5a.b). but usually the variation 
is at the submicron scale. GILES and SCHILUSG ( 1972) ob
tained microprobe analyses of a molybdenite in which Re 
varied from <200 ppm to several percent. with highs occur
ring as "spot maximums" within the molybdenite. Erratic 
concentrations from 0.25-4.00 w", are also reponed over a 
100 I'm traverse in a Re-rich molybdenite from NoriJ'sk 
(KOVALENKER et aI .• 1974). and microprobe analyses of 
molybdenite precipitates from volcanic gases also show Re 
variability in single crystals only tens of microns in size 
(BERNARD et aI .. 1990). This heterogeneous distribution 
pallem of Re in unaltered molybdenite lends suppon to the 
proposal that Re causes an increase in 3R polytype (NEW
BERR\'. 1979a I. The difference in 3R and 2H molybdenite 
structure is rotation and translation of the S-Mo-S layers (Fig. 
I). This mcans that a mixture of 2H and 3R polytypes in 
molybdenite is not ideal chemical substitution. but a physical 
mix of two minerals with significantly different mineral 
structures. The physical mixture is seen by the microprobe 
as Re-enriched zones and "spot maximums." With respect 
to Re-Os geochronometry. this type of heterogeneity within 
a sample is not a problem as long as both polytypes in the 
molybdenite fonned contemporaneousl,,'. 

Recrrslalli:Dlion and Re loss 

NEWBERRY ( 1979b) predicted that minor Re loss and re
crystallization of 3R to 2H mol~'bdenite under high-temper
ature conditions may fonn high-Reo 2H molybdenite (Fig. 
2a). However. high-Reo 2H molybdenite was not encountered 
in this study. The difference in the ionic radius for Re" com
pared to Mo" (0.63 vS. 0.65 A: Weunsch. 1977) leads to 
3R pol~1ype growth by screw dislocation (NEWBERRY. 
I 979a ). Screw dislocations enhance crystal growth because 
ions fonning the structure prefer·to bond to the edge of the 
dislocation. rather than nucleate entirely new layers on a lIat 
crysta1surface. The smaller radii of Re ,. ions relative to Mo ,. 
fonn point defects about which screw dislocation growth can 
occur. Point defects are also the sites most prone to bond 
breaking in suhscquent chemical reactions. Alteration will 
preferentially cause Re loss at these sites but may not conven 
3R structure to 2H because significant energy is required to 
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rotate S-Mo-S layers. If sufficient energy is a\'8iIabIe. it is not 
likely that high-Reo 3R molybdenite will rett)'Stallize to a 
high-Reo 2H polytype because Re present in solution would 
again be drawn to molybdenite and nucleate by screw dis
location. Only the advective removal of Re by hydrothermal 
Ouids would allow 3R to recrystallize as 2H molybdenite. 
Thus, polytype transformation without Re loss (left-pointing 
arrow. Fig. 2a) is geochemically unreasonable. The results of 
this study suggest that Re loss occurs with little or no polytype 
transformation (downward-pointing arrow. Fig. 2a). Eval
uating suitable molybdenites for dating based solely on the 
diagram of NEWBERRY (197gb: Fig. 2a). a possibility alluded 
to in previous dating attempts (LUCK and AulGRE. 1982: 
ISHIHARA et al .. 1989). is ineffective for these reasons. 

High-temperature alteration and Re loss 

Molybdenites which have experienced high-temperature 
alteration evidenced by geologic criteria have also shown in
creased transparency. Infrared microscopy may be an addi
tional tool in evaluating Re loss for molybdeniles under these 
conditions. Molybdenite affected by high-temperature alter
ation can still give a reasonable age. if the alteration is as
sociated with the same thermal event responsible for min
eralization. The Re-depleted molybdenites from American 
Eagle and Santa Rita may have been altered soon after crys
tallization and may give ages that are within error of the 
measurement. At the Ajo and Christmas mines. geologic ev
idence supports the possibility that increased transparency 
and Re loss in 3R molybdenite may be related to alteration 
from thermal events which are much later than the alteration 
associated with the mineralizing event. and erroneous ages 
may be expected from these samples. Infrared microscopy 
cannot distinguish when the increased transparency devel
oped. and lIges obtained on any molybdenites with IR < 3.5 
may be erroneous. 

Re loss in tile supergene em'ironment 

In the supergene environment. molybdenite may experi
ence Re loss. although it is possible that some molvbdenite 
may be unaffected by supergene fluids. In the ~thering 
environment. significant Re may be concentrated into sec
oodal)' phases such as powellite or illite. Molybdenite in either 
setting would typically not be selected for dating. except in 
cases where no other samples are available. The most declive 
method of detecting molybdenite affected by weathering or 
supergene processes is examination using BSE imagery for 
the presence of zones of alteration and replacement bv sec-
oodal)' minerals. . 

The most significant detriment to the successful application 
of molybdenite Re-Os geochronometl)' is the presence ofRe
enriched K-AI-Si (illite?) phases in molybdenite. The illite 
inclusions in molybdenite from Bagdad. Questa. Morenci. 
and Silver Bell. USA. typically have an order of magnitude 
more Re relative to their molybdenite host. Illite may be 
identified by XRD in molybdenites which appear "sooty" 
(CARPENTER. 1968). The small amounts of illite in samples 
of this study were not detected using XRD and would be 
overlooked in a simple optical examination prior to dating. 

The presence of this phase in a dated sample is signiJicant. 
because in Eh-pH space. Re and Mo share roughl~' similar 
stability fields in the system M-S-O-H and can be complexed 
under supergene conditions. whereas Os is stable as an ele
mental species (Fig. lie). Rhenium in molvbdenite mav be 
removed by supergene Ouids after some has decayed to 1I;0s. 
causing erroneously old ages, or it may be enriched in the 
illite intergrowths. creating ages which are too young. 

Re-Os Molybdenite Ages 

Following the evaluative techniques outlined abo\·e. Re
Os ages for selected molybdenites were determined (Table 
3: Fig. 121. Molybdenites from the Copper Creek and Maria 
porphyries. and the Mission skarn. are unaltered and plot 
within uncertainty of the K-Ar ages for the mineralizing in
trusions (Fig. 12b I. Molybdenite from the center of the 25-
mm-thick vein at Bagdad also has a Re-Os age in agreement 
with the stock age. In contrast. molybdenite from the vein 
edge is more transparent. contains Re-enriched K-A1 silicates. 
and has a younger age. High 3R molybdenite from the su
pergene zone at Morenci also contains a few Re-enriched K
Al silicates. but gives an age within error of the 57-Ma stock. 
Rhenium in this molybdenite is five times greater than the 
molybdenite from the vein edge at Bagdad (2041.9 \'5. 465.6 
ppm: Table 3 I. It is likely that the intergrowths in the Morenci 
molybdenite are insufficient in number. or contain too little 
Re. to have an effect on the Re·Os age. 

Molybdenite from the Gold Acres Cu·Mo skarn was clear\v 
affected by fluids associated with later epithermal gold mi~
eralization. The molybdenite is transparent. Re-depleted.. and 
gives an age of 168.3 Ma vs. 99.0 Ma for the associated Slock 
(Fig. 12a I. Molybdenite from the Lorelei deposit was pre
dicted to have lost Re from later thermal events. with further 
loss during weathering. The Re-Os is younger than predicted. 
however. which requires either Re addition or Os loss (Fig. 
12a I. The stability of Os in near-surface environment has 
been demonstrated previously (Fig. II c I. It is possible that 
Re-enriched weathering products similar to those observed 
at nearby Xamchab were also present in the Lorelei mol\'D
denite. but escaped detection by BSE imagery. Rheni~m 
content is similar to the altered Bagdad molybdenite (349.5 
ppml. and small amounts of Re-enriched phases could sig
nificantly shift the Re-Os age toward a younger value. 

Tablc 3. ~henium and osmium concentrations and Rc.os ages for 
molybdenltes. with K·Ar agcs for sioeb allribuled 10 molvbdenilC 
cryslallization al each location. Sec Appcndi~ I for K~Ar Igc 
references and samplc descriplions. 

Rc. Os. Re-Os- K·Ar 
~ ~ I!l!II1 Jll!II1 m...Mi m...M.l 
34BAGI Bagdad.AZ 618.6 0.452 70.8 72.6 
34BAGE Bagdad. AZ 465.8 0.312 67.0 72.6 
ICACC Copper Creek. AZ 856.3 0.s0) 56.9 59.0 
3SGAIP Gold Acres. NY 61.0 0.106 168.3 99.0 
9SU- Lorelei. S. Africa 349.s 5.733 1570.9 1960t 
48MARF Maria. Mexico 413.8 0.245 57.4 58.0 
97M1S Mission,AZ 427.1 O~6 58.1 57.3 
94MOR Morenci.AZ 2041.9 1.175 55.8 57.0 

"AaI.64·JO-6yr"1 (LindnerclaJ .. 19891 
tRb-Srage 
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Flo. 12. Comparison of Re.()s ages for molybdenites with ages 
determined usmg other isotopIC systems. or based on ~Iogical reo 
lations. I a) Re.()s age for altered molybdenite from the Gold Acres 
skam and the lorelei porphyry (log scale). Ages for the Mission 
skam and the Copper Creek. Maria. and Morenci porphyries are in 
the bo~ed area. (Other data from HERR and MERZ. 19S5. 1958: 
HtRTet aI .. 1963: LUCK and ALt1:0RE. 1982: ISHtHARA et aI .. 1989.) 
{bl Detail of bo~ed area (linear scale I. Dashed line represents thc 
a>cragc standard de>iation of thc K·Ar ages used for comparison. 

CONCLUSIONS 

The results of this study show that Re loss in molybdenite 
can occur in hypogene and supergene environments. Simple 
optical e~amination is insufficient for selecting molybdenite: 
which is suitable for dating. Pol)l\ype and Re measurements 
alone are also insufficient because molybdenite can experience 
Re loss without significant pol)l\ype shift. and will plot in the 
primary crystallization Re·3R regions defined by NEWBERRY 
(1979b: Fig. 2a). Combined microprobe. XRD. BSE. and 
infrared microscopy can be successfully used to detect alter
ation in molybdenite prior to dating. Some molybdenites 
that have been dated give correct or erroneous ages. and their 
reliability was successfully predicted prior to dating. These 
techniques are nondestructive and should be performed be
fore any molybdenite is dated by the Re-Os system. 
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Scedorff(Magma.EI)·I: J. Thomas (Phelps Dodge-AjOI: G. Veach 
I Mineral Park): and colleagues. J. Guthrie. B. IIchik. J. R. Lang. 
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Appendix: Geologic setting:. description of samples, and summary of results for 
molybdenites of this study. 
LOCATION AGE DEPOSIT DESCRIPTION· STATE OF MOLYBDENrTE ALTERATION REF. 

Americ8n &gI •• 59 po<pI1yry DacM Q)III 01 Copper Ctaek Iyslam. Fraa~ Hi T Iuida haw I8ducId 
AZ K·Ar _1011 paI8SSIC 10 phyIloc. MInerai ZOlllng WIth dIIIlIh IS py.q>o IR and ramowd Re. 
60CCAEA rncHln Two mo-quartz WInS aamptad WIth 15 mm __ 
60CCAEB ~. 01 bn&ogramod mo 60CCAEB has tal_age calC-. 

Win 5 45 .... '" Re, R8-<IopIeC1Id lor 83% 3R; 1R.3.1. 

AJo,AZ 63 po<pI1yry GtlwIodoontalll1lU1ion 11110 PC __ and Kv. ~ Hogh T 1UIds_1Id 2 
54AJ03 K·Ar __ 1011 WIth PDl8II1C aII_oon and propytlttlC ali_DOn WIth 21 Me monzograMa 

CMIIIlnIt. Imrudad by 21 Me monzogtaltlt, wI11Ch I'IISIII K·Ar age ha .... IIIduc:IIcIIR and 
and peItomagrMMlCI _ ClOmaal. Open.apaca WIn ., IhcrmaIJy Illmov11d Ra 
alIIIttlld zone ~ monzogranl!8 has -2 mm Ihlde mo Wlh 
IOUOI4Ichad IUhlldral quartz. Ra noc low lor SO% 3R. txJ 
IR.2. 

Bagded,AZ 73 porpnyry Ouattz-monzonn'lIIIMoon 11110 PC granne and __ 'ne"lII Hogh T IUlds_1Id 3 
34BAGI K·Ar MrwtrIaIlIOft cp.mo In PC and La,arnlCllllock 34BAGE IS Wltn phyWIC 8Iarmron 4 
34BAGE 8dgrI 01 25 mm IhlCk Quan,.,110 VIItn. IS IowII' In R,'or hognor I1IOuCIId IR IIII11OY11d Ra 5 

%3R tI\an camer (0 04 WI '" Re. 13% 3R VI 0 05 ... '" Re and alOng V8I1l1Ogos, 
0% 3R) Hogh Ra K'ldlCal' pII8$8 Inlrmataly lIItorglO'M'l Win me eOSOflllld Re 1110 K· 
IR 1owII''' edge. 3.1 VI 4.0 s~ICIIhII1I8IlI'''''hS. 

Blngham.UT 39 po<pI1yry MonzonItalquanz-monzonnelloclcs In1rudad pz 5111U to lorm 2H mo unaJtarad: 25% 6 
3OOUA2:I K·Ar _: cp.mo-bn mrnoraJOZllron .n lIodt1. Mo-ouanz -.. ., 3 R mo IJOI&IOIY alllllld 
568 poIaIS1C zone sampled Two 2H mo have Ifb3 8. low Ra OlIO by low T IIuoIs mowrg 
578 mo WIn 25% 3R IS Ro depiellId, nas __ ., mo, IR03 9. alOng ....... 

Chn.t ...... AZ 63-61 porpnyry GranodIOnto composn,alock In1rusoon 1n10 pz carDonIIt8I and High T ftUlds _110 7 
8XMASI K·Ar Kv MO<!I mlnerallZ8llOft II stock BasaltlCdlkll """*'"<I Wltn basaltIC alkaS nave 8 

IIong WIns II mIne alii 25 Me Mo-ncn IIIlOIII1YS' 01 Stod< rvdUoIId IR ana IlImCMId 
SIWII_1It PDlasalC zone. Ma IS Ro depiellId lor 7 5% 3R. IR.2. Ra 

Copper CrHIc. 68·52 po<pI1yry Btacaa 0100lS In ahallowly_pIaaoCI composna Ilock wI1ICh No_10ft 
AZ K·Ar ~ PC, Pz. K rockI Shon-lMld aIIerllron evant 
lCACC MoIyooenrIa-quanz veIns II brecaas IISSOCIaIIid Wltn daala, as 
6CCJG 25 mm Cllamator radratlng cryataJ aggragalas POIIIMI 
SCACC ~ron bel-.. 3R and Ra, Ifb3 5 

DIMIOIId Joe. AZ 72 po<pI1yry ConctntncaIIy zOfted granodlOnto 10 granfta WI ClOI'8_ng No_ron 
70JLV K·Ar SItrgIII magma pulse. PotasSIC Bn8l'llron _DIlIIIIIIlUI ,_ 

.....aIa1l1Oft, mo<o-quanz Wins DlSSatlllI1IIed and InIcIn 
COnIIIIIIIIO rruneralOZ8110n aDS..", Mo-quanz Wlln low Re, 2H mo 
has 1A.4 

EIy.NV 115· . porpnyry Comooafta granodrorna-quanz monlOl\llaltoclllll1l1J11Oft 1nI0 Soma Re loa Irnm hogh 9 
66ELY5 103 pz Slrma: Ik8m and dlSsemlnaled cp.mo Wlnl Numorous T Burdi WI'IIch r8CIUC8d 

K·Ar normal tauns lrom Tanlary aXlenslOft MunlCrylllllrna eggIlIQII8 IR 
01_ rna m quanzo/llOoCP Vatn has 0 10 WI % Ra Wlh 7% 
3R. bul1R.25 

GoIdA_.NV 99 akarn Granarc IIll\15ron lit PZltrala prodUCed CIl-mo Ik8m 5I<am Ipia FlurdlllSSOCl8led WIth AJJ 10 
35GAJP K·Ar on nan by raWB.'aunutg, Wllh epnnermal AJJ mlnorallZalron mrneraJlZlIron _ 

su,*""poslld on lha ahaar zone MassMl mo from _ """" Ra Irnm mo ana r8CIUC8d 
_IS 2H WIth only 0 02 WI % Re. ana IR.2 8 IR 

G,.".IottI. 2040 pegmatU AlDIt •• O8gmllna In ArtI1ean lOnaine and laJe<l1lont.orana LowT_horng 11 
Scuth Alncar K·Ar ICIC Wellhanng allocll ara mInor MQ.Bt"""II<i44e-b8ry1 C8I.C8CI POSSible R.IOII 12 
29GRVAI ~atron 1.1030 mm m dram,"", &nowI no Re loa OIIR on mo nm Hrgh TlIuoas 
29GRVAE dlneranoa Irom COllI (I) 10 nm (E) A IIICIDnCI mo IS 6 mm IlIIIIOYIId Re ana I8ducId 
29GRVB _or haS no Re, IR.2 IR11 lnI_mo 

Handaraon, CO 28 porpnyry 75HEN IS vanlCal quanz-mo vatn eUlllng granu 01 Pnmos None 13 
75HEN SlOCk nss i0oi lavat. mo v8tn 15 mm IhlCk IS 2H WIth low Re. 
~BK IR03 5-4 0 SOHNBK locIIoon unc:ortatn 

LoraIaI. Nlmlbla 1960 porpnyry Gr-"a InlllJllOft InlO matavolcanrc roc:kIlO produce C!HnD Hogh T luras ratTIOVIId Ra 14 
II8I.L R~ m_atlOft. patCh of mo -40 mm lit dramatlt lrom PDlIISSIC andlllduc:llcllR 15 

zone. 1 .. 01IId Wltn rnalaChnl. 3R mo Wltn DIlly 0 04 WI '" Re has V/lI8thorng IrktIy 1IIs0 
IR.29 rtmovlld Re 

...... Moxico 58 porpnyry Ouattz·laldSpar Slock rntruslOft mlO granoaront' prOduc8d mo- No-..oon 16 
481.1ARF K·Ar cp pagmalda, hogn glllda bnIcoa 01 cp.py. Wltn mo.q,.py WI 
55MARE _ POf1ron Change OCXUII over 75 m, lolalCOPad porpnyry 
55MAR1 IYII"" Mo Irnm mD-q) pagmatna (78MAR 48MARF) and 
7IiMAR _ (55MAR) AlI.ra 2H. IR.3 5, Ra low . 

...... PMI<.AZ 73 porpnyry SlDCkl 01 dlOlna. quanz·monzonna In1rudad 1110 PC HogII T .urdl may nave 5 
2MPJL K·Ar ",,"_montl. mllta.olear""" gratll1a. 10 proouce cp.mo ralllOYlld Ra ana IlIduC8d 17 

m_allon MarruUftIlOly rn'orglO'M'l WIIhQuanz. Low 11 3R. 
Aa.fRc30 

IR 



61 

Geochemistry of Re in molybdenite 90S 

LOCATION AGE DEPOSIT DESCRIPTION. STATE OF UOLYBDEMTE ALTERllON REF. 
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APPENDIX B 

RHENIUM-OSMIUM EVIDENCE FOR REGIONAL MINERALIZATION 

IN SOUTHWESTERN NORTH AMERICA 

Reprint of an article that appeared in Science, Volume 261, pages 1282-1286, 

by T.E. McCandless and J. Ruiz 



Ms. Arlene Ennis 
Science Pennisssions Manager 
Science Magazine 
1333 Street NW 
Washington, D.C. 20005 

Dear Ms. Ennis: 
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7 January 1994 

I would like to include the Science article "Rhenium-osmium evidence for regional 
mineralization events in southswestern North America", Volume 261, pages 1282-1286, 
as an appendix to my dissertation. Can you tell me how to obtain permission to do so? 
Thank you. 

Regards, 

Tom E. McCandless 
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Rhenium-Osmium Evidence for Regional 
Mineralization in Southwestern North America 

T. E. McCandless and J. Ruiz 

More than 40 base metal porphyry ore deposits in southwestern North America are 
associated with the laramide orogeny (about 90 million to 50 million years ago). Rhe
nlum-osmium dates on molybdenite. a rhenium-enriched sulfide common in many of the 
deposits. reveal that In Individual deposits mineralization occurs near the final stages of 
magmatic activity Irrespective of the time of Inception. magnitude. or duration of mag
matism. Deposits that differ widely In location and In the extent and timing of magmatism 
have nearty identical ages for mineralization. Rhenium-osmlum ages suggest that min
eralization occurred during two distinct Intervals from about 74 million to 70 million years 
ago and from 60 million to 55 million years ago. Most deposits that formed In the oldest 
interval are within the older Precambrian basement of northwestern Arizona. whereas 
the younger deposits are restricted to the younger Precambrian basement in southern 
Arizona and northern Mexico. Synchronous. widespread mineralization indicates that 
similar crust-mantle interaction occurred on a regional scale for ore deposits once 
thought to be the product of localized processes. 

An ore deposit (orms when metals In the 
crust reach concentrations at which they 
can be recovered economically. Two com
mon questions are where did the metals 
come from and when did the deposit (orm? 
Many ore deposiu are associated with sub
duction at convergent plate margins. where 
heating and dewatering of the lubducted 
plate produce magmas in the mantle and 
lower cruS!_ Eventually these magmas are 
inuuded into the upper cruS!. and the 
metals. wually as sulfide minerals. are con
centrated in the intrusions and in adjacent 
cDUnny rocks (I). The most enigmatic 
question in the study of ore deposit genesi5 
i5 whether the metals originate in the man
tle and lower cruS! and are carried In the 
magma or are derived locallv after emplace
ment of the magma intO the upper crust. 
Thi5 quesnon i5 further complicated for 
many ore deposiu because the age. compo
sition. and orientation o( the subducted and 
OVerriding plates may be destroyed or ob
scured by later geologic evenu. Ore depos
iu associated with the Laramide orogeny in 
southwestern North America are unwual 
because informarion about the nature and 
orientarion of the subducted and overriding 
plates is preserved (2). 

With regard to the second question. 
many radiogenic isotope decay systems ha\'e 
been applied to the danng o( sulfide ore 
deposiu. but few actuallv date the sulfides. 
Lead isotopes in galena (PbS) and other 
sulfides ottm give reasonable ages (or min
eralization but suffer from numerous prob
lems that make interpretation difficult (3). 

The amen •• n I!lD 0epanmenI 01 GeoIaences. 
UrwerUy 01 Anzala. Tucscn AZ 85721. 

1282 

Uranium-lead systemalics have also been 
applied to gangue minerals. which are 
believed to form at the same time as the 
sulfides. but U-enriched gangue minerals 
in ore deposits are rare (4). Potassium
argon (40](_40 Ar) and argon-argon (to Ar
J9 Ar) systematics have been wed to date 
the more common K-enriched gangue 
minerals in veins containing sulfides (5. 
6). and the samanum-neodymium system 
(li7Sm_I44Nd) has been wed to dale rare
earth element minerals that are sometimes 
present with the sulfides m. These daring 
techniques operate on the assumprion that 
the gangue minerals have an equilibrium 
relation with the sulfides. but data pertain
ing to this equilibrium may be question
able or lacking altogether. The rhenium
osmium system (IK7Re.lS10s1 overcomes 
these problems because the sulfide ore 
minerals can be dated. In this article. we 
compare the timing of sulfide mineraliza
tion. on the basis of Re-Os ages for the 
sulfide molybdenite. with the onset. dura
tion. and magnitude of magmatism associ
ated with the Laramide orogeny. 

Geological Background 

The Laramide orogeny involved intense 
uplift. magmansm. and compressive defor
mation over much of western North Amer
ica from 90 million to SO million yean ago 
(2). Base metal porphyry deposiu associat
ed with the Laramide orogeny have been a 
rich source for copper. molvbdmum. and 
lead for nearly a century and are abundant 
throughout southwestern Ariwna and 
northern Mexico (8). These deposill are so 
named because the Igneous rocks that host 

SCIENCE • VOL. 261 • ) SEPTEMBER 199) 

mineralization exhibit a strongly bimodal 
size distribution of primaJy minerals or a 
porphyritic texture. Base metal porphyry 
deposiu are formed when heated aqueous 
fluids circulate through these igneous rocks. 
which are intruded at depths of 1 to 10 Ian 
(9). The most common sulfides are chal
copyrite (CuFeSz) and molybdenite (MaSz). 
which precipitate in a complex nerwork of 
fractures (a stockwork) in the intrusion and 
adjacent igneous rocks or as a massive sulfide 
body that replaces adjacent sedimentary 
rocks (a skarn). The deposiu occur along 
convergent plate marguu. where oceanic 
lithosphere has been subducted (I). 

Laramide base metal porphyry deposiu 
(ormed in two different types of Precam
brian basement in the O\'erriding continen
tal plate. In the nOrthwest. the Precam
brian basement i5 composed of metamor
phosed Igneous rocks IIIOR: than 1.7 bUlion 
yean old. The Precambrian basement to 
the lOutheast i5 composed of metamor
phosed sedimentary rocks less than 1.7 
billion yean old. with the boundary be
tween the two regions approximated by the 
Holbrook lineament (10. II) (Fig. 1)_ The 
Precambrian basement is not continuous in 
outcrop but is assumed to underlie the 
younger rocks and is ottm exposed during 
mining. These differences in the Precam
brian basement correspond with different 
intervals of base metal porphyry mineraliza
tion during the Laramide orogeny. 

Re-Os Dating of Molybdenite 

The Re-Os system holds great promise (or 
the direct dating of sulfide deposiu because 
both Re and Os are chalcophile e1emenu 
and parrition preferenrial1y into sullidcs or 
metallic phases. Both e1emenu are also 
siderophile. which means that most of the 
Re and Os budget is in the core of the Earth 
and that. even in sullides in the oust. they 
are typically (ound in the part-per-million 
to part-per-trillion range (12). Molvbdenite 
is an Ideal mineral for the dating of sullide 
mineralization because it is a Re-entiched 
sulfide found in a variety of deposiu. Initial 
dating auempu have produced erratic re
sults (13) because of the post-crystallization 
mobility of Re in molvbdenite (14. 15). 
The determination of Re di5tribution by 
microprobe. infrared transpareney with the 
use of infrared microscopy. polytype by 
x-ray diJfraction. and the search for Re-



bearing intetgrOWths by microprobe back· 
scattered imageJy make it p<mi.ble to select 
suitable molvJ;xlenite:s for dating (IS). Mo
IvJ;xlenites selected by these criteria were 
subjected to fusion, distillation, and mea· 
surement techniques described elsewhere 
(IS, 16), and mineralization ages were ob
tained by Re-Os gcochronomeay (fable I). 

We chose the base metal porphyry de· 
posit at Bingham, Utah, as a locality for 
testing the resolution of Re-Os dating be· 
cause crosscutting relations and precise 
K·Ar ages were known (17). Magmatism at 
Bingham spans about 7 million yean, and 
mineraliza tion is associated with an al tered 
quam monzonite porphyry that was em· 
placed into monzonite dated at 39.8 ± 0.4 
million yean and crosscut by latite dikes 
dated at 37.7 :!: 0.5 million and 38.0 :!: 0.2 

million yean. ThU5, mineralization oc· 
curred between -40 million and 38 million 
yean ago. The Re-Os age of molybdenite 
from the quam monzonite porphyry at 38.6 
:!: 0.6 million yean is consistent with this 
histOty (Fig. 2A). In contrast, a K·Ar age 
for hydrothennal biotite in the altered por· 
phyry is cleatly too young to be associated 
with ore formation (Fig. 2A). This incon· 
sistency in the K·Ar gangue mineral age 
demonstrates the importance of being able 
to date the sulfide mineralization. 

Timing of Mineralization Within 
Individual Deposits 

We selected six widely separated Laramide 
base metal porphyry deposiu for Re·Os 
molybdenite geochronomerty (Fig. I). Bag· 
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Fig. 1. OistnbullOfl 01 dated Lararntde Igneous rocks in Ar,Zona and northern Mexico (40). (A) 
Numbers near exposures represent too oldest laramide magmatIsm at that localIty. In millions 01 
years. Exposures are slladed accordIng to too length 01 magmatosm as IndIcated by too key. Short 
dashes ondlcate dIke swann trends. The Holbrook toneament (HL) separates the older and younger 
Precambnan basement rocks. (B) laramide Igneous exposures in apPloxomate posUlonS belore 
post·Laramode extenslOl1. No extenslOl1 occurred in the transitoon zone or Colorado plateau (41) 
Locations dated by moIybdenrte Ae-Os geochronometoy are Bagdad (e). Copper Creek (CC). Maria 
(Mr). Morenci (Mo). and the Porna mInong dIStrict (PM). 

Table 1. PhysocaJ CI1aractenstlCS and Ae-Os ages 01 molybdenites (42). Inlrared transparency (fA) 
is a QuaJltatove estImate: IA - I IS transparent (altered). and IA - 4 IS opaque (unaltered). The 
methOd oliA estomatlOl1 is descrIbed ,n (15). Polytype IS reported as percentage 01 3A polytype. 

l.ocaIion Sample Mo S Ae Os 3A IA Age' 
("'Wl) ("'Wl) (ppm) (ppm) ("') (years x 10") 

e'f9\am 56B54 59.6 40.2 379.6 0.151 0 4.0 38.6:t 0.6 
Bagdad 34BAGt 59.9 40.5 618.6 0.452 0 4.0 70.8:t 0.4 
Copper Creek 60CCAEe 59.0 40.2 2107 1.280 69 4.0 58.9:t 1.5 
Copper Creek lCACC 59.1 40.8 856.3 0.503 66 4.0 56.9:t 0.9 
Maria 48MAAF 59.6 40.2 413.8 0.245 0 3.5 57.4:t 1.6 
Pima-M,sslOl1 97MtS 60.6 39.5 427.1 0.255 0 4.0 58.1 :t 1.4 
Sienila 130SIE 59.5 40.1 238.2 0.138 50 3.3 56.2:t 1.8 
Morena 94M0A 59.7 40.4 2042 1.175 85 3.7 55.8:t 0.9 

'A - 1.64 " 10·" (43) 
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dad iI one Ii only three econorni.c base 
metal porphyry deposiu in the older Pre· 
cambrian basement to the northwest £.7, 
I/) and the only active mine. Magmatism 
at Bagdad enended over -10 million years 
and covered an area of -70 km2, on the 
basis of present exposures. Exausive rocks 
and the Precambrian basement were inaud· 
ed by rhyolite dikes, granodiorite-quam: 
monzonite stocks, diorite dikes, and quam 
1IlOIUDnite porphyry dikes during the Lara· 
mide (18). The oldest Laramide inausion is 
a granodiorite dated at 78.3 :!: 1.8 million 
yean (Fig. 2B) (/9). A quam monzonite 
porphyry (76.2 :!: 1.7 million yean) was 
next, followed by the Bagdad quam monzo
nite porphyry, which produced stor:lcwork 
chalcopynte-molybdenite mineralization. 
Mineralization is in both the Bagdad quam 
1IlOIUDnite porphyry and in the Precam· 
brian basement (20). Diorite dikes 2 km 
south of Bagdad and 75.2 ± 1.7 million 
vean old are similar to dikes that crosscut 
the Bagdad quam monzonite porphyry, but 
both the dikes and inausion are too altered 
to be dated. We obtained a Re-Os age from 
the center oi a massive molybdenite vein in 
the porphyn·. The age, 70.8 ± 0.4 million 
yean, is in agreement with a K·Ar age on 
biorite from a vein in the Bagdad stock 
(iZ.6 :!: 2.3 million yean) (2/). 

Copper Creek is located in the center of 
exposed Laramide igneous rocks in the 
YOUnger Precambrian basement region, but 
no Precambrian rocks are exposed in the 
area (Fig. n. Magmatic evenu at Capper 
Creek span -17 million years and cover an 
area of 18 km!, and mineralization occurred 
near the end oi magmatism. Andesite·laute 
volcanics are the oldest Laramide igneous 
rocks; they are intruded by a granodiorite 
dated at 69.; ± 2.7 million and 65.8:!: 1.6 
million yean. Stockwork chalcopyrite· 
molybdenite mineralization at Copper 
Creek is associated with a pink dacite por· 
rhyry that Intruded the granodiorite 60.5 :!: 
1.; million Yean ago (22, 23). Sulfide 
mineralization varies from pyrite-dominant 
[0 chalcopvnte·, molybdenite·, and bor· 
nite-dominant zones over a vertical depth 
ofHm. A Re-Os ageof58.9 ± 1.5 million 
\-ears was obtained from a molybdenite. 
quam vein associated with the pink dacite 
porphyry (Fig. 2C). Chalcopyrite·molyb
denite mineralization also occurs in breccia 
pipes that are undated but crosscut by a 
dark dacite porphyry 52.5 :!: 0.5 million 
\'em old that is unmlneraliled (23). A 
quara·molv\xlenite vein in a breccia pipe 
has a Re·Os age of 56.9 :!: 0.9 million years 
(Fig. 2C) and probably represenu the 6naJ 
stages of rnineralization. 

Maria is the southernmost deposit dated 
in this studv and is part of the Cananea 
disaict in northern Mexico (Fig. 1). Mag. 
matic evenu at Maria-Cananea span -14 
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million yean and cover -250 1an2; miner
alization occurred near the end of magmatic 
activity. Undated Mesozoic volcanic and 
intrusive rocIts are mtrudcd by several Lara· 
mide stocks. the oldest of which u a monzo
diorite with a U·Pb zircon age of 69.0:t 1.0 
million yean (24, 251. Near Maria, a 64.0 
:t 3.0 milIion·year-old granodiorite u in· 
truded by the Maria quam monzonite por
phVtV stock. which u responsible for min
eralization. The Maria stock u 58.5 :t 2.0 
million YearS old. similar to quam monzo
nite porphyries in the Cananea area (58.2 
:t 2.0 million yean) (24-261. In the Maria 
porphVtV deposit. stockwork to pegmatitic 
chalcopynte·molvbdenite Yein mineraliza· 
tion extends over only tens of meten (26). 
The Re-Os age of molvbdenite with chal· 
copyrite in a pegmatitiC phase of the Maria 
quam monzonite porphVtV u 57.4 :!: 1.6 
million vean (Fig. 2DI. in good agreement 
with the K·Ar age of the mtrusion. 

Morenci u the easternmost location of 
Laramide magmarum and mineralization 
examined in this study and u in the younger 
Precambnan basement (Fig. I). Events at 
MorenCI span -15 million yean over -165 
lanz. again with mineraluarion near the 
end of magmatism. A diorite porphVtV 
srock-sill SYStem 63.0 :!: 2.3 million years 
old was intruded bv an elongate stock and 
northeast·rrendmg dike swarm of grano
diorite·mon:onite porphyry 56.5 :!: 1.7 mil· 
lion years ago (27. 281. A quam momo
nite-grnrute porphyry then intruded and 
minerali:cd the granodiorite· monzonite 
porphyry and Precambnan counrry rocks. 
Its age IS indtstifl!!\luhable irom that of the 
monzonite (57.4 :!: 1.7 million years). A 

Re-Os age of 55.8 :!: 0.9 million yean from 
a molybdenite-quam vein in the quam 
monzonite porphVtV u in good agreement 
with the mineralizing stock age (Fig. 2E). 
Breccia pipes that crosscut the quam monzo
nite porphVtV and postdate mineralization 
are 52.6 :!: 1.9 million yean old (27. 28). 

The Sierrita·Esperanza. Twin Buttes, 
Mission·Pima. and San Xavier base metal 
porphyries are spatially situated around a 
granodiorite batholith and are part of the 
Pima mining dumct (29, 30). The dutation 
of magmatic events and the areal extent for 
the Pima mining dumc! are -16 million 
yean and -347 lanz. respectively, the Iarg. 
est of thu study (Figs. I and 2F). The oldest 
dated magmatic evena are a quam diorite 
(68.5 :!: 2.0 million years) and andesites 
(67.0:t 2.0 million years) in the southern 
part of the system (22, 29). The grano· 
diorite batholith was emplaced 63.1 million 
to 60.1 million years ago (30). Hydrother. 
mal biotite irom the Siemta·Esperanza mine 
and muscovite irom a vein in the grano
diorite batholith ha"e ages of 64.0 :!: 2.0 
million and 62.0 :!: 1.0 million yean, reo 
spectively, suggesting that some hydrother· 
mal activity occurred "ith these early intru· 
sions (30) (Fig. 2F). Coarse biotite veinlets 
in the quam diorite 2.6 km northwest of the 
Sierrita·Esperarua mine yield ages of 61.5 :!: 
3.0 million yean and 57.5 :!: 2.0 million 
yean for biotite and K feldspar. respecnvely 
(30). Shafiqullah anJ Langlou (30) pro
posed that alteration occurred in rwo sepa· 
rate periods. but evidence for a second event 
was suggested only in the ages for secondaty 
biotite from the Sienita·Esperanza rome and 
the K feldspar irom Ihe quam diorite (31). 

-0-.,. 
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fig. 2. Magmallsm looen CIrcles). 
gangue mmeral looen mangles). 
and sutfloe mlnerallZallOll (oPen 
souares) ages lor 00IP/lYfY cIe
POSIIS 111 IIllS SIUdy. SymOoIS rep. 
resenl mean age oelerrrnnatlOll. 
error DarS are la. Closed CIrcles 
indlCale ltlll'USlOllS anntluled 10 
rrunerallzaIJOIl. Bold dashed Iltles 
aooroxmale ages lor evenlS 
v.nlCh have not been aated. 
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SIOCkworIc chalcopyrite-molybdenite miner
alization at Sierrlta-Esperarua is associated 
with a 58.4 :!: 2.0 million·year-old granite 
porphVtV (22, 29, 30, 32). A Re-Os age of 
56.2 :!: 1.8 million years for molybdenite 
from the stockworlc %One at Sierrita.Esper
arua agrees with the age for the granite 
porphVtV (Fig. 2F). The Re-Os age is also 
distinct from the older alteration eveno at 
the 95% conIidence level (3/) and supportS 

the notion that two hydrothermal evenO are 
recorded in the Pima dumct. although lig· 
nifu:ant mineralization u not associated with 
the earlier episode. 

A less complicated scenario exisa at the 
T "'in Buttes. Pima-MUsion. and San 
Xavier mines. A quam monzonite porphVtV 
that u also responsible for stockwork and 
skarn chalcopynte·molybdenite mineraliza· 
lion at Pima·MUsion is 57.4 :!: 2.0 million 
years old. The age of biotite from a hydro
thermal vein in the porphVtV u 56.7 :!: 1.2 
million year. (12). Molybdenile irom the 
skarn has a Re·Os age of 58.1 :!: 1.4 million 
yean. within the error of the K·Ar age of 
Ihe quam monzonile porphVtV (Fig. 2F). 
At Twin Buttes. chalcopyrile·pyrile stock
work and skarn mineralization are associat
ed wilh a quam monzonite porphVtV 54.7 
:!: 1.9 million years old. Chalcopyrite
molybdenite mineralization in sedimentaty 
rocks and in the mineralizing quam monzo
rule porphVtV at San Xavier Nonh u con· 
srrained by a K·Ar age of 58.0 :!: 1.2 
million yean (22). The San Xavier North 
and Pima·Mission deposits are on the upper 
plate of a post· mineralization thrust fault. 
which would place Pima·MUsion near or 
above the Twin Buttes mine at the time of 
mineralization (29). 

The Re·Os ages demonsrrate that ore 
deposition in base melal porphVtV systems u 
coincident with a particular intrusion and 
are similar to the K·Ar ages for those 
mineralizing intrusions that are not too 
altered 10 be daled (Fig. 2). Mineralization 
u generally midway or near Ihe end of dated 
magmatism at each locality. irrespective of 
the time of onset. durarion. or areal extent 
of magmatism (Fig. 3A). The data conIirm 
earlier observations on the basu of crosacut· 
ling relations that were exposed during 
mining operations (33). 

Intradeposlt Relations and Regional 
Timing of Mineralization 

Durin!! Laramide times, base metal porphVtV 
!ormation was widC$pread t1uoughout mO$t 
of the circum· Pacific tim (33). The Lara· 
mide porphVtV deposits of southwestern 
North Amenca and the Re-Os mineraliza
tion ages show that although some magmatic 
~'Slerru may be active for -10 million to. in 
some cases. nearly 40 million yean, porphy. 
ty mineralization u resmcled to two narrow 



inrcrvals: -74 million to 70 million and 
-60 million to SS million yean ago (Figs. 2, 
B to F, and 3). These intetVals are tnespec. 
tive of time of inception, areal exn:nt of 
magmatism. or ore deposit size. Most depos· 
its that formed during the older interval are 
in the Precambrian basement in northwest· 
em Arilona, which Is older than 1.7 billion 
yean, whereas the younger deposits are reo 
stricted to the basement in the southeast 
younger than 1. 7 billion yean (Figs. 1 and 
3A). An older interval may exist at Sierrita· 
Esperama, although it Is consaained only by 
K·Ar ages on gangue minerals (Fig. 2F). 
Potassium-argon ages on gangue minerals 
from other base metal porphyry deposits not 
dated by Rc.Qs geochronomeay also suggest 
hydrothermal activity at -64 million years 
ago. However, the K·Ar data have large 
errors and do not allow us to resolve this 
interval with certainty. 

With regard to regional timing of min· 
eralization. some clues to understanding the 
proceS5eS mvolved are given by the obser· 
vation that base metal porphyries are spa· 
tially and temporally associated with the 

- -

FIg. 3. CAl Tillie span of magmatism (hOrIZontal 
bars) and mUlerahzation (diamonds) ages for 
Laramide base metal porphyry deposits. Loca· 
toons WIth mlnerallZatlOll ages determined by 
Re-Os molybdenite geochronometry are indio 
cated by asterisks. For other locations. d,a· 
monds are K·Ar ages of mineralIZing Intrusions 
Uncertarnlles In ago deteRTllDBlIons are less 
than the ago represented WIthin the symbol. 
MlnerallZallOll IIltervals for the older (Bagdad. 
Copper basin. and MlOeral Park; > 1.7 ·billion· 
year-old Precambnan crus!) and younger (lhe 
sewn rerOBJnlng Sites: < 1. 7·billion·year-old 
Precambrian crus!) Precambrian basements 
are mar1<ed by vertrcal dashed lines. (B) Histo
gram of Laramide magmallsm (number of ege 
determrnatoons) for SOU\Ilwestern North Ameri· 
ca. WIth IfItervaJS 01 base metal porphyry min· 
erallZallOll IfIdrcated by crosshatched bands. 
Data are from thiS study and (15. 40). 

subduction of oc=tic lithosphere (/). 
Upon subduction, the oc=tic lithosphere 
undergoes dehydration and paniaI melting. 
The partial melts and volatiles rise and 
interact with the ovetlying continental 
lithosphere and promote partial melting in 
the lower crust. Some of the magma pto
duced by this interaction ascends higher 
into the upper crust. fomting a volcanic 
rock if it breaches the surface or an intru· 
sian if it cools beneath the surface (34). In 
Laramide times, magmatism associated with 
fast subduction of the FaraUon plate is 
ubiquitous (2) (Fig. I). The oceanic litho
sphere of the FaraUon plate was probably 
homogeneous in composition and age, on 
the basis of its mirror image preserved on 
the Pacific plate (34). Thus, there were no 
significant differences in the age or compo
sition of the Farallon plate that would 
account for the widely separated but narrow 
intervals of mineralization (2.34). Rather, 
the most obvious differences are in the 
Precambrian crust involved in partial melt· 
ing. Rcsrriction of the older mineralization 
interval to the basement in the nonhwest 
older than 1.7 billion years and of the 
younger interval to the basement in the 
southeast younger than 1.7 billion years 
suggests that the Precambnan crust influ· 
ences the timing of base metal porphyry 
mineralization. Differences in the age and 
composition of the Precambrian crust clear· 
Iy correspond wirh the two dIStinct inter· 
vals of mineralization (Figs. 1 and 3). We 
believe that during Laramide rune, volatiles 
and panial melts of relatively constant 
composition were driven off as a function of 
the subducting Farallon plate and interact· 
ed with the lower crust, parriallv melting it 
and combining these crustal melts with the 
mantle-derived melts. 

Porrions of these mixed I1\3l!III3S reached 
the upper crust as lIows or intrusIOns. The 
lower crust undetwent funher melring as 
new volatiles or pamal melts rose from the 
mantle in response to the subducting Faral· 
Ion plate. As remelting of the residues 
continued in the lower crust, some compo
nents accumulated that are crucial for the 
formation of base metal porphyry deposits 
(for example, metals as well as sulfur, wa· 
ter, or both). Eventually a magma evolved 
that contained these components in suffi· 
cient amounts that, upon their emplace. 
ment into the upper crust, a base metal 
porphyry depom formed. Thil. critical 
abundance level was achieved in the older 
Precambrian Crult -74 million to 70 mil· 
lion years ago and in the younger Precam· 
brian crust -60 million to 55 million years 
ago. MagmatISm of similar age and duration 
is common throughout the two Precam· 
brian basement domains (Fig. 1), but base 
metal porphyry mmeraiization is restricted 
to two different mtervals specllic to those 
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domains. The processes leading to the re
gional timing of mineralization were pr0b
ably not inscmI2neou.s but evolutionaty, 
creating windows of time during which 
magmas that reached the upper crust would 
contain the components necessary (or the 
(ormation o( a base metal porphyry depolit. 

Although a period o( magmatic evolu· 
tion seems to have generated mineralizing 
magmas in the lower crust, some external 
parameter may have t1'iggered their ascent 
into the upper crust. In southwestern North 
America, the bulk of laramide magmatic 
activity (Fig. 3B) occurs after a shih in 
Farallon plate motion from oblique to near· 
Iy normal convergence at -so million yean 
(2). A subsequent change in motion at -60 
million to S 3 million yean roughly corre· 
sponds to the vounger mineralization win· 
dow, but the absolute timing of this shih is 
poorly constrained (35). More likely, nor· 
mal convergence of the FaralJon plate im· 
posed a constant compressional regime 
throughout the area (36). Accomodation 
(or this compression is expressed locally at 
several porphyry deposits in the (orm of 
oriented dike swarms, elongated stocks, and 
oriented fracture density patterns (36, 37). 
The mineralizing magmas mav have been 
emplaced into the upper crust only where 
compreSlionai stress was locally accommo
dated by extension during these specilic 
windows of time. Similar extensional fea· 
rurcs at other Laramide magmatic centers. 
with ages corresponding to these mineral· 
ization windO'l';'. may serve as a favorable 
indication of new deposits (37). 

The unequivocable establishment of the 
source of the components needed to (ann 
base metal porphyry deposits Is beyond the 
scope of this srud.,.. Some geochemical stud· 
ies have shown that the magmas involved in 
these deposits are mixed products of lower 
crust and mantle melts. but these sruWes 
cannot prove that base metals are enriched 
in this process (19. 38). Other srudies sug. 
gest that some metals may be obtained from 
the upper crust through localized processes. 
as heated fluids circulate between the inau
sian and adjacent counay rocks (II. 39). In 
the latter case, the magma only provides 
heat to drive the circulating tluids. This 
study has shown that the regional timing of 
base metal porphyry formation corresponds 
with the ~'pe of basement in which the 
deposits occur. Because that timing Is depen. 
dent on the emplacement of a particu\ar 
mineralizing magma, it places the consaaint 
that some component, perhaps some metals, 
must be obtained frOO! the magma itsel(. As 
mentioned before, two common questions 
regarding metallogenesis are where did the 
metals come rrom and when did the deposit 
form! In this instance, by answering the 
second question we may have shed light on 
the lint. 
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Zirconium metal (B-J Scientific®) crucibles and lids can be cleaned with 

Milipore® Mil-Q or equivalent water and a metal-free scouring pad, and dried with a 

lint-free cloth. A blank fusion of NaOH-Na202 (see below) should be performed before 

samples are fused. After cleaning again, the crucibles should be stored in a desiccator to 

avoid adsorption of moisture into the metal, which will adversely affect weighing and 

fusion steps. 

An appropriate amount of Re spike is weighed into the crucible, with the lid in 

place during weighing. The Re spike should be brought to dryness carefully with the 

crucible lid off on a hot plate set at less than 60°C. The same procedures are repeated 

for the Os spike. At temperatures higher than 60°C, the Os spike may be oxidized to 

OS04(g) and lost. 

Two pellets of NaOH and 1 m1 water are added to the crucible, and the mixture 

is swirled to dissolve the pellets and to cover the spikes. The spikes are then dried 

overnight with the lids off, on a hotplate set at less than 60°C. Two grams of NaOH 

( .... 20 pellets) are added to the crucible and the mixture is fused at 325-350°C for 1 hour. 

After cooling, a pre-determined amount of sample (see Appendix D) is added to the 

crucible and covered by 2 g of NaOH. The mixture is fused again at 325-350°C for 1 

hour, then cooled on a clean surface. The sample should be a straw or mottled green 

color if fusion has been successful. Some of the sample may be on the inside of the 

crucible lid, which must be set aside so as not to remove or disturb the material present. 

Four grams of Na202 are then added and the mixture is fused at 550°C for 1 hour and 

cooled on a clean surface with the lid in place. The fusion process allows for transition 

metals in the sample to be oxidized under alkaline conditions and complexed into 

soluble oxygen-containing anions such as OS042- and Re04- (Sulcek and Povondra, 

1989). 

The crucible and lid are then placed in a clean 250 ml Savillex® beaker, and 20 

ml water are added to the crucible. Rapid effervescence will follow and the beaker lid 

must be quickly replaced so as to prevent possible loss of sample. After one hour the 

cake will be completely dissolved, at which time the solution can be poured into the 
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beaker and rinsed from the crucible and lid with a few ml of water. Both Re and Os as 

oxygen-bearing anions are stable in this alkaline solution, and it can be stored for 

several weeks without precipitation. 

A distillation apparatus after the design of Walker (1988) and Schindler (1975) 

is used to separate Re from Os. Five ml of a 3:1 solution of 10 N HCI and ethanol are 

used in the osmium trap, which is in tum placed in a 500 ml beaker of ice and distilled 

water. The sample solution is added into the distillation flask and attached to the 

apparatus, and a 500 ml ice bath is placed over the base of the flask. Once the solution 

is cooled, 25 ml of 1: 1 sulfuric acid is added to the solution. The solution will change 

from a pale blue, cloudy nature to yellow, due to change of Mo+4 from to Mo+6. 

For complete oxidation of all ions in the solution it is necessary to add 10 ml of 

30% hydrogen peroxide after the solution is brought to boiling. Transition metals can 

act as catalysts during this procedure and lead to violent reaction if the hydrogen 

peroxide is not added carefully. This was achieved by attaching a short length of 

Teflon® tubing to the nitrogen inlet of the distillation flask, with a Nalgene® Y 

connector at the other end. On the upper end of the Y connector, a clean glass syringe 

with 10 ml of 30% hydrogen peroxide was attached, and on the lower arm of the Y 

connector the nitrogen gas line was attached. This allows for careful, dropwise addition 

of hydrogen peroxide into the solution without disassembly of the apparatus, as is 

required in other procedures (Morgan and Walker, 1989; Morgan et aI., 1991, 1992). 

About 4-5 bubbles a second should be produced in the ethanol:HCI trap once the 

nitrogen gas flow is started. 

When the solution begins to boil ( ..... 90°C), hydrogen peroxide is added a few 

drops at a time, about 15-30 seconds apart and distillation is continued for one hour. 

Acidification of the alkaline solution converts the Os aqueous species to OS04(g), 

which is driven into the ethanol:HCI trap by the nitrogen gas. In the trap, the Os+8 in 

OS04(g), is reduced to Os+6 as a hexachlorosmate species (OsCI6). Following 

distillation, the ethanol:HCI solution is placed in a 15 ml Falcon® tube, diluted 3: 1 with 

water and analyzed immediately by ICP-MS (see Appendix D), because some 

conversion of OSCI6 to OS04(g) occurs with addition of water to the trap solution. 

Because molybdenite contains Re in the ppm range, only a small aliquot (5 ml) 

of the residue solution, diluted 3: 1 with water, is needed for Re analysis by ICP-MS. 
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APPENDIXD 

DISCUSSION OF THE ANALYTICAL TECHNIQUES USED IN THIS STUDY 

Polytype abundance by x-ray diffraction (XRD) 

Chemical variations in minerals can be identified using the relationship between 

the incident angle of x-ray 'reflection' (Bloss, 1971) and parallel crystal lattice planes 

as expressed by the Bragg equation: 

nA =2dsin0 

where n=l, A is the wavelength of x-ray radiation, and 0 is one-half the measured 

reflection angle on the x-ray diffractometer. Poly type abundance in molybdenite was 

determined by using the technique of Frondel and Wickman (1970). Using a wooden, 

or a Re and Os free metal pick, molybdenite was scraped from samples to produce a 

powder of flakes -0.2 mm in diameter. To avoid orientation of the molybdenite, the 

powder was sprinkled onto double-stick cellophane tape attached to a 50 x 50 x 4 mm 

glass slide. The powders were scanned on a Siemens D-500 x-ray diffractometer using 

CuKa radiation (A=1.5418 A). Scans were from 25-60°20 at a rate of 1 °20 min-l and 

count rate of 103 sec-I. Theoretical modeling of Wickman and Smith (1970) allowed 

Frondel and Wickman (1970) to demonstrate that naturally occurring polytypes of 

molybdenite have distinct XRD patterns with respect to 20. In mixed polytype 

molybdenite, the ratio of either the 39% or the 40% intensity 3R peak (d=2.356, 2.200 

A, respectively) to the 100% intensity 2H peak (d=2.274 A) is a function of the 

dominant polytype present (Fronde I and Wickman, 1970). Using this relation and the 

XRD patterns for mixed polytype molybdenites reported by Frondel and Wickman 

(1970), polytype compositions for the molybdenites of this study were estimated as 

percentage of 3R present (% 3R) and are listed in Appendix A, Table 1. Uncertainties 

are up to ±7% 3R, and are greatest in the range 0-20% 3R and 70-100% 3R. 

Re concentration by microprobe 

Molybdenite flakes were selected from the XRD slides and remounted so that 

smooth cleavage surfaces are face up on the mount and parallel to the mount surface. 

The molybdenites were carbon-coated and analyzed on a Cameca SX-50 electron 

microprobe. Del Norte troilite was used for S, and metal foil for Mo, Wand Re 

standards. Matrix effects were corrected using ZAP. Counting times for Mo and S were 
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ten seconds with ten seconds background counting. Beam current was 20 nanoamperes 
for Re and W. Re and W were measured on TIAP using Ma lines. Mo was analyzed on 

a PET crystal using the Lalline (sin9=O.617494). Backgrounds were measured at 

-0.00700 and +0.0050 off peak to avoid interferences from S Kal and Ka2lines. Sulfur 

was analyzed on PET using the Ka line (sin9=O.61402). Backgrounds were measured 

at +0.00700 and -0.0050 off peak to avoid interference from Mo Lal and La2lines. 

These adjustments improved totals from initial values of 85%, to 98-101 %. 

Re and W counting times were 30 seconds with 30 seconds background 
counting time. This ensured a lower detection limit of 0.01 wt. % for Re, with 0.01 wt. % 
2cr. An average of five grains from each sample were analyzed and the average for each 

sample is reported in Table 1 of Appendix A. Tungsten concentrations were below 

detection limits in almost all cases and are not reported. Measured Re concentrations in 

some cases are higher than previously reported for molybdenites from the same locality 

(Fleischer, 1959,1960; Giles and Schilling, 1972; Koski, 1981), and plot above the 

primary crystallization fields of Newberry (1979b). To confirm that the measured Re 

concentrations are real and not an artifact of mounting or analytical methods, high and 

low Re molybdenite samples were mounted in epoxy on glass slides and carefully 
polished. Identical points were analyzed on microprobes located at the Universities of 

Arizona and Cape Town using different standards. Measured Re values from the two 

probes are virtually indistinguishable (Figure Dl). However, additional random points 

selected in both molybdenites do show greater within-sample variation than can be 

accounted for by counting statistics. In this study, an average of at least five random 

points is taken to represent the average Re concentration of a molybdenite. Results 

suggest that Re estimated in this manner is generally comparable to concentrations 

determined by isotope dilution. The standard deviation reported for samples in 

Appendix A, Table 1 reflects the real variation of Re in molybdenite, and is not based 

on counting statistics. 

Infrared Microscopy 
The same molybdenite flakes analyzed on the microprobe were examined for 

infra-red transparency (IR) using a Research Devices model F infrared microscope with 
a wavelength range from 0.8-1.2 11m (Campbell et al., 1984). The band gap for 
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Figure 01. Comparison of identical point microprobe analyses from the Universities of 

Arizona and Cape Town for (a) high Re and (b) low Re molybdenites. Error bars are 
20". 
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molybdenite indicates that it should be near-opaque to infrared light and have variable 

IR transparency (Shuey, 1975; Campbell et al., 1984). Samples were examined to 

determine if the variable transparency is related to heterogeneous Re distribution, as the 

IR transparency of many minerals is apparently dependent on trace element 

concentrations (Campbell, 1991). IR transparency is qualitatively rated on a scale from 

1 to 4, with transparent IR=l and opaque IR=4. IR is sensitive to sample thickness, and 

results are based on grains with an approximate thickness of 0.2 mm. Thicknesses were 

estimated using the z focus micrometer on the Cameca SX-50 microprobe. IR is also 

sensitive to the magnification selected on the infrared microscope; in this study all 

grains were classified using a 20X objective and lOX eyepieces. Individual 

molybdenite grains are also variable in transparency and so the IR transparency of each 

grain in the sample is averaged. For each sample, the IR transparency of all grains 

measured is averaged, and this value is listed in Table 1 of Appendix A. Infrared 

banding in one sample (78MAR) showed no correspondence with Re concentration. 

Increased IR transparency does correlate with alteration of molybdenite, however, and 

is discussed in Appendix A. 

Re and Os concentrations by isotope dilution inductively·coupled plasma mass 

spectrometry (ID.ICP·MS) 

ICP·MS operating conditions. The Os distillate and an aliquot of the 

Re-bearing residual solution were analyzed on a TS-Sola ICP-MS. Analytical 

uncertainty and reproducibility on the instrument is typically better than 1 % for 

solutions down to 20 ppb Os (Figure D2). Backgrounds on the ICP-MS were 

established using Mil-Q water and were .... 140 counts/second for Os and Re. Ratios were 

corrected for mass bias including mass fractionation with the Os isotope ratios of Nier 

(1937) and typically were less than 1.0%. The instrument was focused using 208Pb in a 

solution of 100 ppb Pb. 

The Faraday collector was used in peak scanning mode for measuring 185Re 

and 187Re. Ten scans were obtained, with 16 passes per scan and dwell time of 64 

milliseconds per channel. Os was obtained with the electron multiplier in peak jumping 

mode, ten scans, 16 passes per scan, and 32 milliseconds dwell time. The Os trap 

solution consisted of ION HCI and ethanol in 3: 1 proportions. This was diluted 2: 1 with 
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containing 20 ppb Os. Isotope ratios are compared to values of Nier (1937), error bars 
are 20'. 
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MQ water and introduced into the ICP-MS. A 5 ml aliquot of the residue solution 

containing Re (and Mo, W, etc.) was diluted 2: 1 with MQ water and introduced into the 

ICP-MS. For each sample, Os was analyzed fIrst, followed by a rinsing solution of 8N 

HN03 for at least 10 minutes, and then Re for the same sample was analyzed. Mass 

fractionation for the Re analysis was corrected using the 1880s/1920s ratio from the Os 

run of the same sample. Analysis time for each element was .... 10 minutes, which was 

the maximum time for 15 m1 of solution to be pumped through the instrument. 

Isotope dilution analysis. Rhenium and osmium concentrations in 

selected molybdenites were determined using isotope dilution. The two requirements 

for measuring elemental abundance by isotope dilution analysis are that (1) a spike of 

the same element of interest is available with a known isotopic ratio and concentration 

and, (2) the sample has a known isotopic ratio (Faure, 1986).When a known amount of 

sample and spike are mixed, the measured isotopic ratio is a function of the two 

concentrations. The sample concentration can be solved using the relation: 

RM = (Abundance)~N + (Abundance): S 
(Abundance)ZN + (Abundance): S 

where Rm is the measured ratio of the mixture of isotopes A and B, N is the normal 

element number of atoms (Le. the sample), and S is the spike element number of atoms. 

The abundance can be expressed in units of weight by mUltiplying Nand S by its 

respective atomic weight, and dividing each result by Avogadro's number. The 

expression can then be rearranged to solve for N: 

N
w 

= (Sw )(W N )[ (Abulldallce)~ - RM (Abulldance): ] 

(Ws) RM (Abundallce)! - (Abundallce)~ 

with Nw = (N)(wnlA) and Sw = (S)(wslA), where A is Avogadro's number and W is 

the atomic weight of the spike and normal element respectively. 

18SRe-enriched metal (97.4% 18SRe, 2.6% 187Re) from Oak Ridge National 

Laboratory was used as a Re spike. Natural Os (Johnson-Matthey) served as a spike 

because analysis of unspiked molybdenites indicated that only 1870s is present in 

detectable amounts. The Re spike contains 213.88 ppm Re in a solution of 8N HN03. 
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The Os spike (13.3% 1880s, 1.6% 1870s) contains 5.00 ppm Os as hexachlorosmate in 

6N HCl. Both spikes were calibrated against Re and Os spikes obtained from Dr. S. 

Niemeyer, Lawrence Livermore Labs, California. 

Blank determinations of reagents. Blanks were determined on each reagent by 

measuring 182W, 185Re, 186W, 187Re and 1920s peaks in peak jumping mode using the 

electron multiplier. Five scans were obtained, each consisting of 16 passes at 32 

milliseconds per channel. Millipore MQ water was determined to be free of Re and Os, 

with only 8 counts total over the measured peaks. The solid reagents used are Fisher 

A.C.S. grade NaOH and Na202, both in pellet form. Two pellets (0.2 g) of NaOH 

dissolved in 10 ml of MQ water registered only 14 counts total over the measured 

masses. One gram of Na202 dissolved in 15 ml of MQ water registered 81 counts. 

Similar results were obtained for the Fisher A.C.S. grade H2S04 diluted 1: 1 with MQ 

water. The ION HCI is sub· boiling doubly distilled; 3 ml diluted with 10 ml MQ water 

produced only 60 counts. Midwest Grain Products 200 proof ethanol was found to have 

31 counts over the measured peaks for a solution diluted 50% with MQ water. In 

comparison, 10 ppb of Os in MQ water produces -8000 counts for 1920s, which in this 

study was taken as a lower limit of detection for quantitative measurement of isotope 

ratios by ICP-MS. Interfering elements in the reagents used in this study are therefore 

well below the detection limits by ICp·MS. 

Reproducibility of the fusion/distillation technique. Sample 100SAN was 

selected for testing the reproducibility of the fusion/distillation technique used in this 

study. The sample is a molybdenite concentrate from the mill at the San Manuel Mine, 

ground to a fine powder and concentrated using flotation techniques established at the 

mill. The sample was obtained from Dr. Gopalan Ramadorai, Mining and Geological 

Engineering, University of Arizona. Re concentration was previously determined to be 

0.059 wt. %, reported by Mountain States R&D International, Tucson using a 

fusion/atomic absorption technique. The sample powder (15 grams) was agitated and 

rinsed several times in ethanol to remove residues from the 110tation process. The 

sample was divided into several subsamples, and they were treated in the following 

manner. 

Four splits of one subsample were treated by the fusion/distillation ID·ICP·MS 

technique used in this study. The reproducibility is approximately 4% for Re and 3% 

for Os (Table 01). Note that the Re concentrations are higher than reported by 



79 

Table DI. Spike and sample weights (in grams) for splits of sample 100SAN used in 

determining the reproducibility of the fusion/distillation technique, and a comparison of 

Re concentrations obtained by INAA and Fusion/AA. 

Crucible Re spike Os spike Sample Beaker Reppm Os ppm Age,Ma 

5 0.19046 0.08015 0.14975 2 726 0.416 55.6 

6 0.15294 0.08176 0.16388 4 670 0.408 59.0 

2 0.11560 0.11723 0.16376 5 708 0.386 52.9 

4 0.11561 0.12495 0.16846 201 733 0.418 55.3 

mean, (j 709±24 0.407 ±O.O13 

INAA 0.086 768 ±77 

Fusion/AA 0.250 590 

second test 590±1 
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fusion/AA. An independent test on the concentrate was performed by induced neutron 

activation analysis (INAA) under the supervision of Dr. W.V. Boynton, Lunar and 

Planetary Sciences, University of Arizona. The result obtained for an 85 mg split is 

767.6 ppm Re with 10% uncertainty, in agreement with the ID-ICP-MS results. As a 

final test, two splits of the concentrate were resubmitted to Mountain States under two 

new sample names, one described as high in Re and the other low in Re. Three runs 

were performed on each sample; the results are indistinguishable from the initial value 

(0.059 ±0.001 wt% Re; Table 01). If this latter value is correct, then the similar values 

of -750 ppm by ICP-MS and INA A require high precision and identical bias for two 

unrelated techniques; an unlikely condition. Rather, it is suspected that the fusion/AA 

procedure reflects high precision, and high bias. 

Memory effect in zirconium crucibles. Four crucibles were tested for memory 

effect. Two crucibles (#4,5) were fused with NaOH and Na202, without adding a 

sample to either ('blank fused'). The fusion cakes were dissolved and the solutions 

discarded. These two crucibles were blank fused a second time, and their products were 

treated for Re and Os recovery (see Appendix C). Two other crucibles (#6,3) were 

blank fused once, and their products were treated for Re and Os recovery. This 

procedure was to determine if blank fusion is effective and necessary to remove 

memory from past samples. If blank fusion is necessary between samples, then 

crucibles 3 and 6 should retain a memory in their fusion products, whereas crucibles 4 

and 5 should have no memory because they were blank fused once to remove any Re 

and Os. Under scan mode using the electron multiplier, a maximum of 1148 counts 

were obtained for both the trap (Os) and the residual solutions (Re) over the mass range 

182-194. This was the case for all four crucibles, suggesting that memory is not a 

problem for the levels of Re and Os measured in molybdenite, and that blank fusions 

are not necessary between samples. Blank fusions were performed between samples 

anyway as a matter of correct laboratory procedure. 

Age determinations. The decay equation for the Re-Os isotope system can be 

expressed relative to the stable 1880s isotope in the following manner: 

-- = -- + -- e-l ( 
1870S) ( 1870 S ) ( 187Re) At 

1880S m 1880S j 1880S m ( ) 
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Where A. is the decay constant, (1870s/1880s)m and (187Re/1880s)m are the measured 

ratios, and (1870s/1880s)i is the ratio incorporated into the mineral at time (t) when it 

formed. Because there is no detectable Os initially present in molybdenite, the equation 

can be simplified to: 

Thus for molybdenite Re-Os geochronometry, it is only necessary to determine the 

relative abundances of Re and Os in order to obtain an age. The errors on age 

determinations were calculated to reflect the maximum uncertainties in the absolute 

abundances of Re and Os for each sample, and vary from 0.5% to 5.0%. The magnitude 

of the uncertainty is most sensitive to the nearness to 1 of the measured spike/sample 

isotope ratio; those samples closest to 1 generally have the lowest uncertainties. 

Because the sample is added after the spikes, it was possible to add nearly exact 

amounts of sample needed in order to produce measured ratios nearest to a value of 1. 

This was possible because Re for each sample had previously been obtained by 

microprobe, and Os could be estimated using the age equation, with t based K-Ar ages 

for associated intrusive phases. The sample amounts were adjusted to get the Os 

spike/sample isotope ratio near 1, because the greater abundance of Re in the samples to 

some degree offsets the increased error in measuring Re spike/sample isotope ratios that 

are not near 1. Errors in age determinations may be closer to 5% for samples without 

independent age constraints. 

Evaluation of other sources of bias. In any study that claims to predict results 

(Le. 'good' vs 'bad' ages) before they are obtained, it is important to eliminate unrelated 

causes for obtaining the desired results. Procedural bias can be evaluated by examining 

procedures and equipment used in the course of obtaining age data on molybdenite 

samples (Table D2, D3). A correlation of bad ages with a particular day for fusion or 

distillation would suggest that the ages are a result of some external cause experienced 

that day. Samples with bad ages that were treated on different days, but in the same 

crucibles or beakers would suggest that contamination developed in these material in 

the course of analysis. Another possibility is that all of the bad samples had drastically 

different sample or spike weights relative to those giving correct ages, resulting in 

incomplete spike/sample equilibration. It is clear from the data compiled in Tables D2 
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and D3 that none of these possibilities exist for the analyzed molybdenites. Both altered 

and unaltered samples were treated on the same days, good and bad ages were obtained 

for samples treated in the same crucibles and beakers, and no correlation exists between 

sample or spike weight and the age determination. 

In this study, 16 molybdenite samples were dated by Re-Os geochronometry. 

Seven samples were predicted to give incorrect ages; of these six give ages that are 

geologically unreasonable. It is not unreasonable to obtain a correct age for a 

molybdenite if the alteration occurred in conjunction with the ore forming process (see 

Appendix A). More importantly, of nine molybdenites predicted to give correct ages, 

seven give geologically reasonable results. The two samples that give incorrect ages 

(6CCJG, 78MAR) had problems in spike equilibration that were noted during the 

fusion process. (Insufficient material for these two samples did not allow for a repeated 

attempt.) For the 16 samples evaluated, 81 % accuracy in prediction suggests that the 

criteria for distinguishing altered from unaltered molybdenite are valid. The techniques 

proposed for evaluating molybdenite are non-destructive, and should be performed 

before any molybdenite is dated by the Re-Os method. 
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Table D2. Data on samples analyzed for Re and Os by isotope dilution ICP-MS. Dates 

are day/month/year, weights are in grams, concentrations are in ppm, age uncertainties 

are 1 cr. 

Name crucible Fused beaker Distilled Re Os Age, Ma 

lCACC 4 6-7-92 7 4-8-92 856.3 0.503 56.9 ±0.9 

6CCJG2 3 8-10-92 3 9-10-92 6177 2.835 44.5 ±0.9 

34BAGI 6 6-7-92 202 30-7-92 618.6 0.452 70.8 ±0.4 

34BAGEl 4 4-9-92 201 4-9-92 465.8 0.322 67.0 ±1.4 

35GAIpl 5 6-7-92 201 30-7-92 61.0 0.106 168.3 ±8.4 

48MARF 1 6-7-92 1 30-7-92 413.8 0.245 57.4±1.6 

54AJOl 1 20-9-92 204 26-9-92 1409 0.880 60.5 ±0.8 

56B 2 20-9-92 6 26-9-92 379.6 0.151 38.7 ±0.6 

60CCAEAl 1 8-10-92 1 9-10-92 4227 2.000 45.9±0.5 

60CCAEB 4 8-10-92 4 9-10-92 2107 1.280 58.9 ±1.5 

78MAR2 3 6-7-92 5 5-8-92 329.4 0.218 64.2±1.9 

94MOR 2 4-9-92 2 4-9-92 2041 1.175 55.8 ±0.9 

97MIS 2 6-7-92 3 4-8-92 427.1 0.256 58.1 ±1.4 

98LLl 5 4-9-92 204 4-9-92 349.5 5.733 1570.9 ±52.6 

128RY41 5 8-10-92 5 9-10-92 1067 0.554 50.4 ±1.3 

130SIE3 2 8-10-92 2 9-10-92 238.2 0.138 56.2 ±1.8 
lSample successfully predicted to give incorrect age based on determinative criteria. 
2Sample predicted to give the correct age, but the age obtained is incorrect. 
3Sample predicted to give incorrect age, but the age is correct. 
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Table D3. Spike and sample weights for samples analyzed by isotope dilution ICP-MS, 

and a comparison to Re concentrations by microprobe. Weights are in grams, 

concentrations are in ppm, age uncertainties are 1 cr. 

Name Re spike Os spike Sample Re, wt.% Re,I.D. Age, Ma 

weight by probe ICP-MS 

1CACC 0.12492 0.13235 0.13196 0.12 856.3 56.9±0.9 

6CCJG2 0.24019 0.18881 0.10442 0.42 6177 44.5 ±0.9 

34BAGI 0.17041 0.14462 0.07665 0.05 618.6 70.8 ±0.4 

34BAGEl 0.12344 0.04702 0.27300 0.04 465.8 67.0 ±1.4 

35GAIpl 0.14188 0.12170 0.05762 0.02 61.0 168.3 ±8.4 

48MARF 0.07216 0.11791 0.15627 0.04 413.8 57.4 ±1.6 

54AJOl 0.13706 0.14741 0.16330 0.07 1409 60.5 ±0.8 

56B 0.15782 0.18037 0.25087 0.04 379.6 38.7 ±0.6 

60CCAEAl 0.05862 0.10792 0.11778 0.08 4227 45.9±0.5 

60CCAEB 0.19697 0.16347 0.06120 0.35 2107 58.9 ±1.5 

78MAR2 0.16323 0.14222 0.07028 0.02 329.4 64.2 ±1.9 

94MOR 0.12592 0.08344 0.07725 0.41 2041 55.8 ±0.9 

97MIS 0.14015 0.07907 0.15487 0.04 427.1 58.1 ±1.4 

98LLl 0.10633 0.10535 0.13549 0.04 349.5 1570.9 ±52.6 

128RY41 0.14408 0.13543 0.21216 0 .. 06 1067 50.4 ±1.3 

130SIE3 0.10387 0.10071 0.39528 0.02 238.2 56.2 ±1.8 
lSample successfully predicted to give incorrect age based on determinative criteria. 
2Sample predicted to give the correct age, but the age obtained is incorrect. 
3Sample predicted to give incorrect age, but the age is correct. 



85 

APPENDIX E 

GEOLOGIC AND AGE RELATIONS FOR BASE METAL PORPHYRY 

DEPOSITS DATED BY RE-OS MOLYBDENITE GEOCHRONOMETRY 
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Table El. Ages and geological events for base metal porphyry deposits dated by Re-Os 
molybdenite geochronometry. 

Mineral/ age, 0, 

LOCATION/ DESCRIPTION OF EVENTS method (Ma) (Ma) 
Reference 

Bagdad, I.Southwest Stock; granodiorite porphyry bt/K-Ar 78.3 1.8 
Arizona 2.Blue Mountain Stock; unaltered quartz bt/K-Ar 76.2 1.7 
1,2,3 monzonite porphyry; pre-mineralization 

3.Quartz monzonite porphyry; mineralizing n.d. 
intrusion 

4.Diorite porphyry dikes; north-trending bt/K-Ar 75.2 1.7 
with some crosscutting the mineralizing 
stock 

5.Hydrothermal biotite in altered quartz bt/K-Ar 72.6 2.3 
monzonite porphyry responsible for 
mineralization 

7.Molybdenite-quartz vein in mineralizing moIRe-Os 70.8 0.4 
quartz monzonite porphyry 

Bingham, l.Last Chance/Bingham Stock; monzonite bt/K-Ar 39.8 0.4 
Utah 2.Quartz monzonite porphyry; n.d. 
4,5,6,7,8,9 mineralizing intrusion 

3.Molybdenite-quartz vein in mineralizing moIRe-Os 38.7 0.6 
quartz monzonite porphyry 

4.Latite porphyry dikes; mineralized and bt/K-Ar 38.0 0.2 
cross-cutting quartz monzonite porphyry 

5.Andy quartz latite dike; mineralized but bt/K-Ar 37.7 0.5 
cross-cutting event 4 

6.Vein in strongly altered and mineralized bt/K-Ar 36.7 0.02 
quartz monzonite porphyry 

7.Central quartz latite porphyry plugs; bt/K-Ar 38.8 0.3 
weakly altered and mineralized, post-date 
event 4,5 

8.Quartz latite porphyry dike 5.3 km from bt/K-Ar 37.8 1.1 
mine; unmineralized, unaltered 

9.Andesite dike outside mine area; hb/K-Ar 36.9 0.8 
unaltered 

1O.Shaggy Peak rhyolite; unaltered bt/K-Ar 35.0 1.0 
32.8 1.9 

Maria- 1. Monzondiorite, west of district zrl U-Pb 69.0 1.0 
Cananea 2.Cuitaca granodiorite zrl U-Pb 64.0 3.0 
Mexico 3.Quartz porphyries in Cananea area; bt/K-Ar 58.2 2.0t 
3,13,14 mineralizing intrusions 

4.Maria quartz monzonite porphyry and bt/K-Ar 58.5 2.0t 
pegmatites; mineralization/alteration 

5.Molybdenite-chalcopyrite vein in Maria moIRe-Os 57.4 1.6 
quartz monzonite porphyry 
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Copper l.Gloryhole volcanics; basaltic andesite wr/K-Ar 62.8 1.3 
Creek, overlain by Tertiary volcanics 
Arizona 2.Copper Creek granodiorite batholith; bt/K-Ar 69.7 2.7 
3,7,10,11,12 intrusive into Glory Hole volcanics (1) 

3.Copper Creek granodiorite batholith bt/K-Ar 66.0 2.0* 
4.Copper Creek granodiorite, late-stage bt/K-Ar 65.8 1.6 

andesitic phase; mineralized 
5.Pink dacite porphyry; host for major bt/K-Ar 60.5 1.5* 

hypogene mineralization 
6.Molybdenite-quartz vein in pink dacite moIRe-Os 58.9 1.5 

porphyry 
7. Breccia pipes associated with pink and n.d. 

dark dacite porphyry; mineralized 
8.Molybdenite-quartz vein in late igneous- moIRe-Os 56.9 0.9 

early hydrothermal breccia pipe 
9.Dark dacite porphyry; minor stockwork bt/K-Ar 52.5 0.5* 

hypogene mineralization 

Morenci, l.Diorite porphyry 5 km southwest of hb/K-Ar 64.8 6.3 
Arizona mine; some chlorite alteration 
3,4,9 2.Diorite porphyry 8 km from mine hb/K-Ar 63.0 2.3 

3.Monzonite intrusive stock and dike bt/K-Ar 56.5 1.7 
swarm 

4.Granite/quartz monzonite porphyry; bt/K-Ar 57.4 2.1 
mineralizing intrusion cut by Candelaria 
breccia, event 6 

5.Molybdenite-quartz vein in younger moIRe-Os 55.8 0.9 
quartz monzonite, event 4 

6.Quartz-sericite matrix in breccia pipes ser/K-Ar 52.6 1.9 
emplaced in quartz monzonite porphyry 

Pima- l.Rhyolite tuff bt/K-Ar 57.4 2.0 
Mission 2.Pima Mine quartz monzonite porphyry bt/K-Ar 57.4 2.0 
Arizona 3.Quartz-sericite-pyrite vein cutting quartz ser/K-Ar 56.7 1.2 
7,15,16 monzonite porphyry, event 2 

4.Skarn mineralization associated with moIRe-Os 58.1 1.4 
quartz monzonite porphyry 

San Xavier, l.San Xavier quartz monzonite porphyry; kp/K-Ar 58.0 1.2 
Arizona mineralizing intrusion 
16 

Twin l.Demetrie andesites wr?/K-Ar 67.0 2.0* 
Buttes 2.Ruby Star granodiorite bt/K-Ar 63.1 2.0 
Arizona 3.Twin Buttes granodiorite bt/K-Ar 60.1 1.8 
2,15,18,19 4.Twin Buttes quartz monzonite; bt/K-Ar 54.7 1.9 

mineralizing intrusion 
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Sierrita- l.Esperanza quartz diorite bt/K-Ar 68.5 2.0 
Esperanza 2.Ruby Star granodiorite bt/K-Ar 63.1 2.0 
Arizona 3.Biotite-sericite alteration in Esperanza pit bt/K-Ar 64.0 2.0 
2,7,11, 4.Quartz-muscovite vein in Ruby Star mu/K-Ar 62.0 2.0 
15,16,17 granodiorite at Esperanza. 

5.Quartz latite dikes wr?/K-Ar 58.2 1.4 
6.Coarse biotite veinlets in Esperanza kp/K-Ar 57.5 2.0 

diorite 2.6 km northwest of Esperanza pit bt/K-Ar 61.5 3.0 
7.Granite porphyry bt/K-Ar 58.4 2.0 
8.Molybdenite-chalcopyrite vein in Sierrita- moIRe-Os 56.2 1.8 

Esperanza pit 
9.Quartz-albite-muscovite-beryl pegmatites mu/K-Ar 52.2 1.1 

intruding Ruby Star granodiorite 

References: (I)Lang, 1991; (2)Damon and Mauger, 1966; (3)see Appendix A; 
(4)McDowell, 1971; (5)Moore et al., 1968; (6)Warnaars et eI., 1978; (7)see Appendix B; 
(8)Moore and Lanphere, 1971; (9)Bennett, 1975; (lO)Shafiqullah et aI., 1980; 
(11)Creasey and Kistler, 1962; (12)Guthrie and Moore, 1978; (13)Anderson and Silver, 
1977; (14)Wodzicki, 1992; (15)Marvin et al., 1973; (16)Shafiqullah and Langlois, 1978; 
(17)Anthony and Titley, 1988; (18)Titley and Beane, 1981; (19)Damon et aI., 1964. 
Abbreviations: bt=biotite, hb==hornblende; kp=K-feldspar; mu=muscovite; 
mo=molybdenite; 
ser=sericite; wr=whole rock; zr=zircon; n.d.=not dated, age constrained by geological 
relations 
*0' and age calculated from age range reported in reference 
*no 0' given; assigned a value of 2.0 Ma in this study 
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Figure El. Distribution of dated Laramide igneous rocks in Arizona and northern 
Mexico (data from Keith, 1984; Reynold et ai., 1986). Numbers near exposures 
represent the oldest Laramide magmatism at that locality, in millions of years (Myrs.) 
Exposures are shaded according to the length of magmatism as indicated by the key. 
Short dashes indicate dike swarm trends. The Holbrook lineament (m..) separates the 
older and yonder Precambrian basement rocks. Locations dated by molybdenite Re-Os 
geochronometry are Bagdad (B), Copper Creek (CC), and Maria (Mr). The Pima Mining 
District (PM) consists of the Pima-Mission, Sierrita-Esperanza, San Xavier, and Twin 
Buttes mines listed in Table El. 
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Figure E2. Distribution of Laramide igneous exposures in Arizona and northern 
Mexico, in approximate positions before post-Laramide extension. No extension 
occurred in the Transition Zone or Colorado Plateau. Estimates for extension taken from 
Coney and Hanns, 2984; Spencer and Reynolds, 1989. Shading and locations as in 
Figure El. 
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Figure E3. Magmatism (circles), gangue minerals (triangles), and sulfide mineralization 
ages (squares) for porphyry deposits in this study, in millions of years. Symbols 
represent mean age determination, error bars are Is. Solid circles are intrusions attributed 
to mineralization. Bold lines approximate ages for events which have not been dated. 
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Figure E4. (A) Time span of magmatism (horizontal bars) and mineralization ages 
(diamonds) for Laramide base metal porphyry deposits, in millions of years. Locations 
with mineralization ages determined by Re-Os molybdenite geochronometry are indicated 
by asterisks. For other locations, diamonds are K-Ar ages of mineralizing intrusions. 
Uncenainties on age determinations are within the symbol size. Mineralization intelValS 
for the older and younger Precambrian basements are marked by vertical dashed lines. 
(B) Histogram of Laramide magmatism for southwestern North America, with intelVals 
of base metal porphyry mineralization indicated by cross-hatched bands. 


