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ABSTRACT

Use of Re -Os systematics in sulfides from the Bagdad porphyry Cu -Mo deposit provide

information on the timing of mineralization and the source of the ore -forming elements.

Analyzed samples of pyrite, chalcopyrite and molybdenite mainly from the quartz

monzonite and porphyritic quartz monzonite units are characterized by a moderate to

strong potassic alteration (secondary biotite and K- feldspar). Rhenium concentrations in

molybdenite are between 330 and 730 ppm. Two molybdenite samples from the quartz

monzonite and porphyritic quartz monzonite provide a Re -Os isotope age of 71.7 ± 0.3

Ma. A third sample from a molybdenite vein in Precambrian rocks yields an age of 75.8

± 0.4 Ma. These molybdenite ages support previous suggestions of two mineralization

episodes in the Bagdad deposit. An early event at 76 Ma and a later episode at 72 Ma.

Pyrite Os and Re concentrations range between 0.008 -0.016 and 3.9 -6.8 ppb,

respectively. Chalcopyrite contains a wide range of Os (6 to 91 ppt) and Re (1.7 to 69

ppb) concentrations and variable 187,-%Os '88/ Os ratios that range between 0.13 to 22.27.

This variability in the chalcopyrite data may be attributed to different copper sources,

one of them the Proterozoic volcanic massive sulfides in the district, or to alteration and

remobilization of Re and Os.

Analyses from two pyrite samples yield an eight point isochron with an age of 77 ± 15

Ma and an initial 187Os/1880s ratio of 2.12. This pyrite Re -Os isochron age is in good

agreement with the molybdenite ages. We interpret the highly radiogenic initial

1870s/188Os as an indication that the source of Os and, by inference, the ore -forming

elements for the Bagdad deposit, was mainly the crust. This conclusion agrees with
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previous Pb and Nd isotope studies and supports the notion that a significant part of the

metals and magmas have a crustal source.

INTRODUCTION

The American southwest, with more than 35 porphyry copper deposits, is one of

the most important copper provinces in the world, making the US the currently second

world copper producer after Chile. The importance of this metallogenic province has

been recognized since the early 1900's and several studies including the chemistry of

rocks and fluids, mineral paragenesis and zoning, structural geology and tectonics,

relationship to other types of deposits have been made (e.g. Lowell and Guilbert, 1970;

Titley, 1982; Titley and Beane, 1981). One of the most fundamental and controversial

questions regarding the genesis of porphyry -type deposits is the source of the metals.

These deposits are related to subduction of oceanic crust under continental lithosphere,

and the metals may originate from magmas of mantle or crustal origin or from magmatic

and /or crustal fluids (Noble, 1970; Sillitoe, 1972; Burham, 1979; Norton, 1982; Titley,

1991; Lang and Titley, 1998; Bouse et al., 1998). Some of the attempts to elucidate the

source of metals have been made using Sm -Nd, Rb -Sr and U -Th -Pb radiogenic isotopic

systems, but these elements are lithophile in nature so they are concentrated in the

alteration silicates rather than in sulfides. Here we use Re and Os because these elements

are chalcophile and siderophile, consequently, they can be directly applied to sulfide

minerals, rather than the associated alteration phases. The Re -Os isotope system has been

recognized as a possible geochemical tool for not only directly dating the mineralization,
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but also as an important tracer for the source of metals (Luck and Allegre, 1980). High

187Osp88Os ratios compared to the chondritic ratio of the mantle (- 0.13, Meisel et al,

2001), indicate a crustal source for the Os and by inference of the ore minerals.

Because of its high Re and Os concentrations and no significant initial Os,

molybdenite has been proven to be an accurate and precise geochronometer (McCandless

and Ruiz, 1993, Stein et al., 1998). But other types of sulfides (i.e. pyrite, chalcopyrite,

bornite, sphalerite) have only been used to a limited extent because of their very low Re

and Os concentrations. Improved laboratory and measurement methods (Creaser et al.,

1991) have permitted the measurement of Os and Re ratios at picogram (pg)

concentrations (e.g. Creaser et al., 1991; Mathur et al., 2000a). It also has been

demonstrated that the distribution of Re and Os in sulfides appears to be heterogeneous

and thus a single sulfide sample can yield enough data points to produce a sulfide

isochron (Freydier et al., 1997, Ruiz et al., 1997).

The Bagdad porphyry copper deposit was chosen from the numerous American

porphyries for several reasons. Bagdad is the only active mine located within the older

Proterozoic metavolcanic terrane of Arizona (Titley, 1982, 1991) and is, thus, ideally

suited for testing the influence of this older crust in the formation of porphyry copper

deposits. Secondly, accessibility and the actual levels of exploitation in the mine allow

for ample sampling within the high temperature zone (i.e. potassic zone) of the deposit.

In numerous porphyry copper deposits, different magmatic episodes have been described

and in most cases more than one mineralization event has been reported (see for example

Gustafson and Hunt, 1975; Lang, 1991; Mathur et al, 2000a). In the Bagdad area different
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intrusive events have been dated by K -Ar method. The magmatic activity spans from

around 73 Ma to 78 Ma (Lang, 1991). Regarding "mineralization ages" Damon and

Mauger (1966) dated an alteration biotite by K -Ar methods obtaining an age of of 72.6 ±

2.3 Ma. The first attempt to date molybdenite from the Bagdad ore deposit was reported

by McCandless and Ruiz (1993) with an age of 70.8 ± 0.4 Ma.

In this study, we applied the Re -Os isotopic system to determine a precise and

accurate mineralization age for Bagdad, searching for evidence of multiple or single

mineralization events, and assess the influence of the crust on the formation of this

deposit.

GEOLOGIC BACKGROUND

The porphyry copper deposits of Arizona were formed, with the probable

exception of Bisbee, between 55 -80 Ma, during the Laramide Orogeny. McCandless and

Ruiz (1993) established two distinctive mineralization intervals for selected deposits in

Arizona based on Re -Os isotopes- at 74 -70 Ma and 60 -55 Ma.

The Laramide deposits intrude Proterozoic basement rocks of different age and

composition. The Precambrian basement has been divided in two domains: a

northwestern domain composed mainly of metavolcanic and plutonic rocks of more than

1.7 Ga old and a southeastern domain composed of metamorphosed sedimentary rocks

less than 1.7 Ga old. The boundary between the two domains is approximately the

Holbrook lineament (Titley, 1982, 1987). The difference in crustal age and material is

also reflected in Nd and Pb isotopic mapping (Bennett and DePaolo, 1987, Wooden and
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DeWitt, 1991) (Fig. 1). Most of the porphyry deposits lie within the southeastern domain

and only three deposits (Bagdad, Mineral Park and Copper Basin) are located in the older

basement.

The possible influence of the crust in the formation of ore deposits in the

southwest has been addressed by numerous authors. For example, Titley (1991) has

suggested that the crust is influencing the precious metal ratios in the ore deposits. A

Ag/Au ratio lower than 17.5 (clarke ratio) is generally observed in deposits in the

northwestern domain, meanwhile the southeastern domain is characterized by a ratio

greater than 17.5 ratio. Bouse et al. (1999) using Pb isotopes concluded that the base

metals are not only carried by magmas from a lower crust source, but can also be

scavenged from local country rocks during hydrothermal circulation. Further evidence for

a crustal source of metals is given by Nd isotopes (Lang and Titley, 1998). These authors

concluded that there is a significant crustal influence in the formation of Laramide

magmatic systems and associated porphyry copper deposits.

Bagdad

The Bagdad district is located about 160 km northwest of Phoenix, Arizona (Fig.

1) and is comprises the Bagdad porphyry copper deposit of Laramide age and a series of

volcanogenic massive sulfide (VMS) deposits of Proterozoic age (Baker and Clayton,

1968, Conway et al., 1986). The massive sulfides are located southwest of Bagdad in a

meta -basalt and meta- rhyolite belt trending northeast (Conway et al., 1986). Of the seven

massive sulfide deposits only four were ever mined (Old Dick, Bruce, Copper King and
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Copper Queen). The Bruce mine was the last one in operation and shut down in the mid-

1970s.

The Bagdad Cu -Mo deposit (current reserves of about 914 Mt with 0.36% Cu and

0.021% Mo) occurs in Late Cretaceous granodiorite to quartz monzonite stocks that

intrude Proterozoic metamorphic and igneous rocks (Fig. 2). The Precambrian

metamorphic rocks have been subdivided into three formations. The oldest is the Bridle

Formation, which consist of metamorphosed andesitic and basaltic rocks, and intercalated

sedimentary rocks and tuffs. The second formation, the Butte Falls tuff, consists of

metamorphosed volcanoclastic and pyroclastic rocks. The youngest formation, the

Hillside mica schist, represents metamorphosed shale and sandstone. These three units

correlate with the Yavapai series (Anderson et al., 1955). The King Peak and the Dick

rhyolite intrude the Proterozoic formations and are probably the oldest intrusive rocks in

the Bagdad area. Gabbros, anorthosites and quartz diorite also intrude these units and are

intruded in turn by alaskite porphyry and the Lawler Peak and the Cheney Gulch granites,

all of Precambrian age.

Late Cretaceous rocks are represented by the Grayback Mountain rhyolite tuff,

rhyolite dykes and quartz monzonite stocks and plugs. The Grayback rhyolitic lithic tuff

probably represents part of the volcanic edifice that once overlay the district (Blacet et al,

1994). The quartz monzonite and porphyritic quartz monzonite hosts the majority of the

Cu and Mo mineralization, but the mineralization also extends into the Precambrian host

rocks. Textural and compositional variations of the quartz monzonite, mainly in the

amount of biotite and K- feldspar, have been described in this unit by mine geologists.



7

Some of these variations are apparently related to changes in temperature and

composition of hydrothermal fluids. The unaltered equivalent of this unit has been

established as a granodiorite (Anderson et al., 1955), although the "quartz monzonite"

name has been retained. A porphyritic quartz monzonite intrudes the quartz monzonite

and is characterized by less than 5% biotite and scarce copper and molybdenum

mineralization. It represents a typical low grade ore in a central core of a classical

porphyry copper deposit (Lowell and Guilbert, 1970). Middle to Late Miocene units are

represented by the clastic sedimentary Gila formation, a rhyolitic tuff unit, and the

Sanders Basalt (Fig. 2).

Presently, the Bagdad operation is mining hypogene ore, and recoverable metals

occur mainly as chalcopyrite and molybdenite, with minor tetrahedrite. Pyrite is abundant

as a gangue mineral. Mineralization occurs mostly as veinlet stockworks, but also as

massive veins, breccias, and disseminated in miariolitic cavities. Two distinctive modes

of molybdenite occurrence have been observed in the Bagdad pit. Narrow veinlets of

fine- grained molybdenite occur early in the sulfide paragenetic sequence. These veinlets

are generally less than 5 mm in width, discontinuous, and are predominantly subvertical

in orientation. Veinlets and veins of coarsed -grained molybdenite are generally late in the

sulfide paragenesis. These veinlets and veins may reach tens of mm in width, and are

more continuous, and maintain subhorizontal attitudes (Hawley, 1990; Osterberg and

Downes, 1994). Minor molybdenite mineralization is also present in the Precambrian

rocks but its paragenetic position is uncertain. Quartz- pyrite -chalcopyrite veins are

generally older than molybdenite -quartz veins. Commonly in main -stage quartz-
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chalcopyrite -molybdenite veins, molybdenite occurs as symmetrical borders against the

wallrock, with chalcopyrite occupying the central part of the vein. Pollymetallic veins of

quartz -sphalerite- galena ± silver occur in the periphery of the ore deposit (Anderson et

al., 1955; Blacet et al., 1994).

Ore zone alteration is mainly of the potassic type characterized by secondary

biotite and K- feldspar. The ore zone mineralization continues out into a quartz- sericite-

pyrite veinlet alteration. Other common gangue minerals are calcite and magnetite.

ANALYTICAL TECHNIQUES

Samples of chalcopyrite and pyrite were separately crushed, handpicked and

sieved. Normally 0.8 -1.2 g of sample is loaded in a Carius tube and dissolved in a 3:1

mixture of HNO3 and HC1 (Shirey and Walker, 1995). In the case of molybdenite 0.12 g

is handpicked and loaded in the Carius tube. Hydrogen peroxide is added to ensure

complete oxidation of the sample and spike equilibration (Frei et al., 1998). The carius

tube is heated at 240 °C overnight and the solution is later treated in a two -stage

distillation process for Os. Re is extracted and purified through column chemistry.

Samples are loaded on platinum filaments and analyzed by negative thermal ion mass

spectrometry (NTIMS). Total Os and Re blanks range from 1 -2 pg and 20 -30 pg,

respectively.
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RESULTS

Molydenite

Three molybdenite samples were analyzed. Sample BGD -1 is from a 5 cm thick

vein of quartz and molybdenite. This vein cuts the porphyritic quartz monzonite and the

quartz monzonite. BGD -19 is from a main-stage vein of quartz- chalcopyrite- molybdenite

that cuts the quartz monzonite. BGD -10 sample is from a vein in the Precambrian located

near the contact with the porphyritic quartz monzonite (Fig. 2).

Molybdenite ages are calculated assuming no initial radiogenic 187Os and using a

187Re decay constant of 1.666 x 10"" y-1 (Smoliar et al, 1996). Reported errors are

considering the concentration errors for the Os and Re spike (± 0.5 %). Total Re and

radiogenic 1870s concentrations range between 330 - 642 ppm (parts per million or 10"

6g/g) and 248 - 484 ppb (parts per billion or 10'9g/g), respectively (Table 1). Samples

BGD -1 and BGD -10 were repeated three times to constrain precise measurements. Four

Re -Os molybdenite ages average 71.8 ± 0.3 Ma (BGD -1 and BGD -19), and sample

BGD -10 yields an average age of 75.9 ± 0.4 Ma. Both ages are consistent with a K -Ar

ages of 72.7 ± 2.3 Ma from a hydrothermal biotite in the quartz monzonite (Damon and

Mauger, 1966) and with K -Ar ages of 73 -78 Ma for various intrusives in the area (Lang,

1991).
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Pyrite and Chalcopyrite

Sample location is indicated in Figure 2. Samples BGD -22 (pyrite) and BGD -11

(chalcopyrite) are separated by a distance of less than 30 m. Samples BGD -19

(molybdenite) and BGD -25 (chalcopyrite) are around 50 m apart.

Pyrite has concentrations of Os and Re of 8 to 17 ppt (parts per trillion or 10'

12g/g) and 3.9 to 6.8 ppb, respectively (Table 2). One sample of chalcopyrite (BGD-1 i)

has Os concentrations similar to that of pyrite (average 12 ppt) and slightly lower Re

concentrations (1.7 to 4.1 ppb). On the other hand, sample BGD -25 has much higher Os

and Re concentrations, varying from 63 to 91 ppt and 56 to 82 ppb, respectively.

Reported Os and Re concentration for other porphyry-type deposits range between 5 -30

ppt and 0.2 -10 ppb (Mathur et al, 2000a, b).

The calculated errors listed in Table 2 for both the 187Re /188Os and '87Os
/188Os

ratios are calculated by varying the Os blank concentration between 1 to 2 pg. Age and

initial 187Os/1880s ratios are calculated with the MACDAT -2 program, written by C.

Isachsen and D. Coleman (University of Arizona) using algorithms of York (1969).

Chalcopyrite and pyrite samples form an errorchron with an age of 96.2 ± 4 Ma

(MSWD 1.0) and an initial 'g7Os /iggOs of 0.18 ± 0.53 (Fig. 3). The pyrite samples yield

an isochron with an age of 77 ± 15 Ma (MSWD 0.9) which agrees with the molybdenite

ages. The initial 187Os/1880s determined from the isochron is 2.11 ± 0.81 (Fig. 4).
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DISCUSSION

The two Re -Os molybdenite ages of 72 and 76 Ma, are interpreted as two distinct

molybdenite mineralization events. McCandless et al. (1993), Marcantonio et al. (1994)

and Suzuki et al. (2000) have established that post- molybedenite hydrothermal alteration

and supergene processes may disturb the Re -Os system in molybdenite, leading to

erroneous ages. The crystalline habit of the molybdenite samples, the lack of clay

overgrowths, the precise and accurate ages obtained and the similarity to previous

published ages K -Ar ages are an indication that the ages obtained by Re -Os reflect the

mineralization age and not an alteration event.

The magmatic evolution of the Bagdad deposit has been described by Lang

(1991). This author has reported K -Ar ages of 76.2 ± 1.7 Ma and 75.2 ± 1.7 Ma for the

Blue Mountain Stock and diorite porphyry dikes, respectively. These dikes are cut by

dikes and plugs of quartz monzonite porphyry. According to this author, the quartz

monzonite porphyry dikes and the porphyritic quartz monzonite represent the same

magmatic phase. Anderson et al. (1955) established that the emplacement of the Bagdad

mine has a structural control and that it is approximately located at the intersection of

these northeast-trending diorite porphyry dikes and a zone of northwest -trending quartz

monzonite porphyry dikes. The older molybdenite age of 75.9 ± 0.4 Ma is probably

associated with these early magmatic events and represents the first molybdenite

mineralization episode observed in the Bagdad porphyry Cu -Mo deposit and the

associated Precambrian rocks.
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The second younger molybdenite age of 71.8 ± 0.3 Ma is in good agreement with

a K -Ar age of 72.7 ± 2.3 Ma (Damon and Mauger, 1966) for an alteration biotite. This

age is believed to represent the main mineralization event. The two different ages are an

indication of two mineralization episodes occurring in a span of 4 Ma.

The Re -Os isochron age of 96.2 ± 4 Ma obtained from chalcopyrite and pyrite is

clearly too old compared with the molybdenite ages. On the other hand, the poor isochron

age of 77 ± 15 Ma derived only from pyrite agrees with the molybdenite mineralization

ages. The initial 1870s/1880s from the pyrite isochron is 2.11 ± 0.81 (Fig. 4) and it is much

more radiogenic than the chondritic 187Os/188Os ratio of 0.13. This indicates a strong

crustal component as source of the Os in pyrite. Although the isochron age is poorly

constrained, the initial ratio seems robust since it is constrained by many points with low

Re /Os ratios.

The two chalcopyrite samples show contrasting Os and Re concentrations and

calculated initials (Table 2). BGD -11 has similar Os concentrations than pyrite (6 -12

ppt), slightly lower Re concentrations (1.7 -4.1 ppb) and an initial ratio less than 0.83.

BGD -25 shows very high Os and Re concentration (63 to 91 ppt Os and 56 to 82 ppb Re)

and calculated initial ratios between 14.2 and 22.3.

When plotted in the pyrite isochron diagram the BGD -11 lg7Os /lggOs and

187Re /188Os ratios are to the right of the isochron. This suggests a Re `enrichment' in the

BGD -11 chalcopyrite. The values observed for the BGD -25 chalcopyrite are much higher

than published Os and Re concentration for other porphyry deposits (Mathur et al, 2000a,

b). This may also suggest an enrichment process, but not only of Re but of Os as well.
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Based on the variability of the Re -Os data in the chalcopyrite samples two

possibilities can be explored.

1. The Re -Os systematics in chalcopyrite is much more susceptible to alteration than in

pyrite. It is possible then that some sulfides and /or oxides, maybe better suited for Re -Os

studies than others.

2. These high values maybe inherited from a very radiogenic source. In a mixing diagram

(Fig. 5) a trend is observed between the average Os concentration and initial
1870s/188Os

ratio of pyrite and an unknown source. This possible unknown source could be the

Proterozoic massive sulfide deposits located to the southwest of the Bagdad pit.

This second possibility considers two mineralization episodes and sources of

copper, an early event around 75 Ma, at the initial stages of formation of the porphyry

deposit, with copper coming from the Proterozoic massive sulfides and channeled by the

emplacement of diorite porphyry dikes. This event was followed by a later episode

associated with the emplacement of the quartz monzonite and most likely responsible of

the main mineralization.

CONCLUSIONS

Two distinctive mineralization episodes have been recognized for the Bagdad

porphyry copper deposit. Re -Os systematics in molybdenite indicate an older event at

approximately 76 Ma and a younger event at 72 Ma. Replicated analyses in molybdenite

and consistency of results supports the use Re -Os systematics in molybdenite as an

accurate and precise geochronological method.
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The highly variable Re and Os concentrations of chalcopyrite ranging between

1.6-82 ppb and 6 -91 ppt, respectively and variable 188Os /187Os initial ratios ranging from

0.13 to 22.3, can be attributed to Re and Os remobilization or to different copper sources.

A 1880s/1870s initial ratio of 2.12 from pyrites indicate a strong crustal component in the

formation of the ore minerals. This conclusion further supports the notion of a crustal

origin or at least a strong involvement of the crust as source of metals in the formation of

the Bagdad porphyry Cu -Mo deposits.
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FIGURE CAPTIONS

Figure 1. Location of the Bagdad District and map of the major physiographic provinces.
Dark shaded area is the Colorado Plateau Province, light shaded area is the Transition
Zone and open area is the Basin and Range Province. Heavy dashed lines demarcate Nd
provinces (Bennett and DePaolo, 1987) Solid line represents the Holbrook magmetic
lineament that divide the Pinal Schist Terrane to the southeast and the Yapavai Terrane to
the northwest (Titley, 1981). Modified from Lang (1991).

Figure 2. Simplified geologic map of the Bagdad deposit. Modified from Anderson et al.
(1955) and Hawley et al. (1994).

Figure 3. Isochron plot of combined data from pyrite and chalcopyrite with an age of 96.2
± 4 Ma (MSWD = 0.99).

Figure 4. Isochron plot of pyrite samples. All points yield an age of 77 ± 15 Ma (MSWD
= 0.90) and an initial 1870s/1880s ratio of 2.12 ± 0.82. Lower points only yield an age
of 73.5 ± 16 Ma (MSWD = 1.08) and an initial ratio of 2.30 ± 0.87.

Figure 5. Plot of calculated '870s /'880s initials versus inverse of Os concentration
(mixing diagram) for BGD -25 chalcopyrite. Solid square represents the average
concentration and 187Os/1880s initial for pyrite. High radiogenic end member is not
known.

Table 1. Re -Os data for molybdenite.

Table 2. Re -Os results of pyrite and chalcopyrite. Chalcopyrite initial ratios calculated
with an age of 72 Ma.
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Table 1

Sample Name Run Total Re (ppm) Radiogenic 187Os (ppb) Re -Os age (Ma)

BGD-1
BGD-1
BGD-1
BGD-10
BGD-10
BGD-10
BGD-19

M1
N2
02
M3
N4
R1
R4

359
330
642
506
551
467
372

269
248
484
402
437
372
279

71.7 ± 0.3
71.8 ± 0.4
72.1 f 0.4
75.8 ± 0.4
75.8 ± 0.4
76.1 f 0.4
71.7 ± 0.3



Table 2

Sample ulfide 187Re/1880s 1870s/ 1880s Os (ppt) Re (ppt) 1870s/ 1880s initial
BGD-10 Py
BGD-10 Py
BGD-10 Py
BGD-10 Py
BGD-10 Py
BGD-10 Py
BGD-22 Py
BGD-22 Py
BGD-11 Cpy
BGD-11 Cpy
BGD-11 Cpy
BGD-11 Cpy
BGD-11 Cpy
BGD-25 Cpy
BGD-25 Cpy
BGD-25 Cpy
BGD-25 Cpy
BGD-25 Cpy

19979 ± 7204
18320 ± 6813

4106 ± 306
2377 ± 138
3305 ± 228
3469 ± 315
4795 ± 713
4912 ± 419

8251 ± 1911
1262 ± 62
801 ± 39
914 ± 45

1023 ± 63
37312 ± 2570
39908 ± 3402
48721 ± 4285
56329 ± 4653
46596 ± 3855

30.13 ± 10.80
32.14 ± 11.89

7.11 ± 0.52
5.14 ± 0.29
6.82 ± 0.46
6.18 ± 0.93
7.96 ± 1.16
8.25 ± 0.69

10.75 ± 2.45
0.69 ± 0.03
1.06 ± 0.04
1.32 ± 0.06
1.44 ± 0.08

59.89 ± 4.11
62.48 ± 5.32
78.06 ± 6.85
90.72 ± 7.48
74.60 ± 6.16

8 5842 2.12*
8 5183 2.12*

16 6767 2.12*
17 4996 2.12*
15 5281 2.12*
12 4654 2.12*

9 3867 2.12*
14 6745 2.12*

6 4107 0.83
13 2997 -0.75
12 1684 0.13
12 1912 0.25
12 2003 0.24
76 66665 14.79
63 56231 14.19
77 68719 18.77
91 82088 22.27
78 69706 18.00

Cpy = chalcopyrite; Py = pyrite.
* Initial derived from isochron (Fig. 4)
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