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ABSTRACT 

    Copper isotope variation in chalcopyrite can be observed throughout the Bingham 

Canyon Mine and used to understand high temperature mineral processes.  At Bingham, 

copper isotope variation in hypogene minerals (e.g. chalcopyrite) ranges from -0.05 to 

+1.95‰.  Two sections spanning the deposit were chosen to observe spatial variation in 

copper isotope values.  Section A to A’ (N-S section) has 
65

Cu (‰) values that range 

from -0.05 to 1.95‰ while section B to B’ (E-W section) has values that range from 0.32 

to 1.58‰.  Samples located furthest from the source intrusion are more enriched in 
65

Cu 

relative to more central samples.  The copper isotope values fractionate in a loose pattern 

from lighter 
65

Cu near the quartz monzonite porphyry (QMP) intrusion and increase 

with distance from this interpreted source.  A possible explanation for this 
65

Cu 

enrichment is that copper fractionation is controlled by temperature and/or by pH.  

Patterns of isotopic variation measured in the chalcopyrite samples demonstrate the 

potential for using copper isotopic analysis as an exploration tool to constrain deposit 

shape and vector points to the fluid source.   
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INTRODUCTION 

Economic geologists strive to understand and identify both the processes that 

move and deposit metals as well as where these metals originate.  Copper isotopes 

analysis is one potentially powerful tool investigate fluid pathways in ore deposits 

because isotope ratios of copper record processes that mobilize, transport and/or deposit 

metals.  The progression of copper deposition can be explained by understanding the 

fractionation between its two stable isotopes, 
65

Cu and 
63

Cu. The patterns measured in the 

copper isotope ratios demonstrate how stable isotopes, in conjunction with alteration and 

temperature, can be used as a geochemical exploration tool. 

In the present study, copper isotopes are used to confine the hydrothermal history 

of the Bingham Canyon Mine.  Copper isotopic variation is the topic of discussion in 

many papers throughout the last ten years (Larson et al., 2003, Graham et al., 2004, 

Markl et al., 2006, Maher & Larson, 2007, Mathur et al., 2009, Mathur et al., 2010, Li et 

al., 2010, Maher et al., 2011).  Majority of the research that has been conducted thus far 

has focused on low temperature supergene deposits. Studies have found that copper 

isotope ratios in the leach cap and enrichment blanket have distinct copper isotope ratios 

that relate to the amount of leaching that has occurred in the area.  High temperature 

copper fractionation is just beginning to be understood through both experimental and 

field studies (Larson et al., 2003, Larson et al., 2007, Li et al., 2010, Maher et al., 2011).  

These studies clearly show that fractionation occurs between 
65

Cu and 
63

Cu at deposits 

forming between 300 and 400 degree Celsius.  With increasing precision in measuring 
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techniques of copper isotopes, fractionation can be accurately determined in high 

temperature porphyry deposits where ratios range from about -2 per mil to 2 per mil 

(Graham et al., 2004, Maher and Larson, 2007, Li et al., 2010, Maher et al., 2011).  The 

bulk Earth composition of 
65

Cu values cluster around 0 per mil for copper bearing 

minerals (Zhu et al., 2000, Larson et al., 2003, Markl et al., 2006, Li et al., 2010). The 

fractionation is thought to be caused by temperature, phase change from fluid-mineral 

and fluid-vapor and/or pH (Graham et al., 2004, Rouxel et al., 2004, Maher and Larson, 

2007, Li et al., 2010, Maher et al., 2011).  Bingham Canyon Mine is an ideal location to 

test copper isotopes as an exploration tool because of the extensive knowledge about the 

geology and formation of the deposit. 

  The Bingham Canyon Mine, a porphyry Cu-Mo-Au deposit that is among the 

largest producing copper deposits in the world (Cooke et al., 2005), has attracted 

scientific and mining attention since the mid 1800’s. Currently owned and operated by 

Kennecott Rio Tinto, the area has been mined for over one hundred years and will 

continue for at least another seventeen years (Sanders, 2011).  New research on the 

formation of large porphyry deposits has recently surfaced within the Bingham district 

(Redmond and Einaudi, 2010, Landtwing et al., 2010, Gruen et al., 2010).  Changing 

ideas of mineralization events and fluid flow continue to be areas of interest within the 

mining community because understanding these changes in deposition and alteration can 

provide clues to the environment (temperature, pH, salinity) in which hydrothermal fluids 

interact with the host wall rock. This study investigates 65Cu in a well defined system as 

an exploration tool to direct towards the copper source.  By linking these characteristics 
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of different areas of the deposit with isotopic data, fluid flow pathways can assist in 

completing a comprehensive hydrothermal history of Bingham Canyon Mine. 

GEOLOGY 

  Bingham Canyon Mine is located 32 kilometers southwest of Salt Lake City, Utah 

in the central Oquirrh Mountains (fig. 1).  The ore forming system is hosted by the 

Bingham Mine Formation (BMF), which consists of fine to medium grained quartzites 

interbedded with cal-siltstones and limestones.  The BMF is crosscut by five igneous 

intrusions (Last Chance Stock, Bingham Stock, quartz monzonite porphyry, latite 

porphyry and quartz latite porphyry) ranging in age from 38.1 Ma to 37.78 Ma (Parry et 

al., 2001, Redmond and Einaudi, 2010, von Quadt et al, 2011).  The oldest and largest 

intrusions are the pre-mineralized equigranular monzonite.  The Last Chance Stock and 

the Bingham Stock have similar composition and are thought to be formed during one 

intrusive phase about 38.55+0.19 Ma (Parry et al., 2001) and are connected by the 

Phoenix Dike. Hydrothermal alteration is present in both stocks occurring ~0.75Ma after 

emplacement (Parry et al. 2001).  

          After about 0.32 million years or less, the quartz monzonite porphyry (QMP) 

intruded the Bingham Stock at 70 degrees NW (Bowman et al., 1987, von Quadt et al., 

2011).  The temperature surrounding the intrusion was ~600ºC and the QMP is associated 

with the bulk of the copper mineralization (fig. 1) (Redmond and Einaudi, 2010).  The 

QMP contains phenocrysts of plagioclase and orthoclase, in equal amounts with lesser 

amounts of quartz and biotite in an aplitic groundmass.  Whereas the monzonite 



7 

 

intrusions are much larger in width, the QMP is only three hundred and fifty meters wide. 

The main mineralization pulse followed the QMP intrusion.  The latite porphyry (LP) 

intruded into the QMP 38.0+ 0.2 Ma (Bowman et al., 1987, Babcock et al., 1995) during 

the mineralization period.  Although the LP cross-cuts the QMP, mineralized veins and 

grains have the same size and texture as seen in the QMP, supporting the assumption that 

both units were mineralized at the same time, and at a similar temperatures (350 and 

400ºC) (Redmond et al., 2004, Porter et al., 2010, Landtwing et al., 2010).   Hypogene 

minerals within the QMP include chalcopyrite, digenite and bornite. Lower copper grades 

along the QMP and later LP boundaries indicate that the later intrusions did not 

contribute significant copper to the deposit (Redmond, 2002).   Copper mineralization 

normally occurs between 350 and 430ºC, showing that cooling must have occurred 

during the period of intrusion of the QMP and the LP.  The decline in temperature is the 

driving force for the Cu-Fe mineralization and can be seen in fluid inclusion data 

(Landtwing et al., 2005).  These data, together with mineral textures, allow inference that 

changes in a single fluid are the cause of the mineral deposition (Landtwing et al., 2005).  

A mineralizing episode is assumed due to the similar grades between the intrusions 

(Porter et al., 2010). The quartz latite porphyry (QLP) is the latest major intrusion and is 

chemically similar to the LP intrusion.  QLP is distinguished by the medium brown and 

light green gray coloring and the inclusion of rounded quartz eyes and large k-feldspar 

eyes.  Very weak mineralization is present in the QLP (Porter et al., 2010). 

          The ore body at Bingham is shaped like an inverted cup around the central QMP 

intrusion, which is barren at depth.  Babcock et al., (1995) describe the ore zone as a 
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molar tooth with four deep root zones that host molybdenite mineralization with distinct 

metal zoning over the barren core.  The 0.7wt % of Cu shell is found closest center of 

mineralization zoning outward to a 0.5wt % shell and a 0.35wt % shell.  The copper 

mineralization is tilted between 10 to 25ºE due to Basin and Range faulting (Lanier et al., 

1978, Melker and Geissman, 1998). Lithology controls much of the mineralization within 

the ore body, with the monzonite being the dominate ore host (Porter et al., 2010). 

ALTERATION 

           Following the QMP intrusion, cooling fluids caused the hydrothermal alteration to 

occur.  At Bingham, potassic alteration is defined as quartz+orthoclase+biotite.  Potassic 

alteration in the innermost zone occurs above 400 ºC, meaning that it must have formed 

before or during the Cu mineralization (forming between 350-430ºC).   As time 

progressed, intermediate potassic alteration resulted in chalcopyrite deposition peaking.  

Most of the copper mineralization is associated with the potassic alteration and locally 

overprinted by argillic alteration.  Potassic alteration covers majority of the QMP and the 

Bingham stock.  Copper mineralization continues outward past the transition zone of the 

potassic and propylitic alteration.  At the end of the potassic alteration and copper 

deposition, molybdenite peaks verifying that temperatures must have increased from the 

chalcopyrite deposition.  Molybdenite mineralization shells occur within the copper grade 

shells. 

           Propylitic alteration occurs between 300-400ºC and consists of alteration minerals, 

chlorite and epidote, replacing mafic and plagioclase minerals.  These minerals can be 
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found beyond the copper zoning both as disseminated grains and in veins (Parry et al., 

2002).  Minimal amounts of phyllic and serecitic alteration can be seen cross cutting the 

potassic and propylitic alteration (Bowman et al., 1987).   

Argillic alteration is the last and lowest temperature alteration to occur forming at 

temperatures as low as 100ºC.  Based on oxygen isotope studies, Bowman et al., (1987) 

noted that argillic alteration fluids consisted of 55 to 100% meteoric water giving the 

fluids these lower temperatures.  In many areas, this zone overprints the earlier potassic 

and propylitic alteration.  

METHODS 

             Samples were chosen from diamond-hole drill core with a moderate to high 

percentage (0.4% total sulfide with >50% chalcopyrite) of copper mineralization (fig. 1). 

The close spacing of the drill holes allows for good spatial resolution and representation 

of the deposit. Vertical longitudinal profile A to A’ and B to B’ were selected to cross 

through the top, limbs and barren core of the system, as well as various alteration styles.  

All samples are selected from the monzonite or quartz monzonite porphyry to maintain 

host rock consistency of the samples.   

          Chalcopyrite grains were hand-picked and crushed to <300 microns.  Mineralogy 

was determined by hand specimen identification and was confirmed by obtaining Cu:Fe 

ratios for each sample.  Samples with Cu:Fe ratios >3:4 but <4:3 were considered as 

chalcopyrite; samples greater than 4:3 Cu:Fe were assumed to have bornite grains within 

the sample while samples less than 3:4 Cu:Fe were assumed to have significant amounts 
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of pyrite associated with the sample.  This technique was used in place of XRD to 

determine the mineralogy of the grains.  Iron oxide samples create excess iron on the 

resin causing difficulties in complete separation of copper.    

          Approximately 0.05g of the selected chalcopyrite grains were dissolved in ultra 

pure twice distilled aqua regia.  After heat fluxing at temperatures between 80 and 100 ºC 

overnight, the solutions were evaporated down and the residual dissolved in 6N twice 

distilled HCl for column ion-exchange chromatography which separates the copper from 

the matrix-effect causing ions, specifically iron.  The procedure followed that of Mathur 

et al., (2009).  Solutions were run through resin and all solution was collected and dried 

down.  Marechal et al., (1999), Zhu et al., (2000) and others have demonstrated that AG 

MP1 resins do not cause fractionation with copper yields (100 ±6%) from the column.  

This was also tested during this study by collecting pre and post column copper 

concentrations. The chromatography yield was >90% of copper for all chalcopyrite 

samples.      

       The salts were then diluted to 200ppb of copper in 2% of HNO3 and ready to be 

processed on the MC-ICP-MS, the Micromass Isoprobe at the University of Arizona. 

Solutions generated 
63

Cu voltages between 1 and 4V in low-resolution mode.  

Background 
65

Cu read <0.0001V and was corrected by comparing to standard values.  

The standard bracketing method was used to correct for any mass bias from the Isoprobe.  

Typical MC-ICP-MS one sigma error is 0.03-0.04‰ using the standard bracketing 

method (Marechal et al., 1999).   
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d
65

Cu‰=                              -1   *1000 

             

 

          Samples are reported in delta notation in per mil relative to the NIST 976 standard.  

Each sample analysis consisted of 40 cycles of ratio measurements.  The average of these 

runs is the reported value.  Samples were all within error when re-run at various points 

throughout the measuring process.  Reproducibility was confirmed by comparing isotope 

ratios on single samples which were run through chromatography columns on separate 

occasions.  Averages of the duplicated samples were used as the accepted values. The 

2error for the standard for all analytical sessions is 0.1 per mil.  More in depth process 

of sample preparation can be found in Appendix A.   

RESULTS 

          Table 1 contains sample location, copper isotope ratios and primary/secondary 

alteration.  Copper isotope ratios for chalcopyrite samples range from -0.05 to 1.95‰ 

with the heaviest ratio averages in the argillic alteration.  This tight clustering of copper 

fractionation values agrees with previous high temperature copper isotope studies.  

Bornite and other higher temperature copper minerals that coexist with chalcopyrite were 

disregarded in this sample suite due to these minerals favoring 
63

Cu by 0.4‰ in moderate 

to high temperature porphyry deposits (Larson et al., 2003, Graham et al., 2004, Larson et 

al., 2007). This idea was briefly examined within this sample suite and values were 
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consistent with the reported results. These values are not presented in the copper ratios 

and averages.  

         With the high precision of IC-MCP-MS, results clearly show that copper 

fractionation exists and can be measured in high temperature copper deposits.  Samples 

from A to A’ range across the N-S section of the 500E cut from elevations of 3283 to 

5403 feet.  Extending across multiple alteration types and grade shells, samples range 

from -0.05 to 1.95‰ in chalcopyrite grains in monzonite (fig. 2A). B to B’ extends across 

the 300N cut running E-W with samples from depths between 3186 and 6011 feet.  

Chalcopyrite copper isotope ratios range from 0.32 to 1.58‰ (fig. 2B).  

       Samples (A-A’) with potassic alteration occurring closest to the QMP intrusion range 

from -0.05 to 0.96‰ with an average value of 0.38‰ (n=10) (fig. 3A).  Samples with 

propylitic alteration range from 0.08 to 1.95‰ and average 0.59‰ (n=13).  The samples 

in the argillic alteration and typically furthest from the QMP intrusion range from 0.41 to 

1.08‰ with an average of 0.72‰ (n=7).  As the temperature of alteration formation 

decreases, 
65

Cu increases.   

DISCUSSION 

       Copper fractionation in high temperature porphyry copper system studies has been 

relatively sparse, (Graham et al., 2004, Maher and Larson, 2007, Li et al., 2010, Maher et 

al., 2011) but results suggest that copper isotopes can be used as an exploration tool to 

understand fluid pathways and ore body shape both laterally and vertically. The multiple 

uses for this new exploration tool are slowly being understood and could potentially 
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provide insight into metal precipitation and fluid flow in high temperature deposits.   In 

order to illustrate how this technique can be used as an exploration tool, this study has 

sampled across the entirety (N-S section and E-W section) of a well documented and 

understood deposit.       

           Primary copper minerals have values spanning greater than 10 per mil in a single 

copper deposits around the world (Marechal et al., 1999; Zhu et al., 2000, Larson et al., 

2003, Mathur et al., 2009, Mathur et al., 2010,).  Bulk copper isotopic data of these 

deposits have a starting hypogene ratio near 0.0‰ in relation to the NIST 976 standard. 

Primary chalcopyrite in Cu-Mo (+Au) deposits has a heavier signature than the 0.0‰ 

standard (fig. 4).  All Cu-Mo samples from the previous studies have average primary 

chalcopyrite ranging from 0.29 to 0.79‰.  The average of these primary chalcopyrite 

samples is 0.41‰ leaving anything below this value to be depleted in 
65

Cu in relation to 

the initial source.  Hypogene values in sedimentary copper, Cu-Au and Pb-Zn-Cu-Ag 

deposits all clump closer to the 0‰ starting ratio.   

       At Bingham, 
65

Cu values range from -0.05 to 1.95‰ with a majority falling 

between 0.1 and 0.8‰.  Chalcopyrite samples lighter than the 0.41‰ Cu-Mo average 

bulk isotopic data are depleted in 
65

Cu in relation to the initial source.   Starting high 

temperature fluids at Bingham evolved from a common source with high amounts of 

copper and gold (Landtwing et al., 2010).  These fluids precipitated isotopically lighter 

copper close to the intrusion.  As cooling occurred, the initial brines, depleted in 
65

Cu in 

relation to the vapor, precipitated chalcopyrite closest to the source intrusion.  The vapors 
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continued outward in the system until cooled and began precipitating the heavier copper 

away from the intrusion.   

        Landtwing et al., (2010) proposed that like most porphyry copper deposits, fluids at 

Bingham migrated from depth to shallow with circulation and began mixing with 

meteoric waters after the mineralizing stage.  Deep circulation of these heated meteoric 

waters was understood by fluid inclusion studies of the 
18

O (‰) composition and fluid 

mixing (Bowman et al., 1987).  The isotopically new fluids were focused upward into the 

present potassic and propylitic zones.  These hydrothermal fluids running through the 

igneous rock matrix correlate with the alteration intensity and temperature which both 

decrease moving away from the central intrusion (Bowman et al., 1987).   

       Figure 2A shows a distinct Cu isotopic pattern occurring away from the central QMP 

intrusion.  The QMP is dipping 70NW and copper isotope ratios increase as the samples 

shallow towards the south.  Values can be contoured into three isotopic shells with the 

0.1‰ closest to the central intrusion (fig. 3A).  Copper isotope ratios follow the similar 

inverted cup shape as hydrothermal alteration with the lightest copper isotope shell 

located close to the source.  Samples average 0.24‰ closer to the central intrusion, which 

is depleted in comparison to the assumed value of starting hypogene source chalcopyrite 

in Cu-Mo systems (fig. 5).  Drill hole 170, the closest core to the intrusion in A to A’, has 

uniform isotope values ranging from 0.17 to 0.33‰ at depths ranging from the top of the 

drill hole to the bottom.  Copper values increase to 1.95‰ moving south in the deposit 

with the heaviest ratios found in drill hole 44.  
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         Section B to B’ (fig. 2B) runs E-W across the Bingham deposit.  Samples cross 

through all grade shells and also through the QMP, which is barren (<0.15wt%) below 

5000ft.   Samples within this cross section follow the same pattern as seen in A to A’ 

with an enrichment in 
65

Cu moving away from the central source, but are on average 

heavier than those of section A to A’.  Another reason for this enrichment is thought to be 

due to the grade shell tilt to the east leaving the western edge of this section to be further 

from the central source and to be more fractionated.  All samples fit this pattern except 

sample 160-1952, which could be due to a slightly higher Cu/Fe value with respect to the 

rest of the chalcopyrite samples. 

        From these patterns, it is concluded that as the fluid moves away from the central 

intrusion and the temperature drops, heavier copper is precipitated creating a vector from 

the source.  Some values close to the intrusion (170-470, 389-297) are enriched in 

comparison to surrounding samples.  This enrichment is thought to be due to the 

secondary argillic alteration and the cooler meteoric waters.  

       Figure 3 shows the spatial and temperature relationship with the copper isotope 

fractionation with relation to alteration.  Due to the fact that there is no fluid inclusion 

temperature data on these chalcopyrite samples, alteration temperatures were used to 

interpret fractionation.  The heaviest isotopic composition of the chalcopyrites are found 

within the argillic alteration, assumed to be 300ºC (Sheppard et al., 1969, 1971 and 

Bowman et al., 1987), which is the lowest temperature alteration within the cross 

sections.  In the A to A’ section, samples average 
65

Cu is 0.72‰ for argillic alteration. 
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 Some secondary argillic alteration can also be observed and can account for the heavier 

samples near the source intrusion.  The potassic alteration is a result of >500ºC fluids and 

in these areas average fractionation is 0.38‰ in the A to A’ section, the lowest average 

across all alteration zones.  Propylitic alteration average copper ratio is 0.59‰ for the A 

to A’ section.   All of these values can be attributed to temperature change with the 

lowest isotopic values confined to the potassic altered areas.  

         Possible causes for fractionation and variation within chalcopyrite samples can only 

be speculated from studies complete to date.  Li et al., (2010) and Maher et al., (2011) 

have shown that pH, temperature and/or redox changes can all play a role in the change 

in fractionation.  This study clearly shows that across a large deposit, temperature plays a 

major role in the fractionation of copper. Herzarkhani et al., (1999) found that copper, 

specifically chalcopyrite, is dominantly deposited in response to temperature decrease.  

Li et al., (2010) presented a temperature breakdown of copper fractionation during a 

model study.  Lower temperatures create environments for larger fractionation in copper 

isotopes.  This model was constructed under the idea of constant isotope fractionation 

factor for high temperature copper isotopes.  At Bingham, the fluid-sulfidecpy 

fractionation factor is approximately 0.6‰ at 500ºC (Seo et al., 2007).  Applying this 

study to Li et al., 2010 figure 7A, samples range  from -0.05 to 1.95‰ showing the 

temperature of formation between 330-390ºC (fig. 5).  This is consistent with the copper 

deposition temperatures found in Landtwing et al., (2010) at Bingham Canyon Mine.  
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        As the copper-bearing fluids move outward and upward in the system, the bulk of 

the metals collects and precipitates from the expanding vapor (Landtwing et al., 2010, 

Seo et al., 2012).  Fluid inclusion work on vapor transfer of metals shows that copper 

favors this phase as the transporting agent (Heinrich et al., 1999 and Williams-Jones and 

Henrich, 2005).  By the start of this interaction, the vapors will leave the copper to begin 

precipitating as the cooling occurs further from the source.     If copper in the vapor is 

isotopically heavier than copper in solution (Seo et al., 2007), outward movement and 

condensation due to cooling and mixing with meteoric water causes an increase in 

isotopic values. When applied to the data from this study (fig 2), copper isotopes are 

consistent with other observations that show cooling to the south and away from the 

source intrusion. 

CONCLUSION 

        In summary, copper isotopic studies on chalcopyrite provide insight to fluid 

pathways and deposit shape.  With increasing research on high temperature copper 

isotopes, the full exploration potential of this tool is being understood.  At Bingham, a 

clear pattern of isotopic fractionation following the alteration shows the connection 

between temperature and copper isotope fractionation.  By understanding this connection, 

geologists can determine where they are in the porphyry system. 

          If drill core can be made available, 
65

Cu (‰) could be measured and used to vector 

high temperature copper systems to determine the geometry of the ore body and assist in 

the future exploration and drilling of the mine.  Over the past ten years, accurate and 
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precise copper isotopic measurements show that variation in copper fractionation can be 

observed and used as an exploration tool.  Copper isotopic data in conjunction with 

spatial analysis and alteration mineralogy clearly could enhance exploration mapping 

techniques and provide potential insight into high temperature copper ore forming 

systems, constraining ore body shape and understanding of the fluid pathways.    
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Figure 1: Geology of A-A’ and B-B’ sections of Bingham Canyon Mine.  Samples were 

collected from drill cores along both sections.  Lines of sampling shown as South to North 

section in figure 2A and West to East section in figure 2B are relative to mine coordinates.  

Map was modified from Gruen et al., 2010. 
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Figure 2A: N-S cross section with copper isotopic data. QMP (pink)= quartz 

monzonite porphyry, QLP (brown)= quartz latite porphyry, LP (yellow)= latite 

porphyry, JLM (blue)= Jordan limestone, MZ (green)= monzonite, CLM (teal)= 

Commercial limestone. 
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Figure 2B: E-W cross section with copper isotopic data. 
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Figure 3A: N-S cross section of alteration with copper isotope contours.  blue=0.1‰ 

green=1‰ red=1.5‰  
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Figure 3B: E-W cross section of alteration with copper isotope contours.  blue=0.1‰ 

green=1‰ red=1.5‰. 
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Figure 4:  Hypogene chalcopyrite 
65

Cu‰ values from various deposit types (Markl,2006, 

Asael et al., 2007, Maher and Larson, 2007, Haest et al., 2009, Mathur et al., 2009, Mathur 

et al., 2010, Palacios et al., 2010, Mirnejad et al., 2010, Braxton and Mathur, 2011, Ikehata 

et al., 2011).  The yellow area represents the porphyry Cu-Mo deposit hypogene range.  The 

average hypogene value for Cu-Mo deposits is 0.41‰.  Other deposits such as Pb-Zn-Cu-

Au, Besshi and sedimentary copper deposits cluster closer to 0‰ or less.  Triangle symbols 

are the average for the deposit with a range of the isotope ratios shown by the bar. 

Besshi 
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Figure 5: Modified from Li et al., 2010 figure 7A.  Yellow area contains 

chalcopyrite sample variation at Bingham Canyon Mine.  
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Table 1:  Sample location, alteration and copper isotope fractionation from samples at Bingham Canyon 

Mine. 
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Appendix A: 

Acids 

    Titrations were performed on both nitric and hydrochloric acid to obtain exact 

normality for ion-exchange chromatography.  Pure acids were double distilled for both 

acids and diluted with MQ water for chromatography.   

Savillex 

    Savillex containers were cleaned with MQ water and refluxed with pure aqua regia on 

the hotplate at 120ºC for a minimum of 24 hours.  Containers were rinsed again with MQ 

water and placed in a large beaker of 40% nitric acid for a minimum of 24 hours.  

Containers should then be rinsed again with MQ water and left to completely dry.  

Complete dryness was imperative because the next step was weighing out the samples. 

Sample Digestion 

    Once samples were handpicked for chalcopyrite grains, they were ready to be weighed 

out.   For Cu-rich samples, 0.02-0.05g of sample was needed.  Samples were crushed to 

<300 microns to ensure all Cu went into solution.  After the mass was recorded, savillex 

were fluxed with 4 mL of pure aqua regia.   For this study, 3mL of hydrochloric acid and 

1mL of nitric acid were used.  After allowing to flux for a few hours and all solids were 

in solution, the 4mL of solution was poured into a labeled falcon tube.  Savillex was 

generously rinsed with MQ water and wiped clean.  0.05mL of solution was pulled from 

falcon tube and placed in the center of the savillex container.  This solution was placed 
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back on the hot plate at 120ºC to completely dry. Once a salt, 2mL of 6N hydrochloric 

acid was added.  Sample was then ready for ion-exchange chromatography.   

Ion-exchange chromatography 

    First it was determined how much solution to place on the columns as to not overload 

them with ions (including copper and iron).  The columns can only hold 2000 

milliequivalents of all ions. This means the sum of all ions should not be 

>2000micrograms.  Typically for copper samples, 10-100 micrograms was the target.  To 

be exact with these calculations, concentrations of each sample can be obtained.  

    Columns were then labeled with corresponding samples number and were ready to be 

prepared for samples.  For this study, the Cu-rich protocol was used.  The amounts of 

each acid needed were labeled on the columns (1.6mL, 6.6mL 8.6mL). 

1.  Resin was made for chromatography.   

     a. Aluminum foil was placed down to collect any fallen resin. 

     b. New, clean squirt bottle were filled with resin until ¼ full.  Resin was poured into         

         squirt bottle using folded piece of aluminum foil.    

     c. The bottle was filled with ½ MQ water and ½ pure hydrochloric acid and shaken. 

     d. After particulates settled (typically about 10 minutes), liquid was dumped off the   

         top. 

     e. The bottle was filled to top with MQ water and shaken. 

     f. Steps d and e were repeated three times. 

2. Columns were placed in holders with waste catching bins below.    
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3. Columns were filled to 1.6mL with resin.  Since resin was partially MQ water, the  

    liquid passed through the columns.  The solid resin was filled to the 1.6mL mark.  

4. Resin cleaned. (All fluid must drip through the column before moving to the next step.) 

     a. The column was flushed (filled to the top) with MQ water    

     b. The column was flushed with 0.5N nitric acid. 

     c. The column was filled with 7mL (to the 8.6 mark) with 6N hydrochloric acid.  The    

        cleaning of the resin was complete. 

5. The 2mL of sample in 6N hydrochloric acid (that was previously prepared) was added     

     to the column. 

6.  5mL of 6N hydrochloric acid was added to the column. 

7. Once completely dried, all fluid collected in the waste container was discarded. 

8. Clean savillex containers, correlating to the sample number on the column, were  

     placed under the columns to collect remainder of the solution.  The first 7mL of  

     solution were discarded due to yield studies (Mathur et al., 2005 and continued to be  

     confirmed for this project) which show that there is a bell curve as to when the copper  

     ions come off the column. Majority of the copper is collected between  

     5 and 25 and much of the iron (which acts as an interference) comes off the resin  

     earlier.  By discarding the first 7mL, much of the iron is also removed.   

9.  5mL of 6N hydrochloric acid was added to the column. 

10.  Step 9 was repeated three additional times. 
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11. 3mL of 6N hydrochloric acid was added to the column.  This totals 30mL of solution  

      put through the column after the sample was added.  Column calibration studies as  

      listed in step 8 show that all copper is removed from the column after 30mL of  

      solution. 

12.  Savillex was the placed on hot plate at 120ºC or in dry box with heat  

       lamp to allow sample to dry completely.   

MC-ICP-MS  

1. Samples were diluted to 200ppb of Cu. It was assumed that for the concentration 

example seen about in Ion-exchange chromatography that the amount put onto the 

columns was 103.125mg/L of Cu.  Average yields of copper for a Cu-rich solution are 

between 90-95% recovery.  

0.90*103.125
  

 
 = 92.8125

  

 
 of Cu or 92.8125ppm or 92812.5ppb 

A 0.1 to 10 dilution was completed. 

92812.5/10*0.1=928.125ppb 

A 3 to 10 dilution was completed. 

928.125/10*3=278.44ppb 

2.  Before running samples, Isoprobe was left to warm up for a minimum of 4 hours.  

3.  Copper peak was centered with 200ppb NIST 976 copper standard.  Standard typically 

had voltages between 3-4 volts on Isoprobe using a glass nebulizer. 

     a. Scan 
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     b. MS Control, target number changed to center peak. (To shift to right, target number 

         increased) 

4.  Intensity/voltage was tested for each sample to ensure there was not too much copper 

     in solution.  Voltages were within 30% of the standard voltage.  Samples that did not  

     fall within this range were rediluted.  

5. Peak was centered for copper. This should be done throughout the entire measuring  

    process.  

6.   Samples were then ready to be measured.  Samples and standards were bracketed to 

correct for machine induced fractionation.  A block of at least three standards were run. 

Averages and 2 sigma of these averages were taken and must be within 0.1 of each other.  

This was what is used as the reported error.  If the standard did not produce within the 

normal 2 sigma, then data was thrown away and the standard was run until the error was 

within acceptable range.  Typically at the beginning of the run, the pattern consisted of 

running standard-sample-sample-standard.  As the standards became very steady, a 

pattern of standard-sample-sample-sample-standard was used.  If the standard was no 

within the 2 sigma, it normally indicated that there was some sort of matrix effect or 

clogging of the nebulizer.  To monitor the matrix effects, it was common to check iron 

ions which could interfere with copper measurements. If voltage of iron was above 

0.05V, matrix effects were possible.  Samples would have to go through columns for a 

second time.  If there was a sample where the standard was on the border of error, the 

sample was run at least another two runs to be sure the ratios were within error.  Once all 
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samples were run one time, all samples were duplicated and some triplicated.  The 

average of the values (within error) was used as the accepted value.      

 Data Reduction 

Measurement error associated with mass fractionation within the instrument was 

corrected using the standard bracketing method. 


d

65
Cu‰=                              -1   *1000 

 

 

 

 

 

 

 

 

 

 

 

 
    

    
       

 
    

    
         


