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ABSTRACT 

The nature of Cu isotope fractionation in natural Cu-Fe-S minerals was investigated 

through acid ferric sulfate leaching of copper ore from Morenci, Arizona. Copper isotope 

composition of the derived solutions varies from 6^^Cu = 0.47%o to 5.2I%o over the 

course of progressive copper extraction. High 8®Cu values characterize solutions 

collected in the first half of the leach; while solutions collected between 35% and 45% 

copper recovery exhibit lower 8®^Cu values. This general pattern was observed for both 

bacterially-mediated and abiotic leaching. 

Sulfate solutions derived from dissolving pure djurleite (Cuj 94S) show variable Cu 

isotope compositions as well, although the range is protracted from 8^^Cu = 0.01%o to 

1.21%o. As the Cu:S ratio of the remaining sulfide decreases, crystal structure parameters 

change as mineralogy passes through a series of nonstoichiometric copper sulfides. 

Mineralogy converges to yarrowite Cu, ,28) near 44% copper dissolution. 

Crystal chemical studies show that distribution of the two copper-sulfur bond 

coordination geometries, triangular and tetrahedral, in the copper sulfides, approximately 

corresponds to changes in S^'^Cu of the leachates. In particular, the proportion of CuSj 

relative to CUS4 groups decreases from Cu/S = 2.00 (chalcocite, CujS) to 1.39 (geerite. 

CU14S). Between Cu/S = 1.39 to 1.00 (covellite, CuS), the relative proportion of CuS, 

groups increases slightly. Connection between coordination number and Cu isotope 

fractionation implies affinity of CuS, groups for the heavier, ®^Cu, isotope. This can be 

justified through bond length-bond strength arguments. 
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Solutions from bornite (Cu5FeS4) dissolution vary from 6®^Cu = -0.79%o to 1.14%o, 

with the largest values associated with solutions from early stage of reaction (up to 15% 

copper removal). Around 25% dissolution, 8®^Cu of the solution approaches that of the 

original bornite (8®^Cu = 0.02%o). This is explained by disappearance of all remaining 

CuS, groups. 

Sulfur isotope compositions of solutions and sulfides derived from djurleite leaching 

were determined to investigate the possibility of intra-mineral fractionation. Very soon 

after reaction initiation, 8^S of both sulfur reservoirs reach a steady-state with sulfate 

solutions about 2%o enriched in relative to residual sulfide. Unlike the case of Cu 

isotopes, the main partitioning affecting S isotopes is exchange between sulfate and 

sulfide. 



CHAPTER 1 

INTRODUCTION, MINERALS OF THE Cu-(Fe)-S SYSTEM, 

AND SULHDE SOLUTION CHEMISTRY 

Minerals of the Cu-Fe-S system 

The minerals of the Cu-Fe-S system are widely varied in mode of occurrence, having 

been listed as important ore minerals in copper deposits having magmatic, hydrothermal, 

and deuteric origins. Where these minerals are in economic proportions, acid solution 

mining techniques are commonly used to extract copper (e.g., Hiskey, 1986). As such, 

their chemical stability relative to one another impacts mineralogic progression in copper 

leaching operations. Some minerals in the Cu-Fe-S system are irrelevant in the context of 

low temperature acid leaching since they have exclusive origins in igneous or 

hydrothermal settings. As such, these minerals will not be discussed here except to 

illustrate their position on the Cu-Fe-S ternary (Figure 1). In this dissertation, discussion 

of mineralogic dissolution series progression and crystal chemical character is restricted 

to low temperature polymorphs where more than one structural form exists. 

In the Cu-S system, the most familiar minerals are chalcocite (CujS) and covellite 

(CuS) which are also important ore minerals of copper. These plot at 79.9% copper apex 

and 66.5% copper position, respectively, on Figure 1. A dissolution series consisting of 

several non-stoichiometric minerals exists between chalcocite and covellite. In order of 

decreasing Cu;S ratio, these include; djurleite (Cu, g4S), digenite (Cu, gS), anilite (Cu, 75S), 

geerite (Cu, f,S), spionkopite (CU14S), and yarrowite (Cu, ,2S). The position of these 
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minerals on the Cu-S binary tieiine is illustrated on Figure 2. All of the Cu-S minerals 

mentioned here occur naturally as secondary weathering products (Coble, 1980; Coble 

and Robinson, 1980). Chalcocite, djurleite, digenite, and covellite can also be formed in 

magmatic and hydrothermal settings. 



14 

65% Fe 

o cb 

o cpy 

cc cv 

80% Cu 85% S 

Figure 1. Cu-Fe-S weight percent ternary. Bold labels indicate minerals relevant in this 

study. Abbreviations are: bn = bornite, cb = cubanite, cc = chalcocite, cpy = chalcopyrite, 

cv = covellite, hk = haycockite, id = idaite, mh = mooihoekite, nk = nukundamite, tk = 

talnakhite. 



15 

"hlaubleibender" minerals 

chalcocite digenite geerite spionkopite yarrowite covellite 

smm ; was 1 
gQdjurleite anilite ^3 ^3 

Cu (wt %) 

Figure 2. Cu-S weight percent binary. Prior to isolated discovery (Goble, 1980), 

spionkopite and yarrowite constituted the %laubleibender", or blue-remaining fraction of 

copper sulfide leaching (Frenzel, 1959). 
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Copper dissolution studies 

Optimizing copper recovery in solution mining operations is the primary goal of 

most copper, and copper iron sulfide dissolution experiments. Variables such as 

temperature, dissolved ion concentration, particle size and other variables have been 

examined in pursuit of that endeavor (Table I ). 

Reaction mechanisms describing sulfide dissolution have been determined over the 

course of early extractive hydrometallugy analysis (Sullivan, 1930; Sullivan, 1933). 

These relationships have been refined upon subsequent work and are included as 

reactions 1-6. The dissolution mechanisms shown are all driven by high oxidation 

potential provided by ferric ions in solution. The Eh-pH phase relationships for the Cu-S 

and Cu-Fe-S systems are depicted on Figure 3A and 3B, respectively. It should be noted 

that the reactions shown are essentially those responsible for secondary copper 

enrichment, especially in pyrite-bearing copper deposits (Anderson, 1955). 

chakocite) CujS + (2x)Fe^^ -> Cuj.^S + (x)Cu"^ + (2x)Fe^"' 

hlauhleihender) Cu, ,S + 0.2Fe'^ CuS + 0.1Cu'" + 0.2Fe'-' 

covellite) CuS + 2Fe'" Cu'^ + S" + IFe"' 

bornite) Cu5FeS4 + (2x)Fe''^ -» Cu5.,FeS4 + (x)Cu^^ + (2x)Fe^^ 

reduced bornite) Cu5.jFeS4 + (8-2x)Fe'' ->• CuFeS, + (4-x)Cu^"^ -t-

chalcopyrite) CuFeSj + 2Fe'^ Cu^^ + 3Fe^^ + 28° 

1 

2 

3 

4 

(8-2x)Fe'^+2S° 5 

6 
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Eh(V) 

®2S-specics O.JM 
^SFe-ions ~ 0»05M 
"Cu2+ = 0.05M 

CU2O 

CuO 

Eb(V) 

®''2S-species — 
^HFe-ions ~ 0*05M 
aCu2+ = 0.05M 

Cu5FeS4 

pH 

Figure 3. Incomplete Eh-pH stability fields for the A. Cu-S-HjO and B. Cu-Fe-S-HjO 

systems. Diagram generated using HSC software package from Roine (2001), which 

calculates phase boundaries using the heat capacity equation of Criss and Cobble (1964). 
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Reaction 1 is the mechanism for acid ferric sulfate dissolution of chalcocite up to 

about 44% copper recovery, or x < 0.91 (Young et al., in prep.-a). As leaching 

progresses, mineralogy of the residuum passes through an assemblage of non-

stoichiometric copper sulfides (those shown Figure 2) that evolves as Cu:S ratio 

decreases (Whiteside and Goble, 1986). However, leaching experiments on djurleite have 

shown that at the termination of reaction 1, mineralogy converges to yarrowite (Young et 

al., in prep.-a.). Reaction 1 a follows rapid, linear kinetic progression in the presence of 

sufficient supply of ferric ions (Thomas et al., 1967; Biswas and Mohan, 1971; Dutrizac 

and MacDonald, 1974; Bolorunduro, 1999). 

After 44% copper extraction from reaction 1. dissolution continues according to 

equation 2, labelled as the "blauhleibender" reaction here (German for "blue-remaining", 

referring to the appearance of the sulfides formed from reaction 1). Reaction 2 progresses 

more slowly than the chalcocite reaction (1), exhibiting parabolic reaction kinetics 

(Dutrizac and MacDonald, 1974; Bolorunduro, 1999). After formation of covellite by 

reaction 2, continued copper extraction proceeds according to reaction 3. This reaction is 

slowed by elemental sulfur armoring of residual covellite grains (Biswas and Mohan, 

1971). 

Copper from bornite is extracted through a succession of reactions given by 

equations 4 through 6 (Dutrizac et al., 1970). At room temperature, up to 25% copper 

recovery from bornite can be explained by oxidation with ferric ions according to 

reaction 4, implying x < 1.2 (Dutrizac et al., 1970; Ugarte and Burkin, 1977). Additional 
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copper dissolution proceeds according to equations 5 and 6, although these reactions 

proceed at rates impractical for economic copper recovery below 40°C (Dutrizac et al., 

1970). 
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CHAPTER 2 

SUMMARY OF RESEARCH ON COPPER ISOTOPE FRACTIONATION 

IN NATURAL Cu-(Fe)-S MINERALS 

Introduction to Cu isotopes 

The two naturally occuring isotopes of copper, ®^Cu and ®Cu, are both stable and 

have an absolute abundance ratio ®^Cu/®Cu = 0.4456 ± 0.0004 (Shields et al.. 1964). 

Isotopic variability for copper is reported in the standard 8-notation relative to the natural 

abundance ratio, based on the reference material SRM-976, according to: 

Mass fractionation of the Cu isotopes is expected to be small in response to natural 

processes because of the low relative mass difference between isotopes, essentially 2/65. 

However, Shields et al. (1965) documented up to 12%o variability in sulfides and oxides 

containing significant copper, which is significant in spite of the 1.5%o uncertainty for the 

TIMS measurements. The largest variation in Cu isotope ratios demonstrated to date has 

been for secondarily-formed copper oxide and copper sulfide minerals (Shields et al., 

1965; Gale et al., 1999; Zhu et al., 2000a; Ruiz et al., 2002). This indicates weathering 

processes are important for fractionating Cu isotopes. 

7 
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All Cu isotope measurements reported here were obtained using multiple collector 

inductively-coupled mass spectrometry (MC-ICPMS). Solutions from the ore leach 

experiments (described in Young et al., in review) were analyzed using a sample-standard 

bracketing technique (Zhu et al., 2000a). ^"^Cu/^Cu ratios for reaction products from 

mineral separate dissolution (described in Young et al., in prep.-a and Young et al., in 

prep.-b) were corrected using the exponential law for mass dependence with 

isotope standard spike (Marechal et al., 1999; Marechal and Albarede, 2002). Detailed 

description of the preparation and standard/sample analysis procedure is included in 

Appendix B (Young et al., in prep.-a). 

Cu isotope fractionation patterns for chalcocite ore and djurleite dissolution 

In 2001, Phelps Dodge Mining Co. conducted a series of chalcocite ore leach 

experiments for the purpose of understanding factors controlling copper dissolution in 

acid ferric sulfate media. These experiments were scaled models of the heap leach copper 

solution mining operations already in production. One of the important controls tested 

was the distribution and speciation of mesophilic bacteria known to occur naturally in 

weathering portions of sulfide-bearing rocks (Colmer and Hinkle, 1947; Razzell and 

Trussell, 1963; Sillitoe et al., 1996). Bacteria including Thiobacillus ferrooxidans, 

Leptospirillum ferrooxidans, and Thiobacillus thiooxidans facilitate rapid sulfide 

dissolution by oxidation of Fe^^ to Fe"^ (Colmer and Hinkle, 1947). In this way, high 

oxidation potential is maintained after a period of approximately two weeks, when 

sufficient populations of these bacteria are established (John Uhrie, pers. commun.). 



Solutions collected over the three month-long bacterially-mediated leach experiment 

exhibited nearly 5%o variability in 8®^Cu (Figure 7, Appendix A), which is about half of 

the entire currently recognized range of 6®^Cu values for geologic and biologic materials 

(Walker et al., 1958; Shields et al., 1965; Zhu et al., 2002; Larson et al, in review). The 

first response was to attribute this large fractionation to bacterial vital processes. For that 

to be true, the bacteria would have to metabolize copper rather than, or at least in addition 

to, iron. This requirement meets two significant obstacles: 1) At least in the presence of 

bacteria, reactions 1 through 3, which have been accepted as the general mechanism for 

copper sulfide dissolution for at least 70 years (Sullivan, 1930; Sullivan, 1933), would 

require revision. 2) Copper is toxic to most organisms at much lower levels than required 

for metabolic uptake that would be implied for copper sulfide dissolution. The issue of 

bacterially-induced Cu isotope fractionation became moot when similar degrees of 

fractionation were observed from an abiotic experiment (Figure 7, Appendix A). This 

new evidence suggested that the Cu isotope trends may have been generated from 

inorganic chemical processes. 

In exploring alternative explanations for Cu isotope fractionation, crystal chemical 

features of minerals in the Cu-S system were examined. An unusual feature of the 

chalcocite-to-covellite series minerals is that copper atoms are bound to sulfur in both 

CuS,, triangular, and CUS4, tetrahedral, coordination configurations within each mineral's 

molecular structures (e.g.. Koto and Morimoto, 1970; Evans and Konnert, 1976; Evans, 

1981; Goble, 1985). The relative proportion of these bonding configurations changes 

with respect to Cu:S ratio. In Figure 8 (Appendix A), this is represented as the number of 



CuSg groups per total copper in the mineral. As copper decreases from chalcocite to 

geerite (Cu/S from 2.00 to 1.60), the proportion of triangular bond configurations rapidly 

decreases before reaching a minimum value of approximately 0.2 between spionkopite 

(Cu/S = 1,39) and yarrowite (Cu/S = 1.12). The slight increase in average copper 

coordination number after spionkopite is likely a consequence of the increasing 

proportion of covalently-bonded S-S groups from spionkopite to covellite (Evans and 

Konnert, 1976; Tossell, 1978; Coble, 1985). 

The general form of the copper coordination curve for the Cu-S minerals is 

reminiscent of the Cu isotope fractionation trend measured for solutions from the 

chalcocite ore leach experiments, suggesting there may be a connection between 

coordination chemistry and Cu isotope fractionation. In order to substantiate this 

hypothesis, the following important issues had to be addressed: 1) contribution to the 

observed Cu isotope pattern from chemical interaction involving the relatively complex 

ore mineralogy, 2) correlation between isotopic variability and copper sulfide 

mineralogic changes during reaction, 3) bacterial isolation from the reaction, and 4) 

degree of isotopic fractionation between copper-bearing sulfate solutions and sulfide 

minerals. The first three variables were constrained by the djurleite dissolution 

experiments performed by Young et al. (in prep.-a). and are summarized in the remainder 

of this section. The fourth variable is treated by an examination of chalcopyrite ore 

dissolution (Young et al., in prep.-b; Young et al., in review); with the important points 

reviewed in the next section. 



Crushed djurleite from Butte, Montana, was reacted with acid ferric sulfate for 

intervals from 0.5 to 240 minutes (further details in Young et al., in prep.-a). Derived 

solutions and residual sulfides were chemically and isotopically characterized (Table 3, 

Appendix B). The solutions have an isotopic variability of 1.15%o and exhibit generally 

decreasing 6®^Cu values throughout the course of dissolution (Figure 10, Appendix B); 

although the most rapid decline occurs within the first 20% of copper extraction. Near 

44% dissolution 8®Cu = 0.01 ± 0.04%o, which is the minimum value achieved. This is 

broadly consistent with the minimum Cu isotope value occurring near 40% dissolution in 

chalcocite ore leaching, which illustrates the independence of the Cu isotope trend from 

complex ore mineralogy in the earlier leach experiments. Cu isotope composition of the 

residual sulfides change very little from that of the original djurleite. 

X-ray diffraction was used to monitor mineralogic changes in the copper sulfide 

residues (Figures 8A-C and 9, Appendix B). Broadening of the major reflection peaks 

soon after exposing the djurleite to the sulfate medium indicates formation of several 

copper sulfide phases. This result is similar to that recognized earlier by Whiteside and 

Goble (1986). Near 44% copper extraction, the 1.892 A peak becomes symmetrically 

narrow, indicating predominance of yarrowite, which has a Cu/S ratio (1.12) that is 42% 

lower than that of djurleite (1.94). This shows that mineralogy converges with chemistry 

near the termination of reaction 1. 

Although the leach apparatus was disinfected and acid solution was filter sterilized 

to remove bacterial contribution in the abiotic chalcocite leach experiment, it is difficult 

to ensure complete isolation. In addition, bacterial counts were not performed, further 



compounding the uncertainty. In the djurleite mineral separate experiments, however, 

reaction rates are on the order of minutes rather than weeks, while initial bacterial growth 

rate ("lag phase") is on the order of days (Gurtler and Uhrie, 2003; John Uhrie, pers. 

commun.). Therefore bacterial contribution is not important for these mineral separate 

shake flask dissolution experiments. 

Cu isotope fractionation pattern for chalcopyrite dissolution 

In order to isolate effects of crystallographic Cu isotope fractionation, the 

contribution from sulfate solution-mineral sulfide isotope partitioning has to be 

determined. This was done by measuring leach solutions collected from chalcopyrite ore 

dissolution. Unlike the copper sulfides discussed so far, chalcopyrite contains copper 

only in tetrahedral coordination with sulfur (Hall and Stewart, 1973). Therefore the 

possibility of intra-structural isotope fractionation, via the mechanism proposed, is 

removed. 

The ore material used in the experiment came from the Phelps Dodge-owned 

porphyry copper deposit at Bagdad, AZ, and contained chalcopyrite with 8®^Cu = -0.11 to 

0.22%o (±0.16%c). Solutions collected from 2% to 20% copper extraction have 6®^Cu-

values that lie mostly within the uncertainty of the initial chalcopyrite value (Figure 10, 

Appendix A). Therefore, it can be concluded that sulfate solution-mineral sulfide Cu 

isotope fractionation is not the primary source of isotopic variability. 
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Cu isotope fractionation pattern for bornite dissolution 

Bornite mineral separate dissolution experiments were conducted, in a similar 

fashion to the djurleite tests, to determine whether coordination chemistry produced Cu 

isotope fractionation in hypogene sulfide minerals (details in Young et al., in prep.-b). 

While it is suspected that the material used in the earlier djurleite experiment was of 

hypogene origin (see mineral description in Young et al., in prep.-a), some uncertainty 

with respect to its origin persisted, so that question could not be addressed. Bornite is a 

suitable candidate since it is exclusively hypogene and, like the Cu-S system minerals, 

contains both CuS, and CUS4 groups (Koto and Morimoto, 1975). 

Cu isotope variability in the bornite-derived solutions exhibited nearly 2%o variation, 

with solutions collected up to 25% copper recovery enriched in ®^Cu relative to the 

starting bornite (Figure 9, Appendix C). Crystal chemical features of intermediate 

dissolution mineral phase, idaite (Frenzel, 1959), are uncertain (Yund, 1963; Rice et al., 

1979). So relating the Cu isotope fractionation pattern to changes in coordination 

chemistry is difficult. It was noted, however, that the isotopic composition of the 

solutions approached that of the initial bornite at about 25% dissolution. Taking into 

account that the starting material was depleted in copper relative to stoichiometric 

bornite, this degree of copper dissolution implies a sulfide composition near idaite. It was 

proposed that CuS, groups disappear near idaite and that all intermediate phases 

encountered between idaite and chalcopyrite have copper in CUS4 geometries exclusively 

(Young et al., in prep.-b). The reason for reversal in the fractionation pattern between 

23% and 34% illustrated on Figure 9 (Appendix C) is not known. 
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Applications of the results presented in this dissertation 

It is the collective conclusion of the work presented in Appendices A-C that Cu 

isotopes can, and do, fractionate during inorganic chemical processes. The isotopic 

response to crystal chemical parameters in Cu-Fe-S minerals is just a small indication of 

that. Even so, this research has hopefully initiated development of another tool with 

which to explore chemical (and mineralogical) evolution of important chalcophile and 

siderophile reservoirs, whether terrestrial or extraterrestrial. 

Differences in the degrees of isotopic fractionation observed in the supergene 

chalcocite ore leach and the djurleite mineral separate dissolution experiments indicates 

that weathering plays a crucial role in creating isotopically diverse reservoirs. To 

illustrate that point, the Morenci, AZ, chalcocite ore that generated the large Cu isotope 

variability came from the supergene zone, which was formed from multiple episodes of 

weathering enrichment (Enders, 2000). The effect of secondary enrichment on Cu isotope 

fractionation can be seen from previous isotopic surveys of geologic materials (Walker et 

al., 1958; Shields et a!., 1965; Gale et al., 1999; Zhu et al., 2000a). Inasmuch as the acid 

ferric sulfate dissolution experiments here are efficient analogs of the weathering process 

around some copper deposits, we now have a tool with potential for evaluating the 

history of secondary copper enrichment simply using copper sulfides that are present. Cu 

isotope mass balance of all known copper reservoirs around a copper deposit can be used 

to identify "missing" copper stores. 
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For solution mining, Cu isotopes provide a means of tracking mineralogic 

progression in heap and in situ leach operations. Through assessment of relative i so topic 

variation, hydrometallurgists and engineers could revise aspects of leach operations to 

accommodate the evolving sulfide phase assemblage for optimal copper recovery. 
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INORGANIC COPPER ISOTOPE FRACTIONATION AS A FUNCTION OF 

AVERAGE COPPER COORDINATION IN NATURAL COPPER SULFIDE 

MINERALS 

Pre-print of an article submitted to Chemical Geology by S.E. Young, J. Ruiz, R. Mathur, 
• J.B. Hiskey, and J.L. Uhrie 

Reprinted with permission from Elsevier 
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Abstract 
Copper isotope variability has been measured in solutions collected from inorganic 

acid ferric sulfate dissolution of Morenci, AZ, copper sulfide ore using multi-collector 

inductively-coupled mass spectrometry (MC-ICPMS). The copper-rich solutions 

collected within the first 6 to 7 weeks of leaching show a progressive decrease in 6®Cu, 

totalling 2-3%o. In the subsequent 8 to 9 weeks, the isotopic ratio recovers by nearly 

l.5%o. 

The minerals in the Cu-S system contain copper atoms occupying at least two 

different coordination configurations with sulfur atoms. The trend of average copper 

coordination for the chalcocite-to-covellite series of copper sulfides coincides with the 

copper isotope pattern for progressive copper leaching. Additionally, inorganic acid 

sulfate leach experiments on chalcopyrite— a mineral in which copper atoms occur in 

only one coordination configuration— show no appreciable copper isotope variation, 

suggesting copper isotope fractionation between the sulfate solution and the sulfide 

mineral during dissolution is negligible. The results presented here are significant in that 

this is the first time that appreciable fractionation of stable isotopes of a transition metal 

element is described as a product of crystallochemical selectivity in a natural, inorganic 

mineral-forming process. 
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1.0. Introduction 

Copper isotopic studies were initiated by investigations of the atomic mass of copper 

through determination of the natural relative abundance of its isotopes. The earliest 

significant contributions were based on mass ratios of copper oxide (Ruer and Bode, 

1924; Honigschmid and Johannsen, 1944), with later consideration given to natural 

isotopic variability of oxygen (Honigschmid and Johannsen, 1944). Subsequent revision 

was made on the basis of establishment of '^C, rather than as the atomic mass 

reference (Cameron and Wichers, 1962). It was not until precision of thermal ionization 

mass spectrometry (TIMS) exceeded the level of natural isotopic variability that the 

absolute atomic weight of copper was determined to be 63.5455 ± 0.0010 g Cu/mol 

(Shields et al., 1964). This atomic weight yields a relative abundance ratio of the two 

isotopes of copper, ^Cu and ®Cu, of 2.2440 ± 0.0021 ("Cu/^'Cu), which is the value 

retained by NBS/NIST for reference copper material, SRM 976 (Shields et al., 1964). 

Even before establishing the absolute atomic weight of copper, a copper isotope ratio 

variation of about 9%o had been recognized in nature through TIMS analysis of a variety 

of rocks, sediments, copper ores, and organic material (Walker et al., 1958). This degree 

of natural isotopic variability was substantiated by Shields et al. (1965) who reported 

copper isotopic ratio variability of over 12%o for different copper-bearing minerals. It was 

further noted that the range of isotopic compositions measured for hydrothermal and 



magmatic copper ore minerals and meteorites (±l%o) fell within analytical uncertainty of 

the TIMS technique, rendering the use of Cu isotopes in cosmochemistry and high 

temperature geochemistry of little value (Shields et al., 1965). Recent advances in 

plasma-source mass spectrometry have allowed researchers to examine natural variations 

in copper isotope ratios and start to identify natural fractionation processes (Gale et al., 

1999; Marechal et al., 1999; Zhu et al., 2000a; Zhu et al., 2002). 

Constraining the physicochemical controls on copper, and other transition metal, 

isotope fractionation is crucial for interpretation of natural isotopic variability. Recent 

studies aimed at understanding transition metal isotope fractionation include those of 

Beard and Johnson (1999), Beard et al. (1999), Anbar et al. (2000), Zhu et al. (2000b), 

Schauble et al. (2001), Zhu et al. (2001), and Zhu et al. (2002). Although only very 

recently have workers identified isotopic variability beyond the realm of biologically-

induced fractionation (Anbar et al., 2000; Schauble et al., 2001; Zhu et al., 2002). In this 

study, we further explore the topic of inorganically-produced transition metal isotope 

fractionation through analysis of the copper isotope system. Specifically, we attempt to 

explain the copper isotopic variability observed from inorganic ferric acid sulfate 

leaching of secondary copper ore as a result of differential extraction of copper from 

discrete crystal Iographic sites in copper sulfide minerals. 

2.0. Copper sulfide dissolution 

In situ acid sulfate mining and heap or dump leach techniques have been utilized for 

copper recovery for, perhaps, centuries (Sullivan, 1933; Hiskey, 1986). Through 



controlled dissolution experiments designed to simulate leach conditions, it has been 

shown that minerals in the Cu-S system undergo crystallographic changes, resulting in 

formation of a series of nonstoichiometric copper sulfide minerals with progressive 

copper removal (Thomas et al., 1967; Potter, 1977; Goble, 1985; Whiteside and Goble, 

1986). Figure 1 summarizes the results of such an experiment by Whiteside and Goble 

(1986), in which digenite, CUj gS, was reacted with 10 ̂  M ferric sulfate. Through X-ray 

diffraction and chemical analysis of reaction products, it was shown that although phase 

transformations are progressive, they are not discrete such that at any given time several 

different copper sulfide minerals may be present. The copper dissolution (or 

desulfidation) series for the copper sulfide minerals discussed is presented in Figure 2a, 

with projection of these minerals onto the Cu-Fe-S ternary system on Figure 2b. These 

minerals have been recognized in nature, in sedimentary and lateritically altered volcanic 

rocks (Goble, 1980; Goble and Robinson, 1980). 

The copper isotopic composition of chalcocite, CujS, found in such secondary 

enrichment settings has been shown to be more variable than isotopic ranges of primary 

copper (±iron) sulfides (Walker et al., 1958; Shields et al., 1965; Zhu et al., 2000a). This 

is not at all surprising considering their formation at low temperature and possible 

kinetically-enhanced isotopic evolution. In a recent survey of primary and secondary 

sulfides from copper deposits in the North and South American Cordillera and Indonesia, 

Ruiz et al. (2002) have further substantiated these findings (Figure 3). Taking into 

account the copper isotopic variability of secondary sulfides, and given the chemical and 

mineralogical similarities between naturally-formed secondary copper sulfide minerals 
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and dissolution experiment products, we decided to investigate copper isotope 

fractionation through evaluation of copper sulfide ore leaching. 

2.1. Experimental methodology 

Copper sulfide ore dissolution experiments were performed at the Phelps Dodge 

Mining Company—Process Technology Center in Safford, AZ, and were designed to 

simulate the heap leach operation used for solution extraction of copper at the Morenci, 

AZ, open pit copper porphyry deposit. The rock used in the leach setup was copper ore 

from the weathered, secondarily enriched, portion of the Morenci porphyritic monzonite-

monzodiorite deposit. The mineralogy is dominated by variably clay-altered feldspar and 

quartz, with biotite and/or amphibole as important mafic minerals. Copper ore grade, 

attributed to presence of chalcocite and djurleite (Cuj 94S) is 0.73% (Uhrie, 2000). 

In all experiments, a sulfuric acid solution (pH ~ 1.4) was continually introduced at a 

rate of 0.67 liters/day. The solution migrated gravitationally through a vertical column 

1.5 meters tall by 0.15 meters in diameter. The column was filled with 50 kg of Morenci 

ore crushed to less than 1.5 cm diameter. Air was circulated through the column at a rate 

of 0.04 cubic meters per hour. Temperature was held constant at approximately 20°C. 

In the column 136 experiment, the sulfate solution used for leaching contained a 

mixture of mesophilic bacteria, including Thiohacillus ferrooxidans, Leptospirillum 

ferrooxidans, and Thiohacillus thiooxidans. These bacteria have long been known to 

expedite acid sulfate dissolution of copper sulfide ore material through metabolic 

recycling (Colmer and Hinkle, 1947; Brierley, 2001). Although the mechanistic aspects 
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of sulfide bio-dissolution are still debated (Barrett et al., 1993; Boon, 2001; Sand et al., 

2001; Tributsch, 2001), the general role of Thiobacillus ferrooxidam and Leptospirillum 

ferrooxidans is to "refresh" the oxidation potential of copper sulfide dissolution (reaction 

1) through conversion of ferrous iron to ferric iron (reaction 2, Figure 4). As long as the 

oxidation potential remains sufficiently high to sustain Fe'^ levels, reaction 1, commonly 

referred to as "stage I" dissolution, will proceed until covellite, CuS, is formed. Copper 

extraction beyond stage I is accompanied by formation of elemental sulfur (reaction 3), 

and is referred to as "stage II" leaching (Sullivan, 1930; Sullivan, 1933). Stage II 

proceeds more sluggishly than stage 1 since the sulfide oxidation half cell has a greater 

rest potential than the copper oxidation half cell, and because formation of elemental 

sulfur likely slows the reaction through mineral surface armoring (Biswas and Mohan, 

1971). In stage II leaching, the sulfur-oxidizing bacterium, Thiobacillus thiooxidans, 

likely enhances the rate of reaction 3 (Bryner and Anderson, 1957; Malouf and Prater, 

1962). 

Cu^S + (2x)Fe^ ->• Cu2„S + (x)Cu'" + (2x)Fe'^ 1 

Fe'" + I/4O2 + Fe'^ + I/2H2O 2 

CuS + 2Fe^^ Cu'" + 2Fe'" +• S" 3 

For X < 1. 

Columns 137 and 138 were not inoculated with the bacteria strains described above, 

and were originally designed as control points for evaluating inorganic leach kinetics 



since reactions 1-3 are also relevant in the absence of metabolic processes utilized in 

column 136. For our purposes, the abiotic columns provided data on copper isotopic 

variability, exclusive of possible biologic fractionation. Inasmuch as these bacteria exist 

naturally in weathering sulfide waste dumps, and may even assist in secondary copper ore 

enrichment (Colmer and Hinkle, 1947; Razzell and Trussell, 1963; Pings, 1968; Sillitoe 

et al., 1996; Enders, 2000), precautions were taken to eliminate pre-existing bacteria. 

This was accomplished by drying all solid material serving as feed stock for 48 hours at 

105°C; which is well above the temperature threshold for mesophilic bacteria growth 

(Ahonen and Tuovinen, 1991; Johnson and Roberto, 1997). The acid sulfate solution was 

filter sterilized through 0.45 jim filters, and the column casing and other hardware was 

sterilized in a sodium hypochlorite bath. 

2.2. Experiment results 

All columns exhibit progressive copper loss with increased exposure to acid sulfate 

solution (Table 1 and Figure 5). The two abiotic columns have similar copper recovery 

patterns, with copper extracted more rapidly in the first half of the leach experiment, and 

progressively slower contribution in the second half of the experiment. Copper 

production from column 137 slows more dramatically after day 40 (36% copper 

recovery) than does column 138. The bacterial experiment, column 136, exhibits similar, 

continuously declining copper production with time, but copper recover)' is greater than 

both abiotic columns after the first week of the leach experiment. All of the columns 



experience greater than 50% copper dissolution, indicating that stage 11 dissolution was 

operating at the end of the experiments. 

Curves tracking the rate of copper extraction are not smooth for any of the columns, 

although similar patterns between them can be recognized (Figure 6). All experiments 

appear to experience three different dissolution rate "regimes". The first regime is 

characterized by a rapid increase, then decrease in copper concentration of the leachate. 

This concentration spike results as copper is removed from easily dissolved copper oxide 

impurities prior to sulfide mineral reaction. For the abiotic columns, this occurs before 

10% of the copper is removed, corresponding to about 12 days under leach. In the 

bacterial column, the initial concentration surge does not end until nearly 15% of the 

copper is dissolved, although within just a couple of days of columns 137 and 138. 

The second regime is a more sustained, steady copper extraction from sulfide 

minerals. Leachate copper concentrations remain between 4-7 g/L in the abiotic columns, 

and greater than 6 g/L in column 136. Termination of the second regime is more subtle 

than that of the first regime, but is distinguished by a small, relatively rapid copper 

concentration drop (Figure 6). 

Transition into the final copper dissolution regime occurs at about 36% copper 

extraction in the abiotic columns (around day 40), but is difficult to delineate in column 

136. This is likely the kinetic boundary between stage I and stage II dissolution. In 

experiments where oxidation state is not mediated throughout the reaction, the decline in 

copper production, and therefore copper concentration in the leachate, is more 

pronounced (Thomas et al., 1967; Whiteside and Goble, 1986). Although the 
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thermodynamic demarcation between stage I and II occurs after all copper sulfides have 

reacted to form covellite at 50% copper dissolution (equation 1), the dissolution rate 

decreases after about 36% inorganic copper dissolution. This is recognized as a smooth, 

gradual decline in copper concentration of the collected solution after day 40 (Figure 6). 

2.3. Copper isotope variations of leach experiments 

In addition to chemistry data, the leachates collected at different times during the 

copper leach experiments were analyzed for copper isotope composition using multi-

collector inductively coupled mass spectrometry (MC-ICPMS) by Ruiz et al. (2002) and 

reported as per mil (%o) deviation from SRM-976 according to equation 4: • 

6'Xu (%o) = 
( ̂ link ^std) 

^ std 

:10' 

Where = ^^Cu/®Cu of the sample and R^,d = ^^Cu/®Cu of SRM-976, which has a 

reported value of 0.4456 ± 0.0004 (Shields et al., 1964). 

The range of copper isotope values for the solutions collected throughout the entire 

bacterial experiment is nearly 5%o (Table 1). Leachate collected from column 136 after 

almost 5% copper dissolution has a 8®^Cu value of 5.21 ± 0.16%o, which is over 3%o 

heavier than the isotopic composition of the chalcocite in the initial feed material. After 

about 10% copper dissolution, the isotopic value of the remaining copper sulfide dropped 

by nearly l%o, while 8®^Cu of the coeval sulfate solution remained around 5%o. The 



copper isotopic ratios of the solutions extracted through stage I leaching get progressively 

lighter, with an apparent inflection at 6®^Cu = 3.37 ± 0.16%o corresponding to about 27% 

copper dissolution (Figure 7). Upon entering kinetic stage II up to 50% copper recovery, 

the isotopic composition of the solution remains mostly within 0.16%o (2a error) of 

0.74%o. The isotopic ratios of last three solutions, collected at >50% copper recovery, 

approach the values observed prior to initiation of stage IJ leaching. 

Attributing the high degree of copper isotopic variability in the column 136 

experiment to biologic fractionation implies that mesophilic bacteria either selectively 

metabolize from the sulfide minerals or preferentially retain ®Cu within their 

structures. For either, or a combination of both, to be true would mean that the general 

mechanism of sulfide degradation illustrated in Figure 4 would have to be significantly 

altered to account for significant levels of copper metabolisis required. While it is likely 

that the bacteria in acid sulfate leach operations isotopically fractionate modest amounts 

of copper (Mathur, unpubl. data), it is highly unlikely that vital effects contribute in any 

significant way to the nearly 5%o variability observed from column 136 solutions. In spite 

of these organisms' tolerance to elevated metal concentrations (Trevors et al., 1985; 

Garcia and Da Silva, 1991; Natarajan et al., 1994; Leduc et al., 1997), copper is only a 

trace constituent of the cellular structure, present at low ppm levels (Mathur, unpubl. 

data). Levering several per mil copper isotope variation in the ore-sulfate-bacteria system 

necessitates unrealistically high degrees of biologic copper isotope fractionation. 

The copper isotope variability of the leachates extracted from the abiotic column 137 

test is nearly 3%o, however had the first few leachate fractions been measured, the 



variability would likely be around 4%o. The earliest abiotic leachate from which copper 

isotopic ratios were determined was collected after nearly 16% copper dissolution and 

has a 6®^Cu value of 3.70 ± 0.16%o. Solutions collected until stage II starts remain 

isotopically lighter than corresponding solutions from column 136 by approximately l%o. 

This fractionation could be attributed to any number of physical differences between the 

column such as sulfide grain size (or shape) differences, sulfide 

distribution/dissemination, presence or absence of permeability channels, etc. 

Alternatively, the isotopic value of the initial chalcocite may be different between the 

columns (Figure 3); although this does not account for the slightly protracted range of 

8®^Cu in column 137 leachates compared to column 136. As mentioned above, we do not 

attribute the differences to bacterial action. 

Despite the isotopic differences in stage I solutions, leachate measured after stage II 

begins are similar between the bacterial and abiotic columns. An isotopic minimum 

occurs at 39% copper dissolution (8®^Cu = 0.79 ± 0.16%o) in column 137. It is not until 

>43% copper recovery that 8''^Cu increases above measurement uncertainty to an 

eventual value of 2.29 ± 0.16%o at 55% copper recovery. This is nearly identical to the 

isotopic composition of the solution collected at 22% dissolution. 

Solutions from very late in column 138 have Cu isotope values similar to those of the 

leachate from the biologic experiment and over 0.50%o lower than extrapolated values 

from the other abiotic experiment. This further supports the supposition that most 

isotopic differences between the three columns is due to slight physical dissimilarity 

rather than to bacterial presence or absence. 



We attribute the isotopic variability observed during leaching in all the columns to 

changes in copper-sulfur bonding arrangements that occur as copper sulfide mineralogy 

changes in response to chemical progression. This is a subtle, but important distinction 

from isotopic fractionation between evolved sulfate solution and coexisting sulfide 

mineral(s)— which does not appear to contribute significantly to the copper isotope 

profiles generated during dissolution. To make this differentiation, we first examine 

crystal chemistries of the copper sulfide minerals as they relate to copper bonding 

configuration. 

3.0 Coordination models for the Cu-S system 

The chalcocite-to-covellite series of minerals is rather complex with regard to copper-

sulfur bonding arrangement. Evans (1981) iterated that, for minerals in Cu-(Fe, Ag, Sb)-S 

system, as Cu:S ratio increases so does average copper-sulfur bond length, resulting in 

smaller average copper coordination number. In the Cu-S system, unit cells of each 

mineral consists of both three- and four-fold copper-sulfur bonding arrangements (Ofdal, 

1932; Koto and Morimoto, 1970; Kalbskopf et al., 1975; Evans and Konnert, 1976; 

Tossell, 1978; Evans, 1979b; Goble, 1985), and decrease in copper coordination number 

manifests as rejection of CUS4 tetrahedra in favor of CuS, configuration (Evans, 1981). In 

addition to having both trigonal and tetrahedral copper coordination configurations, 

chalcocite and djurleite also contain copper atoms in two-fold (linear) coordination with 

sulfur (Evans, 1979b; Evans, 1979a; Evans, 1981). 
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The positive correlation between average copper coordination number and Cu:S ratio 

is reversed for the copper sulfide minerals with Cu/S less than 1.39, or from spionkopite 

(Cu, 4S) to covellite. This reversal produces a minimum point on the copper coordination 

graph in Figure 8, which will provide an important point of comparison when discussing 

the link between copper bonding arrangement and copper isotope fractionation in the 

copper sulfide minerals in the next section. 

Copper coordination trends for minerals in the Cu-S system are illustrated in Figure 8 

according to bonding models presented in Table 2. The ordinate used for the graph in 

Figure 8 is number of trigonally-coordinated copper atoms per total number of copper 

atoms in the unit cell. The choice for this manner of presentation, rather than by weighted 

average of copper coordination number (reported in column 5 of Table 2), or some other 

means, is for convenience of comparison to copper isotopic data as presented in Figure 7. 

In this way, true representation of decreasing copper coordination with increasing Cu:S 

ratio is somewhat inaccurate since linearly-coordinated copper is not adequately 

accounted for. In addressing this issue, we would be justified displaying the data 

according to (1 -Cu''^)/Cu,(^^ vs. Cu/S, where Cu'^' is tetrahedrally-coordinated copper. 

Since two-fold copper bonds accounts for 0.08 and 0.06 copper atoms per formula unit of 

chalcocite and djurleite, respectively, and does not occur in the other minerals discussed 

(Evans, 1979b), recasting the data in such a manner is not necessary. This is especially 

true in light of the differences between the coordination models of Evans (1979) and 

Goble (1985). 



Crystal models for chalcocite, djurleite, anilite (€0, 758) and covellite are illustrated in 

Figure 9. Rigorous treatment of the crystallography of each of these minerals is addressed 

by the appropriate references accompanying Figure 9, and should be consulted for 

discussions of methods of structural determination. In any case, these models illustrate 

the general complexity of the bonding structure of copper in minerals of the Cu-S system. 

For our purposes, differences between these models provide a visual reference point, 

allowing the reader to identify the trend of increasing copper coordination number with 

decreasing copper per formula unit represented graphically in Figure 8. Another obvious 

feature of the copper sulfide crystal models is the difference in the size of the unit cells of 

these minerals. The small number of two-fold coordinated copper atoms in the formula 

units of chalcocite and djurleite require a relatively large number of copper and sulfur 

atoms to adequately represent their positions within their respective unit cells. 

4.0. Discussion 

Similarity between the shapes of the leachate 8®^Cu and copper coordination curves 

(Figures 7 and 8, respectively) is striking. Here we examine linkage between copper 

isotope fractionation and copper bonding structure in the chalcocite-to-covellite series. 

Suggesting any such connection requires evidence showing: 1) copper isotope changes in 

the leachate occur with changes in copper sulfide mineralogy, 2) the sense of isotopic 

trends are consistent with what would be expected for changes in copper bonding 

character in the minerals reacted, 3) copper isotope fractionation between sulfate solution 

and copper sulfide mineral is subordinate to. or at least does not obscure, fractionation 



between bonding arrangements in the mineral, and finally that 4) the degree of 

crystallographic isotope fractionation suggested is reasonable. We address each of these 

issues systematically in the following paragraphs. 

To justify the connection between copper isotope fractionation and crystal chemistry 

requires coordinating features of respective trends illustrated in Figures 7 and 8. An 

obvious connection exists between copper recovery in the leach columns and Cu:S ratio 

of the copper sulfides reacted according to equation 1, and since chalcocite (±djurleite) 

was the initial copper sulfide mineralogy of the ore, it is appropriate to tie 0% copper 

recovery to Cu:S = 2. It is difficult to ascribe a discrete mineralogical identity to the last 

portion of the copper recovery curve as illustrated by the phase distribution depicted in 

Figure 1. Nevertheless, the steadily declining copper concentration curve of Figure 6 

indicates that stage II dissolution increasingly becomes the dominant reaction and that the 

average Cu:S ratio of the residual sulfide phases is approaching 1. The following 

discussion requires us to interpolate the copper coordination data between points for 

individual phases plotted on Figure 8. This is valid, in general, since mean copper 

coordination is a weighted average of the copper coordination in individual sulfide 

minerals present at any point during leach progression. 

An apparent inflection point in the copper coordination trend exists around Cu:S = 

1.75 (anilite). This corresponds to 12.5% copper dissolution. Unfortunately, no isotopic 

measurements were gathered on column 137 leachate collected at low copper recovery, 

but the general form of the copper isotope curve is similarly concave upwards even 

through the earliest solution analyzed at 15.6% copper recovery. The inflection point is 



more evident in the bacterial column at 27.2% copper recovery, but does not seem to 

correlate with any obvious feature of the copper coordination trend. A more robust 

tractable feature is the position of the minimum of each of the curves. For both of the 

more developed copper isotope curves (columns 136 and 137), the minimum, within 

instrumental uncertainty, is at or near the proposed boundary between stage I and II 

dissolution, or about 35% copper recovery. Similarly, copper coordination reaches a 

minimum at or near spionkopite, corresponding to 30% reduction of Cu:S ratio relative to 

chalcocite. The remaining third of the curves see partial recovery of their respective 

quantities. The copper isotope data points obtained for column 138 provide additional 

evidence that this increasing feature is real for the other two columns. 

Additionally, the sense of isotopic fractionation is broadly consistent with what 

would be expected when ascribing patterns to crystallochemical control. The first 

leachate extracted from the columns is 2-3%o enriched in the ®^Cu over the chalcocite 

being leached, and remains "heavy" through much of stage I dissolution. In order to 

ascribe that isotopic response to fractionation within the sulfides implies that trigonally-

coordinated copper sites sequester ^^Cu more efficiently than tetrahedrally-coordinated 

sites. In response, we cite the results of Schauble et al. (2001) who demonstrated, through 

vibrational spectroscopy, that isotopic fractionation of -*Fe'^ and ^Fe^"^ occurs between 

tetrahedral and octahedral coordination polyhedra in iron chloro-complexes at 25°C, with 

^Fe preferentially retained by the stronger, lower coordinated bonding arrangement. This 

result for iron isotopes is consistent with our observations of the trend of early ®^Cu 

extraction, followed by a relative increase in the ®Cu component, and considering that 



the proportion of trigonal-coordination to tetrahedral-coordination sites in the sulfide 

residue decreases through the first five weeks of the experiment. It is also consistent with 

the slight increase in 8®^Cu for the last half of the experiment, since the proportion of 

CuS, increases relative to CUS4 as the trend of the curve in Figure 8 suggests. 

To this point in the discussion, nothing presented excludes the possibility that 

isotopic variability results from exchange occurring during dissolution between copper 

sulfide minerals and the sulfate leach solution. Evidence from chalcopyrite, CuFeS^, 

leaching should assist in distinction between copper coordination and sulfide-sulfate 

fractionation hypotheses since copper atoms in chalcopyrite are bonded with sulfur atoms 

in tetrahedral coordination, exclusively (Hall and Stewart, 1973), allowing independent 

examination of copper isotope fractionation between sulfide (or at least CUS4 tetrahedra) 

and sulfate solution. The experimental setup for the chalcopyrite leach experiment was 

very similar to that of the abiotic chalcocite leach experiments, except that the ore 

material was chalcopyrite-domlnated and was taken from the Bagdad, AZ, porphyry 

copper deposit. Temperature was held constant at 35°C to expedite dissolution. Copper is 

released from chalcopyrite in acid ferric sulfate media according to equation 5 (Sullivan, 

1930; Sullivan, 1933) 

CuFeS, + 2Fe'" ̂  Cu'" + 3Fe'^ + 2S" 5 

Copper extraction from chalcopyrite proceeds more slowly than that observed for 

chalcocite leaching, with just over 20% recovery after 90 days (Figure 10, primary y-



axis). Within a 57 day span during the experiment run, copper isotopic values of the 

leachate vary by only 0.53%o, from 6®Cu = -0.10%o to 0.43%o (Figure 10, alternate y-

axis). Furthermore, the leachate isotopic values are within the 2a measurement error of 

the starting chalcopyrite material (Ruiz et al., 2002), indicating that there is no significant 

isotopic fractionation between the chalcopyrite ore and the sulfate solution. 

Addressing the fourth issue regarding feasibility of the degree of copper isotope 

fractionation is more difficult. Certainly proposing fractionations of several per mil for 

stable isotopes of transition metal elements would have been difficult to justify even ten 

years ago, and aside from measurement uncertainty, may have been part of the reason 

that essentially nothing had been done for three decades after the initial investigations of 

copper isotope fractionation by Walker et al. (1958) and Shields et al. (1965). Even now, 

suggesting significant fractionation of copper isotopes in the absence of biologic 

influence seems in violation of our bias towards predicting low variability in transition 

metal isotope compositions of natural materials. It therefore becomes important to 

evaluate equilibrium versus kinetic fractionation processes independently. 

In the study conducted by Schauble et al. (2001), •"^Fe^'V^Fe'^ ratios differed by 3%o • 

in iron chloro-complexes with dissimilar copper bonding polyhedra configurations (at 

25°C). Extrapolation of these results is not completely congruent to our evaluation of 

copper isotope fractionation since we are examining isotopic preference between two (or 

three) distinct Cu-S bonding arrangements within a crystalline solid rather than between 

two aqueous complexes. Nevertheless, the degree of iron isotope fractionation observed 

by Schauble et al. (2000) establishes a precedent for examining significant equilibrium 
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fractionations between stable isotopes of other transition metals. To explain the copper 

isotope patterns obtained through leaching to equilibrium fractionation between copper 

sites requires a > 1.003. Where a is the fractionation factor between trigonally- and 

tetrahedrally-coordinated copper bonding configurations, and is given by: 

Alternatively, superimposed dissolution/precipitation reactions occurring in response 

to weathering and groundwater fluctuations may enhance the degree of copper isotope 

fractionation observed in secondary copper sulfides. The economic contribution of 

weathering to copper mineralization, particularly in porphyry copper deposits (like that at 

Morenci, AZ), is well-documented (Titley, 1982). Exposing primary sulfide minerals, 

including pyrite and chalcopyrite, to surficial processes results in formation of iron sulfo-

hydroxide minerals (limonites) and generation of sulfuric acid (Anderson, 1955). Copper 

is oxidized to Cu^^ and transported in solution through the vadose zone until reaching a 

reducing front, such as the water table, where copper is commonly sequestered during 

sulfide formation. In this manner, seasonal water table fluctuations and climate changes 

control copper distribution. Incomplete copper sulfide dissolution, or precipitation, may 

fractionate copper isotopes progressively in a step-wise manner throughout the history of 

secondary copper enrichment. Consequently, differences in climate, as well as uplift and 

tetrahedral 

6 
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erosion rates, between sites surveyed worldwide (Figure 3) probably account for the large 

range in values of secondary chalcocite. 

At this time, it is difficult to distinguish between equilibrium and kinetic 

contributions to copper isotope fractionation between copper bonding configurations 

since either could account for the isotopic patterns observed in our leaching experiments. 

5.0. Conclusions 

Copper isotope fractionation is recognized in acid ferric sulfate solutions collected 

during leaching of chalcocite ore. While natural isotopic variability has been documented 

previously, results of this study indicate copper bonding arrangement provides a 

fundamental explanation for patterns of copper isotope fractionations observed in sulfide 

minerals worldwide. 

The duality of copper-sulfur bond configuration in the chalcocite-to-covellite 

mineral series produces a trend in average copper coordination number that increases 

from Cu/S = 2 to Cu/S = 1.4 (approximately). From Cu/S = 1.4 to Cu/S = 1.0, average 

copper coordination number decreases. The change in copper-sulfur bond structure 

corresponds to copper isotope variability patterns of leach solutions derived from 

bacterial and inorganic sulfide dissolution experiments. Solutions collected early in the 

dissolution series are enriched in ^^Cu over the initial copper sulfide mineral. With 

progressive copper extraction, ®^Cu/®Cu of the sulfate solution decreases, until about 

35% copper dissolution. With further copper leaching, ^^Cu/®Cu increases slightly. The 
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sense of copper isotope fractionation is consistent with what is observed for iron isotope 

fractionation as a function of coordination number (Schauble et al., 2001). 

Dissolution experiments were also performed on chalcopyrite. No change in Cu 

isotope composition was measured for leach solutions collected up to 22% copper 

recovery. In addition, of the solutions are within 2a of the initial chalcopyrite 

isotopic composition, indicating that copper isotope fractionation between sulfide and 

sulfate solution is less than that proposed for intra-mineral fractionation. 

More work is required to discern between equilibrium and kinetic copper isotope 

fractionation contributions. 
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Table 1. Copper recovery and isotope data for leach columns 136, 137, and 138. Pre-

leach copper inventory was 376 g, 356 g, and 361 g for columns 136, 137, and 138, 

respectively. 
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Table 2. Models for copper coordination presented as atoms per formula unit for 

minerals in the Cu-S system. *-approaches tetrahedral coordination. **-sum of two 

discrete three-coordinated sites. 



List of Figures 

Figure 1. "Constant area" plot of copper sulfide phases formed through time in 10 " M 

ferric sulfate dissolution experiments of Whiteside and Goble (1986). "Type I, II and III" 

are mixtures of metastable copper sulfide phases. The abundance of phases at any given 

time is represented by relative proportion of each phase present under the 100% tieline. 

For example: at leach time = 0 minutes there is only digenite present (the starting phase); 

and at leach time = 10^ minutes, there are sub-equal amounts of covellite, yarrowite and 

spionkopite. 

Figure 2. Minerals of the a. Cu-S system and b. Cu-Fe-S system. Gray lettering 

designates minerals sometimes referred to as "blue-remaining" or "blaubleihender" 

minerals (Frenzel, 1959; Frenzel, 1961). 

Figure 3. Range of b^^Cu for magmatic (or hydrothermal) chalcopyrite and bornite, and 

secondary chalcocite from copper deposits around the world (Ruiz et al., 2002). 

Figure 4. Schematic representation of the chemical reactions occurring during 

Leptospirillum ferrooxidans and Thiohacillus ferrooxidans metabolic processes as they 

relate to sulfide dissolution. Figure modified from Sand et al. (1995). 

Figure 5. Copper recovery through time of exposure to acid ferric sulfate solution for 

bacterial and abiotic leaching experiments (data from Table 1). 
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Figure 6. Variations in copper concentration of leachate extracted from experimental 

columns throughout copper recovery (data from Table 1). The gray dashed lines mark the 

approximate kinetic transition between Stage 1 and Stage II copper dissolution and 

corresponds to between 35% and 36% copper extraction for the abiotic experiments 

exclusively. 

Figure 7. Variation of S^^Cu of leach solutions collected during progressive copper 

recovery. The dashed line corresponds to the approximate time at which the kinetic 

barrier for stage 1 dissolution is encountered. 

Figure 8. Copper coordination trends for copper sulfides as a function of Cu:S ratio (data 

from Table 2). The ordinate value, Cu^'"VCU(,otai)» is the number of trigonally-coordinated 

copper atoms per total number of copper atoms. The dashed line at Cu/S = 1.30 

corresponds to 35% copper removal, relative to chalcocite. 

Figure 9. Schematic crystal models for a. low chalcocite (Evans, 1979b; Evans, 1979a), 

b. djurleite (Evans, 1979b; Evans, 1979a), c. anilite (Koto and Morimoto, 1970), d. 

covellite (Evans and Konnert, 1976) and e. chalcopyrite (Hall and Stewart, 1973). Larger, 

lightly shaded spheres represent sulfur atoms, while in a.-d. the smaller, dark spheres 

correspond to trigonally-coordinated copper atoms. In e., the small spheres correspond to 

tetrahedral ly-coordinated iron atoms. The four-sided polyhedra in each crystal illustration 
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represents CUS4 tetrahedra with one copper atom at the center of each tetrahedron. The 

black arrows highlight two-fold copper atoms in the chalcocite and djurleite crystal 

models (small, lightly shaded spheres). The models are arranged in order of decreasing 

Cu:S ratio (and decreasing Cu""VCu,^^|)), starting with low chalcocite. All models are 

oriented such that their b-axes are normal to the page. Note: only the front half, as 

depicted, of the djurleite unit cell is presented. 

Figure 10. Chalcopyrite leaching results. The curve tracks cumulative copper recovery 

through time of acid sulfate dissolution (left y-axis). Superimposed are data for 6®^Cu of 

leachate through time (right y-axis). The gray dashed lines indicate the range of 8®Cu 

(±2a) for Bagdad, AZ, chalcopyrite used for chalcopyrite ore leaching. 
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COPPER ISOTOPE VARIABILITY IN ACID FERRIC SULFATE DISSOLUTION OF 

NATURAL DJURLEITE (Cui,94S) 

Pre-print of an article to be submitted to Chemical Geology 

by S.E. Young, J. Ruiz, and J.B. Hiskey 
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Abstract 

Appreciable Cu isotope ratio variability accompanies progressive acid ferric sulfate 

leaching of natural djurleite, CU|^S. Copper-bearing solutions from early stages of 

reaction (less than 10% cumulative copper dissolution) are enriched in ®Cu (8®^Cu = 1.2 

± 0.04%o) compared to the initial djurleite experimental feed material (8®Cu = -0.05 ± 

0.04%o). With continued reaction, 5®^Cu of the copper solutions steadily decreases, 

approaching the isotopic value of the original djurleite. The isotopic composition of the 

residual sulfide minerals decreases slightly, from S^'^Cu = -0.05 ± 0.04%o to -0.21 ± 

0.04%o, as is preferentially released into solution during the reaction. 

As Cu:S ratio of the remaining solid material decreases, mineralogy of the residuum 

progresses through a series of non-stoichiometric copper sulfide phases until reaching a 

kinetic barrier at about 44% copper dissolution. X-ray diffractometry has verified that the 

mineralogy at this boundary is dominanted by yarrowite, Cu, jjS. From djurleite to 

yarrowite, the average Cu-S bond length increases, resulting in an increased proportion of 

4-coordinated Cu-S polyhedra over 3-coordinated geometries. Similarity between the 

trend of 8®Cu of copper-bearing sulfate solution and average Cu-S coordination suggests 

Cu isotope fractionation may be linked to preference of the lower coordinated 

configuration for the heavier ®^Cu isotope. 
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1. Introduction 

What is currently understood of the systematics of stable isotope fractionation is 

derived from our understanding of the behavior of isotopes of low-mass elements in 

organic and inorganic processes. High relative mass differences between isotopes of the 

lighter elements facilitate an appreciable degree of natural fractionation at sufficiently 

low temperatures (Urey, 1947). For heavier, transition metals, including Fe, Cu, and Zn, 

isotopic fractionation is small, and until recently our ability to detect isotopic variability 

in all but the most extreme natural settings was limited by significant analytical 

uncertainty. Measurement precision was greatly improved with development of the 

multiple collector inductively-coupled mass spectrometry (MC-ICPMS) technique (e.g., 

Walder and Freedman, 1992; Walder et al., 1993a; Walder et al., 1993b; Halliday et al., 

1995; Blichert-Toft et al., 1997; Marechal et al., 1999). As a result, interest in the 

behavior of heavy and transition metal isotopes in geochemistry and cosmochemistry has 

been renewed (Halliday et al., 1998). Here we contribute to the understanding of 

transition metal isotope fractionation processes through examination of Cu isotope trends 

generated from inorganic copper sulfide dissolution. 

In an earlier study of the Cu isotope response to acid ferric sulfate leaching of copper 

ore material from Morenci, AZ, Young et al. (in review) hypothesized that the significant 

changes in Cu isotope ratios measured for copper-bearing sulfate solutions collected over 



the course of progressive dissolution occur in response to mineralogical and 

crystallochemical changes in copper sulfides. However, experiments used for that study, 

conducted by Phelps Dodge Mining Co., were originally designed to evaluate kinetic 

variables thought to affect copper recovery. Therefore halting and restarting the 

dissolution experiments to determine the copper sulfide mineralogy accompanying the 

observed isotopic changes was not practical. 

Our current dissolution experiments are scaled versions of the heap leach 

experiments used for the study described in Young et al. (in review). Pure copper sulfide 

mineral separates were used rather than a mineralogically complex copper ore. This 

allowed us to run successive dissolution experiments, which permits simultaneous 

chemical, mineralogical, and isotopic determinations for progressive stages of sulfide 

dissolution. 

2. Materials 

The material selected for the dissolution experiments was djurleite (Cu, 948) from 

Butte, Montana, obtained from the collections maintained by the Geoscience Department 

at the University of Arizona. The copper-rich (i.e., Cu/S ~ 2) sulfide from the Butte 

Mining District was originally called chalcocite, having 79.8% copper (Weed, 1912). In 

addition to having similar compositions, djurleite also resembles chalcocite (CujS) 

visually and in mode of occurrence (Djurle, 1958; Roseboom, J 962). These two minerals 

are distinct crystallographically (Potter and Evans, 1976; Evans, 1979b; Evans, 1979a), 

but because of their close association with other sulfides, x-ray diffraction distinction is 



often difficult. For these reasons, it is likely that djurleite has frequently been incorrectly 

identified as chalcocite. We are not certain whether or not this was the case for chalcocite 

from the Butte Mining District discussed by Weed (1912). 

Chalcocite was recognized as having both primary and secondary origins at Butte 

(Weed, 1912), and we cannot definitively determine in which environment our sample 

was formed. Although its lack of copper oxide minerals, such as cuprite, suggests little 

oxidation has occurred. In addition, our sample possesses the "steely-gray" color and 

"conchoidal fracture'' recognized for hypogene chalcocite from Butte (Weed, 1912). 

We selected the Butte specimen for experimentation because of its high degree of 

chemical and mineralogical purity. There is good agreement between the composition of 

stoichiometric djurleite and the experimental feed material used here (Table 1). X-ray 

diffractometry was used to verify rnineralogic purity of the Butte djurleite experimental 

feed, although high background reflectance from the Cu-Ka radiant source hinders 

recognition of minerals in trace quantities. Through energy dispersive spectrometry 

(EDS), we detected trace amounts of other sulfides including bismuthanite (BiS) and 

sphalerite (ZnS). Pyrite (FeS,) comprises less than 1 % of the sample. 

3. Methods 

3.1 Acid ferric sulfate dissolution experiments 

For each dissolution run, 1.13 g of djurleite was crushed and seived (170 X 200 

mesh), then stored in a 500 ml Erlenmeyer flask. Acid ferric sulfate solution was 

prepared by adding 11.60 g of reagent-grade Fe2(S04)3®xH20 (formula weight = 399.88 



g) to 500 ml 0.1 M H2SO4. Ferrous sulfate heptahydrate (FeS04*7H20. formula weight = 

278.02 g) was also added to the acid ferric solution to provide an initial molar ratio 

Fe^VFe^"^ = 5.75. This was done to provide a baseline Fe^VFe^^ value for more precisely 

measuring ferric-to-ferrous conversion in the course of the reaction. 

For reaction intervals over ten minutes, the flask containing the djurleite feed 

material was placed in an automated revolution-style shake box filled with water at 

approximately 20° C. Acid ferric sulfate solution was added to the flask and the shake 

box was turned on and set to approximately 210 revolutions/minute. For reaction 

intervals of 10 minutes or less, the flask was shaken by hand to improve control on 

reaction duration. Experiments were conducted for 0.5, 0.75, 1, 1.5. 3, 6, 10, 15, 20, 30, 

60, 120, and 240 minute reaction intervals. 

After the prescribed reaction interval duration, the sulfate solution was separated 

from the residual sulfide by vacuum filtering through 47 [im glass microfiber filter paper. 

The reaction was quenched during filtration by rinsing the residue and reaction flask with 

ultrapure milli-Q™ water. The sulfide residue and filter paper were set aside and allowed 

to dry at room temperature then weighed. Because of the textured surface of the filter 

paper and static adherence, some residue loss was unavoidable; however, recovery in all 

experiments is estimated to be greater than 99%. Volumes of the copper-bearing 

solutions were measured to ensure accurate chemical description. 

Prior to reaction with Butte djurleite, the pH of the acid ferric sulfate solutions was 

about 1.0. Quenching with HjO increased the pH of the recovered solutions to 

approximately 1.2. Otherwise pH of the solutions varied little during reaction progress, 



indicating the absence of acid-consuming minerals (Figure 1). The Fe^^ concentration of 

copper-bearing solutions was measured by titration with permanganate (KMn04) solution 

according to reaction 1. In this manner, Fe^"*^ is oxidized to Fe'^ until all free ferrous ions 

are "consumed", at which point the remaining solution turns light pink. Pennanganate 

solution was prepared by adding 2.3730 g A.C.S. grade KMn04 (formula weight = 

158.04 g) to HjO for a final volume of 500 ml (0.030 mol KMnO^liter). 

Mn04 + 8H^ + 5Fe'^ + 4H2O + SFe'^ 1 

For each experiment, between 55 and 65 mg of residual sulfide was set aside for 

column anion exchange chromatographic purification prior to Cu isotope analysis. 

Sulfide splits were partially digested in heated 10 ml 8M HNO3 (IX). After drying 

samples on a hot plate, ~2 ml 11.7 M HCIO4 (2X) was added then re-evaporated to 

dryness. Lastly, samples were completely digested in 10 ml 7M HCl + 0.001% HjOj 

(IX). The copper concentration of copper-chloride solutions was about 4300 ppmw. 

3.2. Anion-exchange chromatography 

Prior to Cu isotope analysis, all leachate solutions and residues were chemically 

purified by anion-exchange chromatography according to the general procedures 

described by Marechal et al. (1999) and Marechal and Albarede (2002) for the 

macroporous anion-exchange AG MP-IM resin (formerly AG MP-1) manufactured by 

Bio-Rad. Samples were prepared by adding 10 |il of 4300 ppmw copper-chloride 



solutions to 7 M HQ + 0.001 % HjO,, for a final volume of 1 ml. The amount of copper 

added to the column for each sample was approximately 43 |ig, which is well below the 

retention capacity of the resin bed used (1.6 meq, wet). Chromatographic purification of 

all samples was necessary to reduce MC-ICPMS measurement imprecision caused by 

differences between matrices of samples and isotope standards. 

4. Analytical procedure 

Cu isotope ratios of sulfate solutions and sulfide residuum were determined using a 

multiple collector inductively-coupled mass spectrometer (MC-ICPMS) isoprobe 

manufactured by Micromass. Within-session and day-to-day drift of ®®Cu/®Cu and 

®®Zn/^n isotope ratios of the standard solution for the six day analysis session in which 

isotopic measurements were made are shown in Figures 2A and 2B, respectively, and 

demonstrates the necessity for correcting time-dependent instrument mass fractionation. 

This was done utilizing the exponential mass dependence relationship for Zn isotope 

standard addition (Marechal et al., 1999; Zhu et al., 2000a; Marechal and Albarede, 

2002). An analogous Tl-addition technique has been used for Pb isotope analysis (Walder 

et al., 1993b; Belshaw et al., 1998). 

Both standard and sample solutions consisted of 1:1 mixtures of approximately 500 

ppb each of copper and zinc in 0.05M HNO, (IX distilled). The Cu isotope standard used 

is SRM-976, which has a value ''^Cu/^Cu = 0.4456 ± 0.0004 (Shields et al.. 1964). The 

Zn isotope standard used in the standard solution mixture and added to samples is JMC 3-

0749 with ®®Zn/^n = 0.5737 (Rosman, 1972). We found that In(^nA'^n) produced a 
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more robust linear relationship with ln(®Cu/®Cu) over an entire analysis session than did 

ln(®Zn/"Zn). Therefore ln(®Zn/®^n) was used to correct for instrument mass bias. The 

exponential law mass fractionation relationship between Cu isotope ratios and Zn isotope 

ratios is reported on Figure 3 for each day of analysis. Sample values taken on each day 

are also plotted with 2a standard measurement error. 

Standard and sample solution measurements were taken in two blocks of 20 ratios. 

Each measurement utilized a ten second sampling interval. Isotopic composition was 

determined for the mean of no less than 36 ratios after outliers >2o standard deviations 

from the mean were discarded. Sample analyses are reported as per mil (%o) deviation 

from the calculated ®^Cu/®Cu value of the standard solution for a measured ^*Y.nl^n 

ratio according to equation 2. 

The reported analytical uncertainty is the average of la standard deviation for 

samples with three or more repeat measurements, and is ±0.04%o. 

Prior to each analysis session, the instrument was tuned by incrementally adjusting 

plasma and collision gas flow rates, accelerating voltage, and torch position to maximize 

signal current of ®^Cu. Instrument settings are reported in Table 2. 

SRM-976 sampie 2 
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5. Results 

5.1. Mineralogical and Chemical Changes During Dissolution 

The dissolution process utilized for economically extracting copper from sulfide ore 

material in solution mining operations is simplified in Figure 4 as the transition into the 

Cu^^ phase region from the chalcocite field by increasing the electrochemical potential at 

a given pH. As it turns out, the reaction boundary between these two fields is more 

complex than illustrated by this diagram. Through carefully monitored experiments on 

digenite (Cui gS) leaching, it was shown that a series of non-stoichiometric copper sulfide 

minerals are formed with progressive exposure to acid ferric sulfate (Whiteside and 

Coble, 1986). An incomplete list of minerals of the Cu-S system commonly encountered 

in the chalcocite dissolution series is shown in Figure 5. 

Early investigation of copper sulfide dissolution demonstrated that copper leaching 

occurs in two stages, differing in products generated and, more importantly for economic 

copper recovery, in reaction rate (Sullivan, 1930; Sullivan, 1933; Thomas et al., 1967; 

Dutrizac and MacDonald, 1974). These reactions have been summarized by Young et al. 

(in review) as: 

chalcocite) CujS + (2x)Fe'^^ -» Cu^.^S + (x)Cu^" + (2x)Fe"^ 

hlaubleibender) Cu^^S + (2y)Fe'^ -> CuS + (y)Cu-" + (2y)Fe'" 

covellite) CuS + 2Fe-^ Cu'' + S° + 2Fe'" 5 

4 

3 
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For the chalcocite ore leach, x < 0.8, and y = 0.2 (Young et al., in review). The extent of 

reaction 3 and initiation of reaction 4 are revisited for the djurleite mineral separate 

dissolution experiments here. 

The chalcocite reaction (3) is relatively rapid at room temperature (-20° C), whereas 

blaiibleibender and covellite reactions (4 and 5, respectively) are significantly slower 

(Sullivan, 1930; Sullivan, 1933; Thomas et al., 1967; Dutrizac and MacDonald, 1974). 

Mineral grain armoring by elemental sulfur further inhibits reaction 5 progression 

(Biswas and Mohan, 1971; Bard et al., 1985). In all reactions, Fe^" ions provide the 

oxidative potential required to liberate Cu'^ from the copper sulfide mineral being 

dissolved (Sullivan, 1930; Sullivan, 1933), and is the reason ferric sulfate hydrate was 

added to the sulfuric acid used here. 

Our dissolution experiments were conducted in the oxidized, acidic portion of the 

Cu-S-HjO phase diagram (Figure 4). Electrochemical potential energy (E) of the initial 

sulfate solution and recovered copper-bearing solutions were calculated from the 

Fe^VFe^"" ratio (Q) from the Nernst equation (equation 6) and the standard state potential 

(E°) for the ferrous-ferric redox reaction. 

E- E°-—logQ; 6 

Where E° = 0.771 mV (Bard et al., 1985), F = Faraday const., R = universal gas const., n 

= number of electrons transferred in the redox reaction. Fe'^ concentration was 

determined by difference from Fe,^^,, which was measured using ICPMS, and Fe^^, 



measured by potassium permanganate titration (equation 1). The oxidation potential of 

the chalcocite reaction (3) is tracked on Figure 6. Incomplete chalcocite (reaction 3) 

leaching was recognized in experiments in which Fe^"" concentration was insufficient to 

sustain copper sulfide oxidation (Whiteside and Goble, 1986). In unsealed experimental 

systems, very slow copper sulfide dissolution may occur by reoxidation of spent Fe^^, or 

be driven by atmospherically-supplied Oj. Alternatively, large excess of Fe^'" (i.e., > 0.2 

M) does not appear to result in higher copper recovery ultimately, although the initial 

reaction rate increases (Whiteside and Goble, 1986). For our experiments, 

electrochemical potential remained sufficiently high (compare progression in Figure 6 

with location in Eh-pH space on Figure 4), such that slowed reaction rate was a response 

to mineralogical control on reaction kinetics rather than to insufficient Fe^"^ reagent. 

In our experiments, chalcocite reaction (3) progress was rapid, resulting in nearly 

40% copper dissolution in just six minutes (Figure 7, Table 3). Successively longer 

leaching durations are characterized by significantly slower dissolution rates. Sulfide 

dissolution via the chalcocite reaction (3) approaches an assymptotic maximum at about 

44% copper recovery. Previous "shake flask" and "spinning disk" copper sulfide leach 

experiments encountered similar copper recovery barriers, with significantly greater 

copper dissolution only at temperatures >35° C and much longer reaction intervals 

(Sullivan, 1930; Sullivan, 1933; Thomas et al., 1967; Dutrizac and MacDonald. 1974; 

Whiteside and Goble, 1986). 

As copper is extracted by the acid ferric sulfate medium, the Cu:S ratio of the 

residual sulfide will decrease correspondingly. Our maximum copper recovery at 44% 



sulfide dissolution, indicates x = 0.91 for reaction 3 (Cu/S = 1.09); however, the 

implication for mineralogical distribution is not trivial. Whiteside and Goble (1986) 

characterized the mineralogy of progressively encountered copper sulfides. The mineral 

distribution that they discovered typically consisted of 2-3 different copper sulfide phases 

at any particular instance. 

Similar results were observed from powder X-ray diffractometry of the sulfide 

residues in this study. However, since FV" concentration of the sulfate leach solution was 

much greater (0.116 M versus 0.02 M), major structural changes in the sulfide residue 

occurred more quickly than those measured by Whiteside and Goble (1986). The X-ray 

diffraction pattern for the djurleite feed material demonstrated sharp, narrow peaks for all 

major peaks for djurleite (Figure 8A). The 1.892 A peak for the residue after 44% copper 

extraction is also well-defined (Figure 8B). Diffraction patterns for intermediate stages of 

dissolution are characterized by broad, rounded reflections which indicate presence of 

multiple copper sulfide phases (Figure 9). This makes unique determination of 

mineralogic distribution difficult. 

Nevertheless, general features recorded on the X-ray diffractograms can be used to 

assess mineralogic progression (Figure 9). After 16% copper is removed, the 1.958 A 

djurleite peak has shifted to 1.955 A position and has assymmetrically broadened to even 

lower d-spacing. Digenite and anilite both have major peaks reported near this position 

(Smith et a!., 1973; Potter and Evans, 1976). Although digenite is not likely to have been 

formed in these experiments since it is stable at room temperature only when containing 

about 1% iron (Morimoto and Koto, 1970). 



At 20% copper removal, the major peak has shifted toward slightly lower d-spacing 

and overall intensity has decreased. The shape of the broad peak has become more 

symmetric at this stage indicating presence of possibly several copper sulfide phases in 

significant proportions. Between 20% and 32% dissolution, there is an abrupt shift in the 

d-spacing of the major reflection(s) by about 0.05 A, which matches well with what is 

expected for transition from dominantly anilite (1.962 A) to mixtures of geerite (1.918 A) 

and spionkopite (1.910 A) (Goble, 1980; Goble and Robinson, 1980). 

Near completion of the chalcocite reaction (3) at 44% dissolution, the reflection at 

1.892 A becomes narrow and symmetric, indicating dominance of yarrowite with a 

reported peak at 1.899 A (Goble, 1980). Reflections from other parts of the x-ray 

spectrum also match well with published values for yarrowite, although some of the 

peaks are relatively broad suggesting minor quantities of other copper sulfides persist. In 

general, mineralogy appears to converge with chemical data in advanced stages of 

reaction 3, since 44% copper removal indicates Cu/S = 1.09 for the residue (relative to 

djurleite starting material) and yarrowite has Cu/S = 1.12. Our results differ somewhat 

from those of Whiteside and Goble (1986) in that mineralogy in late stages of their 

digenite dissolution consisted of subequal amounts of covellite, yarrowite, and 

spionkopite. 

5.2. Copper Isotopes 

Variability in 8®^Cu exceeds 1.5%o for all experimental run products (Table 3). The 

copper-bearing sulfate solutions alone account for 1.20%o variability, while 8®^Cu of 



sulfide residuum changes very little over the course of copper extraction. The large range 

of Cu isotope ratios is extraordinary considering the small relative difference in the mass 

of ^^Cu and ®Cu (about 3%). Also of note is the Cu isotope fractionation pattern of the 

leachates upon extracting copper from the sulfide minerals (Figure 10). As with the 

chemical and mineralogical features already discussed, the most dramatic changes in Cu 

isotope trends occur soon after reaction initiation. 

After less than 8% copper dissolution, sulfate solutions are enriched in ^^Cu relative 

to initial djurleite and the corresponding sulfide residue by about 1.3%o. It is in the early 

stages of the reaction that the widest gap between Cu isotope compositions of the two 

reservoirs occurs. With subsequent copper dissolution, the sulfate solution remains 

isotopically "heavy", although 8®^Cu decreases by over 0.5%o. This is the single largest 

change in copper isotope ratios of successive reaction products. The ̂ ^CuA^Cu ratio of the 

leach solution continues decreases, until 8®^Cu levels reaches 0.01 ± 0.04%o, near reaction 

3 termination. 

Cu isotope composition of the sulfide residuum decreases throughout reaction 

progression in response to continuous selective extraction of ^^Cu by the leach solution, 

although the change is barely outside the range of analytical uncertainty (Figure 10). 

Isotopic mass balance between corresponding sulfide residue and sulfate solution is 

depicted by the dashed gray line on Figure 10, and is maintained, within analytical 

uncertainty of the initial djurleite Cu isotope composition (8^^Cu = -0.05 ± 0.04%o), for all 

but two sets of reaction products (+0.05%o at 20% copper extracted and +0.06%o at 44% 

copper extracted). 
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6. Discussion 

An important feature of the isotopic trend of the sulfate solutions is its convergence 

with the Cu isotope trend of the sulfide material. One interpretation is that ®Cu is 

preferentially drawn into solution over ®Cu, implying an equilibrium isotopic 

fractionation factor, (described by equation 7), greater than unity. 

solution 

sulfide 

As copper is continuously drawn into solution, the remaining sulfide minerals become 

increasingly depleted in ®^Cu, resulting in the inevitable decrease in 6®^Cu of the derived 

copper-bearing sulfate solution. This simplified explanation does not suffice to explain 

the isotope pattern observed for the heap leach experiments on chalcocite ore material 

described by Young et al. (in review) in which the Cu isotope trend increases with copper 

extraction exceeding 50%. It also fails to explain the flat Cu isotope pattern observed for 

chaicopyrite leaching (Ruiz et al., 2002). 

An intrisic fallacy of the diminishing reservoir idea is the assumption that the copper 

sulfide copper source is isotopically homogenous. This may not be true for the Cu-S 

system of minerals. Crystal chemical characterization of chalcocite, djurleite, anilite, 

geerite, spionkopite, yarrowite, and covellite has demostrated that copper occupies both 

trianguler (CuSj) and tetrahedral (CUS4) coordination polyhedra in different proportions 



(Koto and Morimoto, 1970; Evans and Konnert, 1976; Tossell, 1978; Evans, 1979b; 

Evans, 1979a; Evans, 1981; Goble, 1985). This gives reasonable justification for 

investigating the effect Cu isotope inhoniogeneity between Cu-S bond geometries could 

have on isotope trends from dissolution. This was done by Young et al. (in review), with 

the important points summarized here. 

From chalcocite to spionkopite, average Cu-S coordination number increases from 

3.00 to 3.77, then decreases to 3.67 in the progression from spionkopite to covellite (Koto 

and Morimoto, 1970; Evans, 1979b; Evans, 1979a; Goble, 1985). In Figure 11, change in 

Cu-S coordination is reported as Cu"'/2Cu, where Cu'" designates copper in triangular 

coordination with S and 2Cu is the total copper for the mineral represented. The shape of 

the curve generated by the points for the individual minerals is reminiscent of the 8®^Cu 

trend measured here for djurleite dissolution and by Young et al. (in review) for 

chalcocite ore leaching. In that study, copper recovery surpassed 45%, and 8®^Cu of the 

solutions collected thereafter increased slightly as predicted by the shape of the Cu-S 

coordination curve for copper sulfide minerals with Cu/S < 1.39 (i.e., yarrowite and 

covellite). 

Some precedent for transition metal isotope fractionation as a function of bond 

coordination has been provided by Schauble et al. (2001). In that study, vibrational 

spectroscopy verified selective entry of the heavier iron isotope, ^Fe, into the lower-

coordinated bond configuration of a metal-chloro complex. 

7. Conclusions 
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Our experimental procedure, while specially designed to permit simultaneous 

observation of chemical, mineralogical, and isotopic changes, is essentally a kinetically-

enhanced version of copper sulfide weathering that occurs around some economic 

deposits of copper. In such settings, weathering of acid-producing minerals, such as 

pyrite, FeSj, results in dissolution of copper sulfides in oxidized portions of a weathering 

profile (Anderson, 1955). Dissolved copper can then be transported from its original 

source and precipitated elsewhere. Copper sulfide minerals formed in this way exhibit 

surprisingly variable 8'^Cu values globally (Walker et a!., 1958; Shields et al., 1965; Zhu 

et al., 2G00a; Ruiz et al., 2002). By invoking the principles of crystal chemical Cu isotope 

fractionation discussed here, large isotopic variability can be generated by sequential 

episodes partial dissolution and precipitation in weathering profiles around copper 

deposits. This probably accounts for the high degree of Cu isotope fractionation observed 

for secondary chalcocite ore leaching (Young et al., in review). 
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Ctt Pe Sj Mi Pb M,g Mb S AS 
Wert chalcocMe 79M5 - - - - . • . 20.15 
kteiiltlwrleite 7936 20.64 

Butte djafleile 10.95 0.21 0.34 <l 0.02 0,(M 0.00 m.4S O.M 

Table 1. Percent composition of stoichiometric chalcocite (CujS), stoichiometric 

djiirleite (€0, 948), and Butte djurleite used in the dissolution experiments. Analysis of 

Butte djurleite performed at the Phelps Dodge Process Technology Center in Safford, 

AZ, by ICPMS. Sulfur value for Butte djurleite determined by difference. 

Measurement uncertainty <1 % of values shown. 
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Table 2. MC-ICPMS settings. Intensity of the axial ion beam (®^Cu) was 

approximately 0.18 nannoamperes. Hex Dac set to 64%. Off-peak background 

correction determined 0.5 mass units from the axial Faraday cup setting. 

Accelerating voltage (HT) at ~6.005 kV. Soft extraction at 38%. 
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Table 3. Chemistry, Cu isotope, and recovery for djurleite dissolution reaction products. Uncertainty in copper 

concentrations is <1% of the values reported. Copper and iron (total) analyses performed at the Phelps Dodge 

Process Technology Center in Safford, AZ, by ICPMS. Average analytical uncertainty for 8^^Cu = 0.04%o (la) 
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List of Figures 

Figure 1. Acidity of sulfate solutions before (open symbols) and after (filled symbols) 

progressive reaction with djurleite. Uncertainty in measurements is approximately 0.05 

pH units. 

Figure 2. Intra-session and day-to-day drift of A) Cu and B) Zn isotope ratios for a 

solution mixture of SRM-976 (Cu) and JMC 3-0749 L (Zn) isotopic standards. At the 

scale depicted, size of the symbols exceeds the 2a standard error bars for individual 

measurements, which averages 0.0033% of the values of^^Cu/^Cu and 0.0034% of the 

value of ®®Zn/^n. 

Figure 3. Exponential mass fractionation of ^^Cu/^Cu with respect to ̂ Znl^Zn. Slope and 

y-intercept are used to determine mass bias correction for samples. Size of ellipses 

designate 2a measurement uncertainty. Solid envelopes are 2a standard error of linear 

regression line (dashed). Sample measurements are shown as gray triangles (leachates) or 

black circles (sulfides) with 2a internal measurement uncertainty as crosses. Gray dashed 

lines are 6®^Cu "isochores" The degree to which results for experimental products lie 

detectably away from the standard calibration line is a measure of Cu isotope 

fractionation during the leach experiment. 
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Figure 4. Eh-pH phase diagram for Cu-S-HjO system. Phase boundaries determined from 

the heat capacity function of Criss and Cobble (1964). The star denotes the initial, and 

approximate final, conditions for dissolution experiments. 

Figure 5. Some minerals of the Cu-S system. 

Figure 6. Eh of copper-bearing sulfate solutions in the course of copper sulfide 

dissolution. The predicted curve was derived by application of the Nernst equation (6) to 

stoichiometric relationships from chalcocite reaction (3). 

Figure 7. Plot of copper recovery against duration of experiment. The dashed line 

indicates copper recovery at the approximate end of reaction 3. 

Figure 8. X-ray diffraction pattern for (A.) djurleite experimental feed and (B.) copper 

sulfide residue after 44% copper extraction. Reported reflections for djurleite (Potter and 

Evans, 1976) and yarrowite (Goble, 1980) are shown as gray lines on A. and B., 

respectively. X-ray energy from Cu-Ka, radiation source (A, = 1.54056 A). Intensity 

measured in 2°-20/min intervals. 

Figure 9. Deflection of x-ray reflection over a restricted range of d-spacing for copper 

sulfide residues at different stages of dissolution. 
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Figure 10. Cu isotope fractionation pattern for reaction products relative to reaction 

progress. Triangles and dots designate copper-bearing sulfate solutions and sulfide 

residue, respectively. The gray dashed line tracks isotopic mass balance between the 

solutions and residues through reaction progression. Analytical uncertainty is 0.04%o 

(la). 

Figure 11. Cu-S coordination of copper sulfide minerals as a function of Cu:S ratio. The 

ordinate, Cu"'/ZCu, is the number of three-coordinated copper atoms per total number of 

copper atoms. 
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Abstract 

We have attempted to expand the scope of sulfide Cu isotope fractionation 

systeniatics to the Cu-Fe-S system through examination of acid ferric sulfate leaching of 

bornite and chalcopyrite. Copper-bearing solutions from bornite dissolution exhibit 

almost 2%o variability in the course of just 34% copper extraction, while the sulfide 

residuum varies by 0.64%o. The copper isotope pattern obtained in bornite dissolution is 

explained by intra-structural fractionation resulting from bimodal distribution of copper-

sulfur bond lengths. Conversely, Cu-S bond lengths deviate very little in the chalcopyrite 

structure, which explains the relatively flat Cu isotope pattern measured for solutions 

collected during chalcopyrite ore leaching. Furthermore, 8®^Cu of the derived solutions 

are within the range of 6®^Cu of the initial chalcopyrite. illustrating Cu isotope 

fractionation between sulfate solution and sulfide is negligible. 

Results presented here, and tliose re-interpreted from Cu isotope analysis on djurleite 

dissolution reaction products are used to speculate on general features of coordination 

chemistry in sulfides produced from incomplete bornite dissolution. 
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Keywords: Cu isotopes; bornite; chalcopyrite; leaching; coordination chemistry; multiple 

collector inductively-coupled mass spectrometry 

Introduction 

The resurgence of interest in transition metal isotope systematics is the result of 

improved instrument precision and sensitivity. Obtaining high levels of precision is 

critical for measuring low degrees of natural isotope fractionation exhibited by heavier 

elements with small relative mass differences between their isotopes. This was achieved 

using multiple collector inductively-coupled mass spectrometry (MC-ICPMS) which 

allows simultaneous measurement of several isotope ratios in low concentrations. Copper 

isotope investigations have benefitted from this improved technology, and there exists 

exciting potential in geologic, biologic, cosmologic, and anthropogenic studies (Halliday 

et al., 1998). 

Natural variation in isotopes of copper. ^^Cu and ®Cu, have long been recognized 

(Walker et al., 1958; Shields et al., 1965), and recent investigation has demonstrated 

equilibrium inorganic interactions are sufficient for fractionating Cu isotopes (Marechal 

and AlbarMe, 2002; Zhu et al., 2002). The wide variability in isotopic ratios of secondary 

copper oxides and sulfides relative to the primary parent sulfides in some economic 

copper deposits provides good evidence that weathering is an efficient mechanisms for 

fractionating Cu isotopes (Shields et al., 1965; Gale et al., 1999; Zhu et al., 2000a). 

Young et al. (in review) has proposed a mechanism for successive fractionation through 

formation of supergene sulfides. This model relies on preferential entry of one isotope 
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over the other in multiple, discrete crystailographic sites withing the molecular structure 

of the copper sulfides. 

We apply molecular models for bornite and chalcopyrite to interpret the Cu isotope 

pattern obtained from dissolution with acid ferric sulfate. As primary minerals, bornite 

and chalcopyrite allow us to evaluate the necessity of weathering processes for 

fractionating Cu isotopes in nature. Through examination of fundamental causes of 

inorganically-produced Cu isotope variability, a foundation is laid for understanding 

geochemical evolution of important chalcophile reservoirs. 

Mineralogy 

When discussing the natural occurrence of minerals in the Cu-S and Cu-Fe-S 

systems, it is important to make the distinction between those formed at elevated 

temperature (i.e., hypogene) and those formed at low temperature (i.e., supergene). This 

is because those known to stabilize only at high temperature are irrelevant to our 

discussion of low temperature (< 40°C) dissolution experiments. 

2.1. Cu-S system 

Minerals of the Cu-S system discussed here are graphically depicted with their 

positions on the binary join between Cu and S in Figure 1. The most recognized minerals 

of this group are chalcocite, CujS, and covellite, CuS. Although djurleite (CU194S) is 

likely commonly mistaken for chalcocite (CujS) because of its similar appearance, 

chemistry, and mode of occurrence (Roseboom, 1962). 



Chalcocite. djurleite, and digenite (Cu,^S) occur naturally as weathering products of 

other sulfide minerals or as supergene minerals, but can also be found in hypogene 

settings in higher temperature polymorphic forms (Morimoto and Kullerud, 1963; Takeda 

et al., 1967; Evans, J 979a). It should be noted, however, that stability of digenite at low 

temperature is thought to depend on small iron impurity (Morimoto and Koto, 1970). 

Natural occurrences of copper sulfides with stoichiometries between anilite (Cu, 73S) and 

yarrowite (Cu, ,28) have been noted from low-temperature settings exclusively 

(Morimoto et al., 1969; Goble, 1980; Goble and Robinson, 1980). Covellite (CuS) is 

dominantly a secondary mineral, although is known to occur in primary settings such as 

at Vesuvius, Italy, where it was first described and named for its discoverer, Niccolo 

Covelli. Prior to their discovery associated with weathered portions of a red-bed copper 

deposit in Alberta, Canada, by Goble (1980), yarrowite and spionkopite were grouped 

together as blaubleihend ("blue-remaining") covellite, so named for the blue residue 

resulting from leaching copper sulfide minerals (Frenzel, 1959). 

All of the copper sulfide minerals shown on Figure I have been encountered in 

earlier sulfuric acid leaching experiments, although not all have necessarily been noted in 

each individual investigation (Whiteside and Goble, 1986). 

2.2. Cu-Fe-S system 

Some minerals of the Cu-Fe-S system, including those discussed in the previous 

section, are plotted on Figure 2 (A and B). Bornite, Cu,FeS4. and chalcopyrite, CuFeSz, 

are the most widely recognized minerals of this group and are important copper ore 



minerals in many hydrothermal and magmatic ore deposits around the world. Tainakhite 

(GuigFei^Sga), mooiheokite (CugFcgSig), and haycockite (Cu4Fe5S(,) are all phases that 

have been recognized from Layered Mafic Intrusions (LMl's) and demonstrate chemical 

and structural similarity to the high temperature polymorph of chalcopyrite (Bud'ko and 

Kulagov, 1963; Cabri and Hall, 1972; Hall and Gabe, 1972). Although these minerals are 

stable to low temperatures (Cabri, 1973), they have not been described in dissolution 

literature, and therefore are not considered in the bornite dissolution discussion here. 

Cubanite (CuFejSj) has also been recognized in mafic and ultramafic sulfide deposists, as 

well as in meteorites and lunar rocks (Gaines et al., 1997). Given such natural 

occurrences, it is probably unimportant in the context of sulfide dissolution series 

evaluation as well. 

Nukundamite (Cu3j8Feo.62S4) and idaite (CujFeSJ are similar to bornite chemically, 

but differ from each other in mode of occurrence. The type locality for nukundamite is 

Nukundamu, Fiji, where it occurs in a Kuroko-type sedimentary exhalative (SEDEX) 

deposit (Rice et al., 1979). Idaite was originally determined, correctly as it turns out, as a 

weathering product of bornite (Frenzel, 1959); however, stoichiometry and 

crystallographic data was obtained from an impure synthethic phase thought to be 

nukundamite (Yund, 1963; Wang, 1976). Naturally-occurring idaite and a copper-

deficient bornite, referred to as "anomalous bornite" were described as weathering 

products of bornite associated with the porphyry copper deposit at Copiapo, Chile 

(Sillitoe and Clark, 1969). A ''reduced bornite" (designation used here), having 

composition similar to the "anomalous bornite" of Sillitoe and Clark (1969), was 
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encountered by Dutrizac et al. (1970) in acid ferric sulfate leaching of bornite. Idaite was 

listed as a reaction product for more advanced dissolution of bornite by Ugarte and 

Burkin (1977). 

• More extensive summaries of high and moderate temperature phase stability for 

minerals of Cu-(Fe)-S system is addressed by Craig and Scott (1974) and Barton and 

Skinner (1979). Important mineraiogic assemblages in low temperature environments can 

be found in Garrels and Christ (1965). 

Acid ferric sulfate dissolution chemistry 

The dissolution reaction mechanism utilized in this study is an electrochemical one 

that utilizes an oxidized carrier species (Fe^^) to extract copper by conversion of copper 

from cuprous state in the mineral to soluble cupric state. Reaction mechanisms for 

individual mineral species differ in detail, but are all oxidative processes. The relevant 

reactions are generalized by equations 1 through 6. 

chalcocite) Cu.S + (2x)Fe'^ Cu^ .S + (x)Cu'" + (2x)Fe'* 1 

blaubleihender) CU|,,S + 0.2Fe^* ^ CuS + 0.1 Cu'^ + 0.2Fe^" 2 

covellite) CuS + 2Fe'" Cu'^ + S" + 2Fe'^ 3 

bornite) Cii,¥eS^ + (2x)Fe^ -> Cu^,FeS4 + (x)Cu'^ + (2x)Fe'" 4 

reduced bornite) Cu5.jFeS4 + (8-2x)Fe^^ CuFeSj + (4-x)Cu"" + (8-2x)Fe'" +2S° 5 

chakopyrile) CuFeS^ + 2Fe'^ -> Cu'" + 3Fe'" + 2S" 6 
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Reactions 1 through 3 describe the complete dissolution of chalcocite in acid ferric 

sulfate media (Sullivan, 1930; Sullivan, 1933). The second reaction begins after 

approximately 40% of the initial copper has been released via reaction 1 and progresses 

more slowly that than the first reaction, especially at ambient temperature (Sullivan, 

1930; Sullivan, 1933; Marcantonio, 1976; Whiteside and Goble, 1986; Bolorunduro, 

1999). Young et al. (in prep.-a) recognized yarrowite as the dominant phase at this stage 

of dissolution (x = 0.91). Prior to 40% copper dissolution, several copper sulfide phases 

coexist and average Cu;S stoichiometric ratio of the residuum decreases as copper is 

extracted (Whiteside and Goble. 1986; Young et al., in prep.-a). 

Bornite dissolution proceeds in three progressive stages given as reactions 4 through 

6. Initial copper removal is relatively rapid to 25-27% copper extraction (x < 1.2) and 

results in formation of a non-stoichiometric bornite phase (Dutrizac et al., 1970; Ugarte 

and Burkin, 1977). Copper dissolution is very slow after formation of idaite (x = 2) near 

40% copper recovery (x = 2) at temperatures below 40°C (Ugarte and Burkin, 1977). The 

anomalous bomites described from supergene portions of the Copiapo Mining District, 

Chile, lie along a mixing line between bornite and idaite (Figure 3) and are natural 

analogs to the '''reduced bornites" formed by reaction 4 (Sillitoe and Clark, 1969). 

With initiation of reaction 5, the dissolution vector on Figure 2B and Figure 3 

changes orientation as iron is solubilized and residual sulfide compositions trend toward 

chalcopyrite. This reaction requires greater thermal energy input and proceeds more 

slowly than reaction 4 (Dutrizac et al., 1970; Ugarte and Burkin, 1977). These factors 
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probably account for the pausity of natural supergene Cu-Fe-S minerals with 

compositions deviating significantly from idaite toward chalcopyrite. 

Chalcopyrite dissolution (equation 6) is the final stage of dissolution for minerals of 

the Cu-Fe-S system. An alternative reaction mechanisim has been proposed whereby 

chalcopyrite is transformed to chalcocite in the presence of Fe^^ and Cu"^ (Hiroyoshi et 

al., 1998; Hiroyoshi et al., 2001). The intermediate chalcocite is then dissolved according 

to reactions 1 and 2. 

3.1. Materials 

Natural djurleite from collections maintained by the Geoscience Department at the 

University of Arizona was used to investigate aspects of Cu isotope fractionation in the 

system Cu-S is described by Young et al. (in prep.-a). This sample is believed to be 

hypogene since it is massive steely-gray djurleite from Butte, Montana, that is lacking 

any accessory copper oxide minerals which commonly occur with supergene copper 

sulfides at Butte (Weed, 1912). 

Bornite used in this series of leaching experiments was collected from the 

underground mine at the ASARCO Inc. Mission-Pima copper porphyry replacement 

skarn in 1997. The sample selected is dominantly bi-minerallic, consisting of surficially-

tarnished bornite and calcite stringers. The sample was purified by hand-picking. 

Fractured surfaces of the bornite are reddish-brown, typical of bornite. Chemical analysis 

of the sample indicates some copper deficiency relative to stoichiometric bornite (Table 



1). In this respect, our sample is similar to the "anomalous bornites" described from 

Copiapo, Chile, by Sillitoe and Clark (1969) (Figure 3). 

Chalcopyrite used here was contained in hypogene ore rock from the copper 

porphryry deposit in Bagdad, AZ, and therefore contained the typical suite of feldspars, 

quartz, and mafics that generally characterizes igneous rocks of intermediate composition 

Dissolution experiments were overseen by Phelps Dodge Mining Co. and designed as 

scale-model versions of heap leaching procedure for the purpose of optimizing copper 

recovery. The general experimental setup is described in the following section. 

Methods 

Details of the acid ferric sulfate dissolution experiments on bornite were very similar 

to those described previously for djurleite dissolution by Young et al. (in prep.-a), and the 

reader is referred to that source for complete description. Leaching of bornite was 

performed at 40°C to enhance dissolution kinetics (Dutrizac et al., 1970; Ugarte and 

Burkin, 1977). Prescribed reaction interval times for 1.4554 g of crushed and sieved (170 

X 200 mesh) bornite feed were 0.5, 0.75, 1, 1.5, 3, 6, 10, 15. 30, 60, 120, 240, and 720 

minutes. Reaction rate is rapid in the first 15 minutes, with almost 19% copper extraction 

in that time (Figure 4, Table 2). After that, dissolution is slow, with additional 15% 

recovery over the next 11.75 hours. Between 23% and 34% recovery, reaction rate 

appears to increases again. We are not certain whether this reflects a real change in 

dissolution kinetics that can be compared to the previous measurements, or whether slight 

uncertainty in temperature control pushed this particular experiment to higher reaction 
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rates throughout the course of the 720 minute experiment. Reaction progress can also be 

related to decrease in oxidation potential (reported as Fe'^VFe^"") according to the 

mechanism of reaction 4 (Figure 5). 

Prior to Cu isotope analysis, acid digested residual sulfides and recovered copper-

bearing sulfate solutions were chemically purified using the anion-exchange column 

chromatography procedure utilized by Young et al. (in prep.-a). This is very similar to 

that used by Marechal et al. (1999) and Marechal and Albarede (2002), which was 

devised according to distribution coefficients for Cu^^, Fe"^', and Zn'* on AG-MP-IM 

(formerly AG-MP-1) anion exchange resin in chloride matrix determined by van der Walt 

etal. (1985). 

Cu isotope analyses were performed using multiple collector inductively-coupled 

mass spectrometry (MC-ICPMS) at the W.M. Keck Laboratory in the Geoscience 

Department at the University of Arizona. Measurements were performed within the same 

six-day analysis session as those reported in Young et al. (in prep.-a), under identical 

operating conditions and instrument settings. 

MC-ICPMS isotope standard solutions were prepared in distilled 0.05 M HNO3 as 

1:1 mixtures of the NBS Cu isotope standard, SRM-976, and Zn isotope standard JMC 3-

0749 (Rosman, 1972). Metal concentrations in samples and standards were 

approximately 500 ppb of copper and 500 ppb of zinc. The JMC 3-0749 Zn isotope 

standard was added to the sample as an internal standard. Mass fractionation in samples 

was corrected for using exponential law relationship, relative to within-session analysis 

of the standard solution (Marechal et al., 1999; Marechal and Albarede, 2002). This 
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method of correcting Cu isotope ratios with an internal Zn isotope standard is analogous 

to the procedure of Walder et al. (1993b) and Belshaw et at. (1998) in which Pb isotope 

ratios were corrected using Ti standard addition. 

The Zn isotope ratio used for mass fractionation correction has reference value 

®^n/"Zn = 0.5737 (Rosman, 1972). This ratio was chosen because we achieved better 

within-session correlation between ln(^Zn/^Zn) and ln(®^Cu/®Cu) than with other 

combinations of Zn isotope ratios, such as ®®Zn/®^Zn, which was used by Marechal et al. 

(1999) and Marechal and Albarede (2002). Instrument drift and standardization curves 

are reported in Young et al. (in prep.-a). 

Cu isotope values are reported as per mil (%o) deviations relative to SRM-976 

according to the standard 6-notation shown as equation 7. 

Where ^^Cu/®Cusrm-976 has a value of 0.4456 ± 0.0004 (Shields et al., 1964). Analytical 

uncertainty was determined as the average la standard deviation for repeat analyses of 

all samples measured three or more times, and is 0.04%o for 8®^Cu. 

The chalcopyrite leach experiment was performed by Phelps Dodge Mining Co. in 

the Process Technology Lab in Safford, AZ. Chalcopyrite ore, about 41 kg containing 

0.32% copper, was crushed to approximately 1.5 cm diameter and loaded into a column 

7 
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with dimensions of 1.5 m tall by 0.15 m diamater. Throughout the experiment, 

thermocouples monitored temperature, which was maintained at 35°C by flowing water 

through jackets surrounding the plastic column form. Sulfuric acid (pH = 2) was added at 

the top of the column at a rate of 0.67 liters/day and allowed to percolate through the rock 

pile. Solutions were collected at the bottom of the column every 2-3 days (between 1-3 

liters at a time). 

Mesophilic bacteria, including Thiohacillus ferrooxidans, Leptospirillum 

ferrooxidans, and Thiohacillus thiooxidans, were added with the acid sulfate solution. 

These bacteria are known to facilitate sulfide dissolution through metabolic reactions 

(Colmer and Hinkle, 1947; Brierley, 2001). Air was circulated through the column at a 

rate of 0.04 mVhr to promote bacterial growth. 

®®Cu/®Cu of the derived copper-bearing solutions and chalcopyrite mineral separate 

from the Bagdad, AZ, ore were measured in the W.M. Keck Lab by Ruiz et al. (2002). 

The sample-standard bracketing technique was used to correct instrument drift (Zhu et 

al., 2000a). The results were briefly discussed by Young et al. (in review), and are put 

into perspective here with regard to more recent analysis of djurleite (Young et al., in 

prep.-a) and bomite mineral separate dissolution experiments. 

Results 

4.1. Bornite reaction products 

Before reaction with acid ferric sulfate, the bornite feed material was examined by 

X-ray diffractometry to ensure mineralogic purity of the sample (Figure 6). Unlike 



reaction products for intermediate stages of djurleite dissolution in which reflection peaks 

can be up to 0.75 A wide (Young et al., in prep.-a), peaks for bornite residuum remain 

relatively narrow throughout dissolution (Figure 7). As copper is removed from the 

sulfide structure, the major reflection peak, initially at 1.933 A, shifts to lower d-spacing 

values (Figure 8). Ugarte and Burkin (1977) attributed the d-spacing decrease to 

contraction of the unit cell as stoichiometiy of the residual sulfide approaches idaite, and 

eventually, chalcopyrite. Our results are consistent with that ascertion. 

Corresponding variation in the Cu isotope composition of the reaction products from 

the bornite dissolution experiment is nearly 2%o, which is the spread exhibited by the 

recovered copper-bearing solutions (Table 2, Figure 9). The sulfide residue exhibits less 

isotopic variability, 0.64%o, which is expected since solid phases remain the primary 

copper reservoir throughout our experiments (Table 2, Figure 9). Nevertheless, this 

variation is larger than that observed for residuum from djurleite dissolution (Young et 

al., in prep.-a). After introduction to acid ferric sulfate solution, the isotopic composition 

of the sulfide residue decreases slightly from an initial 8®Cu = 0.02 ± 0.04%o to a 

minimum value of -0.15 ± 0.04%o at 19% copper dissolution. Between 20% and 34% 

dissolution 8^Cu of the sulfide residue increases markedly to 0.49 ± 0.04%c. This is the 

maximum value observed for sulfide residue from this series of experiments. 

Copper-bearing solution collected after just 2.9% copper dissolution is isotopically 

heavier than than the initial bornite and the corresponding residual sulfide with 8®^Cu = 

0.78 ± 0.04%o. Copper-bearing sulfate solutions continue to become enriched in ®^Cu 

relative to the sulfide residue, reaching a maximum ft^^Cu = 1.14 ± 0.04%o between 8% 
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and 14% dissolution. The corresponding sulfide residue is 1.24%o lighter. After 23% 

copper has been extracted, 8®'Cu of the sulfate solution begins to drop rapidly. Near 25% 

dissolution, the solution becomes isotopically lighter than the corresponding sulfide 

residue. The last solution collected, at 34% dissolution, is the most depleted in ®Cu of 

any reaction product encountered in the entire series of experiments, with §®^Cu = -0.79 ± 

0.04%o. 

4.2. Cu isotope composition of chalcopyrite ore leachates 

Copper concentration of solutions recovered from leaching Bagdad, AZ, 

chalcopyrite ore is depicted on Figure 10. The broad, assymetric profile is typical of that 

for leaching sulfide ores. There is no indication of the presence of copper oxide 

contribution, which would show up as a concentration spike during initial stages of 

leaching. This provides assurance that the source of the copper in the chalcopyrite ore 

leach is from sulfide minerals exclusively. 

Leachates from the chalcopyrite ore dissolution experiment show 0.53%o variability 

in average 8®^Cu values over the course of about 20% copper extraction (Table 3). This 

variability is barely outside the ±0.16%o (2a) measurement uncertainty (Ruiz et al., 

2002), and hinders definitive identification of isotopic trends. Unlike solutions collected 

from djurleite and bornite dissolution, most of the leachates analyzed from chalcopyrite 

column experiment have Cu isotope compositions within the range of the initial 

chalcopyrite feed (8®^Cu = -0.11 %o to 0.22%o). Only the solution collected after 2.5% 

copper extraction has an average Cu isotope composition outside uncertainty for the 
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starting chalcopyrite, with 6®^Cu = 0.43 ± 0.16%o. This value, having been obtained so 

early into the dissolution process (after 2.5% copper recovery), is suspect in the context 

of this study and may result from mineralogical impurity, surface defects, or other 

chemical or structural inhomogeniety. 

Discussion 

Previous discussion of the crystal chemical control on Cu isotope fractionation 

trends in the copper sulfides was cast in terms of variation of copper-sulfur coordination 

number (Young et al., in prep.-a; Young et al., in review). This approach is sufficient for 

establishing probable cause for investigating intra-mineral Cu isotope fractionation in the 

Cu-(Fe)-S minerals. Inasmuch as bond coordination is a function of proximity of 

participating ions, examinining copper-sulfur bond lengths is a more fundamental way to 

view Cu isotope fractionation within molecular structures of the minerals discussed. The 

reason for this is that the degree of isotopic segregation is dependent upon relative 

differences in mass-dependent bond strengths between competing bond sites (Bigeleisen 

and Mayer, 1947; Urey, 1947), and bond length is inversely proportional to bond strength 

(Bartelmehs et al., 1989; Gibbs et al., 1998). For minerals of the Cu-S system, bond 

length for CuS, groups is, on average, 0.13 A shorter than bonds for CUS4 groups (Table 

4). This observation is consistent with our ascertion that ®^Cu partitions selectively into 

triangular relative to tetrahedral arrangements. 

Although average bond length for both CUS4 and CuS, geometries decrease as Cu:S 

decreases, the relative difference in bond length between them is fairly consistent at 3-7% 
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(Figure 11). This feature allows us to speculate as to what the Cu isotope fractionation 

factor, acuin-ciiiv> between CuS, and CUS4 groups is independent of mineralogy, where 

cxcuin.cuiv is given by equation 8. 

CullI and CulV refer to CuS, and CUS4 groups, respectively. 

By weighting Cu isotopic variability of the djurleite leach solutions (1.2%o) by 

average copper-sulfur coordination number of the corresponding sulfide mineral 

(yarrowite = 0.26), we obtain acuiii_cuiv ~ 1.001-1.002. This fractionation factor is similar 

to the 3%o partitioning of Fe isotopes between 6- and 8- coordinated sites in metallo-

chloroconiplexes at 25°C (Schauble et al., 2001). 

Applying these concepts to interpretation of the bornite-derived solutions is 

somewhat difficult since the crystal structures of intermediate sulfide phases are not as 

well defined as the chalcocite dissolution series minerals. Only crystallographic 

information for bornite and chalcopyrite are sufficiently well constrained to permit 

interpretation. 

Koto and Morimoto (1975) have suggested a crystal structure for low bornite that 

has one third of copper atoms in CuS, geometries with an average copper-sulfur bond 

length of 2.296 A (2.261-2.335 A). The CUS4 groups have an average copper-sulfur bond 

length of 2.374 A (2.255-2.541 A). The difference in average bond lengths between the 

CuIII-CalV 8 
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two polyhedral sites suggests selective entry of into CuS, sites in the bornite 

structure. 

In chalcopyrite, copper ions are bonded to sulfur in tetrahedral arrangements 

exclusively (Hall and Stewart, 1973). There is very little deviation from the average 

copper-sulfur bond length of 2.302 A (Hall and Stewart, 1973). As such, there is no 

reason to believe that Cu isotopes should fractionate in the chalcopyrite crystal structure 

based on the model discussed here. Although there are large errors attached to the early 

8®^Cu measurements by Ruiz et al. (2002), this expectation is substantiated by the 

relatively invariant Cu isotope pattern obtained for chalcopyrite ore leaching relative to 

the isotope trends from djurleite and bornite dissolution (Table 3). 

The proportion of CuS, groups must decrease from bornite (33% of bond 

geometries) to chalcopyrite (0% of bond geometries) during dissolution; however, crystal 

chemical data for the intermediate phase idaite is unreliable since the true identity of the 

sulfide mineral used for crystallographic description is in question (Yund, 1963; Rice et 

al., 1979). The unfortunate consequence here is that crystal chemical features, such as 

coordination and copper-sulfur bond length, must be interpolated for approximately 60% 

of the entire Cu-Fe-S dissolution series between bornite and chalcopyrite. 

Our Cu isotope data for initial bornite leaching indicates that ®^Cu is retained in CuS, 

groups as it is in the Cu-S system minerals since 8®^Cu values of solutions are high early 

into dissolution. The proportion of ®^Cu in solutions does not start to decrease until after 

about 15% copper is extracted. We interpret this to mean that the relative proportion of 

CuS, to CUS4 geometries in the residual copper iron sulfide does not change until that 
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point. Hearing 26% sulfide leaching, 8®Cu of the copper-bearing solution converges on 

the Cu isotope composition of the original bornite feed (indicated by the arrow on Figure 

9). Stoichiometry of the residual sulfide for this stage of the reaction is calculated to be 

Cuj,FeS4. which is very near that of ideal idaite, Cu3FeS4. This may indicate 

disappearance of triangular coordination when approaching idaite from bornite via 

reaction 4. 

Between 25% and 35% copper dissolution, the acidic solution selectively extracts 

®Cu from the remaining sulfide. The reason for this is not understood at this time. The 

possibility of isotopic fractionation between the remaining sulfide and the copper-bearing 

solution is not likely given that 8®Cu of solutions derived from chalcopyrite ore leaching 

are within the range of 8^^Cu for the initial chalcopyrite. 

6. Conclusions 

In this study, we have correlated Cu isotope fractionation in Cu-(Fe)-S minerals with 

aspects of copper-sulfur coordination chemistry as a function of bond strength through 

investigation of bond length. We have recognized that ®^Cu is preferentially retained by 

the bond geometry possessing the shorter, and therefore stronger, bond. Some minerals of 

the Cu-(Fe)-S system have two different bond geometries for copper atoms. In these 

cases, acid ferric sulfate dissolution has revealed that Cu isotope fractionation, between 1 

and 2%o, occurs within the mineral structure. This claim appears extraordinary unless 

evaluated from the perspective of Cu isotope fractionation between discrete two copper 

reservoirs. For comparison, Larson et al. (in review) determined Cu isotope compositions 
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for coexisting bornite and chalcopyrite and found that, without exception, chalcopyrite 

possesses higher 8®^Cu values than related bornite. This result is predicted from 

observation that chalcopyrite possesses shorter Cu-S bonds than bornite. The difference 

in average Cu-S bond length between chalcopyrite and high bornite is 0.14 A (Morimoto, 

1964; Hall and Stewart, 1973), whereas difference in bond length between CuS, and CUS4 

groups in the copper sulfides and low bornite averages 0.13 A (Koto and Morimoto. 

1970; Koto and Morimoto, 1975; Evans and Konnert, 1976; Evans, 1979b; Evans, 1981; 

Goble, 1985). For comparison, the degree of Cu isotope fractionation between bornite 

and chalcopyrite is 0.11 -0.46%c (Larson et al., in review); while isotope partitioning 

between CuSj and CUS4 sites in the copper sulfides is 1.0-2.0%o. Possible differences in 

formation temperatures surely account for the range Cu isotope fractionation observed for 

the sulfides being compared. 

The main impetus for the current investigation was to determine whether or not 

kinetic enhancement associated with successive dissolution/precipitation events during 

weathering are necessary to produce measureable Cu isotope fractionation in copper 

sulfide structures. This was the explanation given for the large Cu isotope variability 

measured from supergene chalcocite ore leaching (Young et al., in review). Results here 

demonstrate significant Cu isotope variability exists within the structure of hypogene 

bornite, and we conclude that equilibrium fractionation during mineral formation is 

significant. 
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Table 1. Elemental composition of bornite and bornite-like minerals. Data for 

"anomalous bornite" from (n=4). Stoichiometry of Mission bornite is approximately 

Cu42Feo9S4. Elemental analysis for Mission bornite performed at the Phelps Dodge 

Process Technology Center in Safford, AZ, by ICPMS. Sulfur composition for 

Mission bornite by difference. 
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Table 2. Chemistry, Cu isotope, and recovery for bornite dissolution reaction products. Uncertainty in copper 

concentrations is <1% of the values reported. Copper and iron (total) analyses performed at the Phelps Dodge 

Process Technology Center in Safford, AZ, by ICPMS. Average analytical uncertainty for 8®®Cu = 0.04%o (la) 
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days reacted copper recovery (%) 5^^Cu ± 2o(%o) 
21 2.49 0.43+0.16 
35 8.38 0.11 +0.16 
49 14.38 -0.11 ±0.16 
63 18.09 -0.09 ±0.16 
77 20.28 -0.02 ±0.16 

Table 3. Copper recovery and Cu isotope data for solutions collected from Phelps Dodge 

Mining Co. chalcopyrite ore leach column experiment #108. Chal copy rite mineral 

separates have an average 6^Cu value of 0.00 ± 0.16%o (Ruiz et al., 2002). 
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Table 4. Average Cu-S bond lengths in differently coordinated sites for minerals of the Cu-S and Cu-Fe-S 

systems. Averages are weighted according to number of copper atoms occupying a particular coordination 

configuration. Note the existence of linear (2-fold) coordination in chalcocite and djurleite. 
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List of Figures 
Figure 1. Some minerals of the Cu-S system plotted according to weight percent copper. 

Black squares designate minerals recognized exclusively from supergene settings. Gray 

squares indicate minerals occuring in both supergene and hypogene environments. 

Figure 2. A. Position of some minerals, in weight percent, on the Cu-Fe-S ternary. B. 

Restricted ternary from outlined area in A. Gray quadrilateral, expanded in Figure 3, 

outlines approximate compositional boundary for bornite and bornite-like minerals 

(Sillitoe and Clark, 1969). Arrows indicate the dissolution reaction paths from bornite to 

idaite and from idaite to chalcopyrite according to reactions 3 and 4, respectively. 

Mineral abbreviations as follows: bn = bornite, cc = chalcocite, cpy = chalcopyrite, cv = 

covellite, cb = cubanite, hk = haycockite, id = idaite. mh = mooihoekite, nk = 

nukundamite, tk = talnakhite. 

Figure 3. Restricted Cu-Fe-S composition field illustrating the relationship of bornite and 

bornite-like minerals. Position of the bornite sample used in dissolution experiments here 

shown by the "X". Data for other points taken from Sillitoe and Clark (1969) and sources 

therein. 

Figure 4. Copper recovery for bornite dissolution through time. 

Figure 5. Evolution of the oxidation potential for bornite dissolution experiments related 

in terms of Fe^VFe^'^. The dashed line is that predicted according to reaction 4. 
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Figure 6. X-ray diffraction pattern of bornite feed with peak positions for ideal bornite 

shown in gray (Potter and Evans, 1976). X-ray energy from Cu-Ka, radiation source (X, = 

1.54056 A). Intensity measured in 2°-20/min intervals. 

Figure 7. D-spacing shift from 1.938 A peak position for the original bornite through 

leach progression. 

Figure 8. Plot of decreasing d-spacing for residuum through the course of copper 

removal. 

Figure 9. 6®'Cu of bornite dissolution reaction products. Copper-bearing solutions 

designated by triangles. Corresponding sulfide residue designated by circles. Initial 

bornite 8®^Cu = 0.02%o. Dashed line represents isotopic mass balance between solutions 

and sulfides. Average analytical uncertainty = 0.04%o (la). 

Figure 10. Copper concentration profile for solutions derived from chalcopyrite ore leach. 

Arrows indicate where in the dissolution schedule Cu isotopic measuerements were made 

and values are 8®^Cu of those solutions. Analytical uncertainty = 0.16%o (2a). 



Figure 11. Variation in bond length for minerals in the Cu-S system. Squares indicate 

CUS4 groups, circles designate CuS, groups, and X's represent CuSj groups. The dashes 

line indicates the weighted average of bond length. Data from references in Table 5. 
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Figure Dl(A-M). X-ray diffraction patterns for residuum from djurleite dissolution. A.-

djurleite feed, B.- 0.5 min., C.- 1 min., D.- 1.5 min., E.- 3 min., F.- 6 min., G.- 10 min., 

H.- 15 min., I.- 20 min., J.- 30 min., K.- 60 min., L.-120 min., M.- 240 min. 
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Figure D2(A-N). X-ray diffraction patterns for residuum from bornite dissolution. A.-

bornite feed, B.- 0.5 min., C.- 0.75 min., D.- 1 min., E.- 1.5 min., P.- 3 min., G.- 6 min., 

H.- 10 min., L- 15 min., J.- 30 min., K.- 60 min., L.- 120 min., M- 240 min., N.- 720 

mm. 
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Column chromatography was used to purify all djurieite and bornite dissolution 

reaction products to avoid uncertainty from matrix differences between samples and 

standards. An elution procedure for the chloride form of anion-exchange resin AG MP-

IM (formerly AG MP-1) manufactured by BioRad was developed by Marechal et al. 

(1999) for separation of Cu'", Fe^"", and "Zx?* fractions using distribution coefficients 

measured by van der Walt et al. (1985). 

Verification of the elution schedule used by Marechal et al. (1999) was performed by 

atomic absorption mass spectrometry for elutions collected at 4 ml intervals for a 

standard solution containing 43 [ig each of copper, iron, and zinc in 1 ml 7 M HCl + 

0.001% H2O2 (IX). The results, presented in Figure El, demonstrate good separation of 

copper from the other metals in solution. Overlap in the tails for iron and zinc is an 

artifact of the coarse sampling resolution, and is of no consequence since only the copper 

fraction was retained for MC-ICPMS analysis. The elution schedule used for sample 

preparation here is included here as Table El. 
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Figure El. Elution curves for anion-exchange sample purification measured by AAMS. 

Recoveries are 101.4% for copper, 98.7% for iron, and 103.2% for zinc. AAMS 

detection limits for copper, iron, and zinc are 0.08 ppm, 0.10 ppm, and 0.02 ppm, 

respectively. 
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eluant volume (ml) notes 

7M HCi + 0.001% H2O2 6(6) column preparation 

7M HCI + 0.01% H2O2 1(7) sample loaded onto column 

7M HCI + 0.001% H2O, 7 (14) bulk sample matrix eluted 

7M HCI + 0.001% H.CX 23 (37) Cu fraction eluted 

2M HCI + 0.001% H,0, 10 (47) Fe fraction eluted 

0.5 M HNO3+ 0.001% H;0; 10.5 (57.5) Za fraction eluted 

Table El. Elution and collection schedule for anion-exchange sample purification. The 

cumulative volume of eluant is given in parentheses in column 2. The procedure used 

here is modified slightly from that of Marechal et al. (1999). 



APPENDIX F: 

SULFUR ISOTOPE ANALYSIS 



In accordance with the patterns of copper isotope fractionation discussed in the 

previous section, sulfur isotope measurements were made on sulfides and sulfate 

solutions from the djurleite dissolution experiments described in Appendix B (Young et 

al., in prep.-a). Justification for examining potential crystal chemical effects on sulfur 

isotope composition of minerals in the chalcocite-covellite dissolution series comes from 

recognition of significant changes in sulfur bond environment with respect to decreasing 

Cu:S ratio. In addition to variability in average Cu-S coordination number discussed in 

Appendix A (Young et al., in review), covalent S-S groups emerge in the structures of 

spionkopite, yarrowite, and covellite (Evans and Konnert, 1976; Tossell, 1978; Goble, 

1985). As Cu:S ratio decreases below 1.4 (spionkopite), electron sharing occurs between 

adjacent sulfur atoms, forming (Sj)^" groups within the copper crystal structure (Folmer 

and Jellinek, 1980). This, in addition to transition from S* to S", helps to maintain charge 

balance in the copper sulfides (Folmer and Jellinek, 1980). Valence of copper in all of the 

copper sulfides is exclusively +1 (Nakai et al., 1978; Folmer and Jellinek. 1980; Van der 

Laan et al., 1992; Cressy et al., 1993; Mountain and Seward, 1999). 

Taking these valency and site occupancy information into account, the reduced 

chemical formula of covellite can be written as Cu'"o.33Cu'^o.67(S2)%.33S o.33» where the 

Roman numeral superscript for Cu cations indicates bond coordination number with S. A 

similar approach could be taken when expressing structural information for spionkopite 

and yarrowite, although the distribution of S between S', S , (S,)", and even (Sj)' groups 

has not been fully resolved for these minerals (Folmer and Jellinek, 1980). 
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The S isotopic compositions of djurleite, acid ferric sulfate, sulfide residues, and 

copper-bearing leachate solutions are given in Table Fl. Even with only 30 seconds of 

exposure to acid ferric sulfate, 6^S of the mineral sulfide increases from 1.55 ± 0.08%o to 

2.40 ± 0.24%o, where 6'^S is expressed according to equation Fl as per mil (%o) deviation 

of the ratio of the sample from of the Canyon Diablo Troilite (CDT) 

isotope standard reference material. 

Upon increased exposure to acid ferric sulfate solution, 6"^S gradually decreases to 

about 2.0%o; whereas of the solution remains relatively stationary near 4.l%o (Table 

Fl, Figure Fl). Stabilization of the S isotope composition of the solution relative to the 

slight, but noticeable, changes occuring in the sulfide residues results from the significant 

difference between the relative size of the sulfur reservoirs. The acid ferric sulfate 

solution contains approximately 0.147 moles of sulfur (sum of sulfur in Fe2(S04)3®xH20, 

FeS04*7H20, and H2SO4), whereas the initial mineral sulfide feed material contains only 

0.007 moles of sulfur (sulfate/sulfide = 20.29). Therefore, isotopic exchange between 

these two reservoirs is more sensitively recorded by the sulfide fractionation pattern. The 

following discussion on equilibrium S isotope fractionation treats the experimental 

Fl 
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environment as two-phase, consisting of mineral sulfide and acid ferric sulfate solution. 

Sulfur speciation into mobile gaseous phases is not considered here. 

Complete equilibrium S isotopic exchange between sulfate and sulfide residue 

appears to be achieved as early as about 10 minutes into the dissolution reaction (Figure 

Fl). Although a perturbation in A""Ss„„,„e.suin(k. (defined in text accompanying Figure F2) 

three minutes into reaction progression obscurs the actual timing of sulfur isotope 

equilibration. In any case, sulfide residues are isotopically lighter than corresponding 

copper-bearing sulfate solutions by about 1.9 to 2.1%o. 

Any intra-mineral S isotope fractionation of the sort proposed for copper isotopes 

(Young et al, in prep.-a; Young et al., in prep.-b; Young et al., in review) that may occur 

in the copper sulfide residues is obscurred by more robust fractionation between SO/ 

and S groups (Figure Fl). The possible exception may be in the leachate collected 3 

minutes into dissolution. Although the anomalous value for the solution measured at 

that stage of the reaction is slight and likely due to small measurement imprecision, it is 

somewhat fortuitous that it occurs after 30% copper dissolution. This degree of copper 

liberation corresponds to the stoichiometry of spionkopite, Cu, 4S, which is the first 

copper sulfide mineral encountered in the dissolution series containing covalent S-S 

groups. 
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residue sulfate 
min 

b^Si%c) 6^S(%o) s •-'sulfate-residue 

240 2.06 ±0.14 4.10 ±0.24 2.04 
120 2.00 ± 0.08 4.10 ± 0.24 2.10 
60 2.06 ±0.14 4.00 ±0.24 1.94 
30 1.95 ±0.08 4.00 ±0.04 2.05 
20 1.94 ±0.08 - - -

15 2.10 ±0.04 - - -

10 2.00 ±0.12 - - -

6 2.10 ±0.24 3.90 ±0.04 1.80 
3 2.00 ±0.24 4.30 ±0.04 2.30 

1.5 2.10 ±0.24 4.00 ±0.04 1.90 
1 2.30 ± 0.24 4.20 ±0.24 1.90 

0.75 2.20 ± 0.24 4.00 ± 0.24 1.80 
0.50 2.40 ± 0.24 4.10 ±0.24 1.70 

average = 1.95 
2a = 0.35 

Table FL of sulfide residue and corresponding sulfate leach solution. Sulfur isotope 

composition of the djurleite experimental feed material and initial acid ferric sulfate is 

1.55 ± 0.08%o (2a) and 4.63 ± 0.24%o (20), respectively. 
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Figure Gl. Automated shaker used for djurleite and bornite mineral separate dissolution 

experiments. 
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Figure G2. Mineral-solution separation, permanganate titration, and pH and volume 

determination setup. 



Figure G3. Anion-exchange column chromatography setup. 
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