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Abstract 

“Exotic-type” Cu silicate-oxide deposits hosted by Miocene pediment gravels 

represent an unusual, but characteristic, by-product of the supergene enrichment of 

Cenozoic porphyry Cu deposits in northern Chile. Carbon stable isotopic analysis is 

employed herein to clarify the environment of exotic ore formation and to provide 

guidelines for the exploration for non-outcropping mineralisation. Two main sample 

suites were examined: chrysocolla-rich ores from the Huinquintipa and Mina Sur 

deposits; and soils overlying a paleochannel in the Huinquintipa area known to be 

mineralised. 

The samples were processed using four different analytical techniques to 

determine their δ13C values: (1) Elemental Analysis Isotope Ratio Mass Spectrometry 

(EA/IRMS) of the whole sample; (2) crushing in vacuo followed by IRMS to analyse 

fluid inclusions; (3) thermal extraction at 100˚C, followed by IRMS to analyse 

weakly bound carbon dioxide; and (4) ethylenediaminetetraacetic acid (EDTA) 

extraction followed by IRMS. EDTA-partial extraction favours the dissolution of 

minerals with divalent cations, releasing as carbon dioxide the carbon trapped within 

the crystal structure. All four of these analytical techniques have been used before, 

but this is the first time that they have all been used together on exotic copper silicate 

and oxide mineralisation.  

Three major carbon sources are identified: (1) atmosphere-derived carbon 

dioxide with a δ13C value of around 0 ‰; (2) plant-derived carbon dioxide with a 

δ13C of about -25 ‰; and (3) microbe-derived carbon dioxide with a δ13C of 
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approximately -50 ‰. The bulk of the carbon liberated by EA/IRMS was plant-

derived. The thermally- and crushing-released carbon dioxide has the highest 

proportion of atmosphere-derived carbon, whereas EDTA-extraction preferentially 

liberated the lightest of carbon. On the conclusion that EDTA preferentially dissolved 

Cu-rich silicate mineraloids, it is concluded that microbial consortia, including 

methanogenic microbes, were hosted specifically by the high-grade Cu assemblages 

and plausibly played a critical role in their precipitation.  

The same microbial-carbon signature was obtained through the EDTA-

extraction of soil samples above the paleochannel. Carbon isotopic analysis of CO2 

sequestered through EDTA-extraction could therefore be used as an exploration tool 

for buried exotic mineralisation. Future exploration should exploit the presence of 

microbes in niche-specific environments.  
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Chapter 1 

Introduction 

1.1 General Introduction 

Exploration for ore deposits is becoming more challenging because most 

significant orebodies at or very close to the surface have been found. Geologists and 

geochemists must therefore rely increasingly on innovative, cost-effective exploration 

techniques to locate mineralisation potentially buried under hundreds of metres of 

cover. A technique that has gained increased usage in the exploration industry is the 

use of mobile metal ions (MMI) (Mann et al., 2005). This technique is capable of 

highlighting potential targets buried under tens of metres of rock or unconsolidated 

cover. In contrast, the potential of stable-isotope geochemistry as an exploration tool 

has received limited attention (Cathles, 1993; Nesbitt, 1995), but its applicability has 

recently been enhanced as techniques for analysing stable-isotope ratios have 

improved in both sensitivity and speed of analysis. This study employs such stable-

isotope techniques in the specific context of supergene exotic copper deposits in 

northern Chile. 

New-generation isotope ratio mass spectrometers (IRMS) can measure 

multiple isotope ratios simultaneously on the same sample, and new peripheral 

devices enable online extraction processes to out-perform traditional off-line 

extraction processes without compromising accuracy. These new techniques have 

made it possible to analyse larger numbers of smaller samples in less time. This 
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increased efficiency renders the analysis of stable isotopes economically viable in 

exploration.  

Previous studies have demonstrated that oxygen and hydrogen stable-isotope 

ratios determined using conventional techniques can be a modestly successful tool in 

localising ore deposits (e.g., Cathles, 1993). Limited success has also been reported 

with stable carbon isotopes (e.g., Relvas et al., 2006). The largest fractionation of 

carbon isotopes occurs as the carbon moves through enzymes in biological systems in 

the carbon cycle, but practical application of isotopic data has been impeded by an 

incomplete knowledge of how biology and geology interact, a shortcoming that is 

receiving increased attention (e.g., Santelli et al., 2001). Research focused on the 

interface between biology and geology indicates that life will always find a way to 

survive and leave evidence of its existence (e.g., Boschker and Middelburg, 2002). 

Given that most ore deposits represent shallow-crustal geochemical anomalies within 

unique physicochemical contexts, it is possible that microbes could survive in at least 

some niche-specific environments (Edwards et al., 2000; Johnson and Hallberg, 

2003). Carbon-isotope ratios are an excellent tracer of biogeochemical processes and, 

consequently, could reveal microbial activity through analysis of their metabolites 

and, in so doing, provide evidence of a nearby ore deposit. 

This thesis describes analytical techniques used to identify the presence of 

microbial metabolites in ore samples from copper mineralisation buried in the gravels 

of the now-hyperarid Atacama Desert of northern Chile (Fig. 1.1). The deposit type 

investigated was exotic copper silicate and oxide ore mineralisation, which forms in 
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Figure 1.1 Selected exotic copper deposits and prospects in northern Chile 
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 semi-arid environments where porphyry copper deposits are undergoing supergene 

leaching and enrichment processes (Münchmeyer, 1996). 

Exotic deposits are one product of tectonic uplift during the late Oligocene-

Early Miocene (ca. 16-26 Ma: Mortimer et al., 1977; Münchmeyer, 1996). During 

this period of orogeny, the rising Andes forced a major climate change, with 

drastically reduced rainfall at higher elevations and culminating in semi-arid to, 

eventually, hyperarid conditions. Semi-arid conditions are a key environmental 

condition facilitating supergene activity (Sillitoe and McKee, 1996). Uplift associated 

with faulting resulted in abrupt water-table descent (Sillitoe et al., 1968; Mortimer, 

1973; Clark et al., 1990) and contributed to the rapid accumulation of pediment 

gravels. During the supergene enrichment process, copper-rich, strongly acidic 

groundwater can percolate down the hydraulic gradient into the gravels, where 

neutralisation of the cation-rich fluid leads to the precipitation of chrysocolla and 

other mineraloids characteristic of exotic mineralisation. The processes that generate 

exotic mineral deposits are the same processes that make exploration for this buried 

deposit type difficult. Specifically, this includes deposition in lensoidal, confined, 

buried paleochannels.  

Chapter 2 of this thesis documents the formation of these deposits and the 

development of the techniques that were a prerequisite for recognition of the presence 

of microbes in the deposits at the time of their formation. Chapter 3 describes the use 

of these techniques and the resulting carbon isotopic ratios as an exploration tool. 

Samples collected from unexploited, buried, and mineralised gravels were analysed 
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for their carbon isotopic ratios and compared to those in district-scale surficial 

samples. By comparing these results with those from ore samples in Chapter 2, a 

carbon isotopic signature characteristic of mineralisation was identified in the soil 

overlying the exotic mineralisation. 

Chapter 4 provides a general discussion of the method and future applications, 

along with a summary. Technical details of the extraction methods not appropriate for 

inclusion in the manuscripts of Chapters 2 and 3 are documented fully in Appendix A. 

A tabulation of the data used to generate all plots is presented in Appendix B. 

The core findings of this research have been presented as formal papers that 

have been submitted to international journals. Chapter 2, Carbon Isotopic Evidence 

for Microbial Involvement in Exotic Mineralization, Huinquintipa and Mina Sur, 

Northern Chile, with the authorship of M.A. Nelson, T.K. Kyser, A.H. Clark and C. 

Oates, is in the final stages of editorial assessment for “Economic Geology”, 

following favourable review. Chapter 3, Application of Carbon Isotope Ratios in 

Regolith to the Exploration for Buried Exotic Copper Ore Deposits, Collahuasi 

District, Northern Chile, authored by M.A. Nelson, T.K. Kyser, A.H. Clark and C. 

Oates, is in press with “Geochemistry: Exploration, Environment and Analysis”. 
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Chapter 2 
Carbon Isotopic Evidence for Microbial Involvement in Exotic 
Copper Mineralization, Huinquintipa and Mina Sur, Northern 

Chile 

2.1 Introduction 

The effects of microbial metabolism have been documented in a wide range of 

extreme natural and anthropogenic environments, including those of acid mine 

drainage (Johnson and Hallberg, 2003). Sillitoe et al. (1996; but see Southam and 

Donald, 1999) interpreted microscopic bodies in the chalcocite blankets of the 

Chuquicamata and El Salvador porphyry copper deposits in northern Chile as relics of 

entombed microbes, supporting the inference of Titley (1975) and others that 

supergene sulphide enrichment processes are facilitated by such organisms. The 

microbial forms were observed to be concentrated near replacive chalcocite-

chalcopyrite interfaces and microbial fixation of copper was inferred to have played a 

kinetic role in chalcocite formation. At Morenci, Arizona, Enders et al. (2003) and, in 

more detail, Enders et al. (2006) document evidence for the promotion of mineral 

dissolution through evaporative concentration of sulphuric acid of biogenic origin in 

active oxidised zones under semi-arid conditions incorporating a monsoonal interval.  

In addition, Melchiorre and Enders (2003) interpreted the carbon isotopic 

composition of azurite (δ13C = -10.7 to -4.2 ‰) from the Las Terrazas fault zone in 

the Northwest Extension oxide orebody of this porphyry deposit as evidence for the 

incorporation of organic carbon generated through the oxidation of microbes.  The 

isotopic range was ascribed to the mixing of 13C-enriched surficial (marine carbonate 
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and atmospheric) and deeper 13C-depleted carbon.  In a different context, sulphur 

isotopic data have been interpreted by Bawden et al. (2003) as evidence for microbial 

contributions to Zn enrichment in the Mike Au deposit, Carlin, Nevada, while 

Rainbow et al. (2005), also based on sulphur isotopic data, propose that microbes 

were key to the intense oxidation of the Pierina high-sulphidation epithermal Au-Ag 

deposit, Peru. 

We document herein the occurrence of exceptionally light carbon isotopic 

compositions (δ13C of -47 ‰) in chrysocolla-dominated representative ore samples 

from two exotic (e.g., Münchmeyer, 1996) copper deposits in northern Chile. Because 

such carbon is released through selective dissolution of minerals such as chrysocolla, 

we infer that microbial metabolism may have contributed directly to copper silicate 

precipitation. This research is a component of a regional study of the regolith of the 

Atacama Desert with the goal of establishing geochemical exploration guidelines for 

exotic and allied mineralisation. 

 

2.2 Geological Relationships 

Supergene oxidation, leaching and sulphide enrichment have had a major 

impact on the mineability of the Cenozoic porphyry copper deposits of the Central 

Andes, particularly those emplaced along the Domeyko Fault System in the late 

Eocene-early Oligocene interval (Sillitoe, 1988; 2005). Supergene activity is inferred 

to have occurred following abrupt water-table descent attending the incision of 

subplanar pediments in response to episodes of cordilleran uplift under semi-arid 
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climatic conditions (Sillitoe et al., 1968; Mortimer, 1973; Clark et al., 1990), i.e., 

when the ratio of mean annual precipitation (PPT, mm/y) to mean annual 

evapotranspiration (PET) was in the range 0.05-0.20 (UNEP/CBO/SBSTTA, 1999). 

Much of the Pacific slope of the Cordillera Occidental in northern Chile and southern 

Peru is now hyperarid (PPT/PET ≤ 0.05) below 3,000 metres above sea level 

(m.a.s.l.), and supergene activity is negligible. However, 40Ar/39Ar dates for 

supergene alunite-group minerals demonstrate that economically significant leaching 

and enrichment in this region had begun by 44.4 Ma (Bouzari and Clark, 2002) and 

persisted locally to ca. 4.9 Ma (Quang et al., 2003), evidence for a 40 m.y. semi-arid 

interval. 

So-called exotic copper mineralisation in northern Chile comprises aggregates 

of Cu(-Fe) silicates and Cu(-Mn-Fe) oxides and oxyhydrates (copper wad and pitch) 

that precipitated in the matrix of pediment gravels and locally in fractures in subjacent 

rocks, representing a lateral extension of supergene activity (Fig. 2.1). First exploited 

in 1969 at Mina Exótica (now Mina Sur) on the southern margin of the enormous 

Chuquicamata porphyry Cu-Mo deposit (Fig. 2.1), exotic orebodies have also been 

mined on a large scale at Damiana and El Tesoro (Fig. 2.1).  

Ore-genetic models for exotic deposits, summarised by Münchmeyer (1996) 

and Sillitoe (2005), have changed little since the studies of Newberg (1967), Throop 

and Buseck (1971), Münchmeyer (1972), Mortimer et al. (1977) and Fam (1979). 

Lateral flow of Cu-rich fluids down-hydraulic gradient from evolving supergene 

leaching/enrichment profiles, in some cases promoted by ignimbrite blanketing 
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Figure 2.1 Selected exotic copper deposits (italics) and exotic prospects (italics) and 

neighbouring parental porphyry copper deposits and prospects in northern Chile. 
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(Bouzari and Clark, 2002), was channelled into unconsolidated, accumulating gravels. 

Most exotic deposits formed during the late Oligocene-Early Miocene (ca. 16-26 Ma) 

Aymará or Pehuenchean tectonic episode (Mortimer et al., 1977; Münchmeyer, 1996; 

Bouzari and Clark, 2002; Sillitoe, 2005), a period of major cordilleran uplift and 

intense supergene activity (Sillitoe and McKee, 1996).  

Precipitation of copper minerals and mineraloids through neutralisation of 

strongly acidic waters decanted from supergene profiles is implied by the feldspar-

destructive argillic alteration of gravel clasts or andesitic bedrock in some facies of 

the exotic orebodies. At Mina Sur, this has been documented as characteristic of both 

the proximal and, particularly, intermediate zones, where copper wad is associated 

with intense kaolinisation (Münchmeyer, 1996). In contrast, chrysocolla, variably 

ferroan as "black chrysocolla" or "copper pitch" (Sillitoe, 1969; 2005), is generally 

concentrated in the distal parts of the deposits in only weakly altered gravels. Here, 

copper-silicate precipitation is similarly ascribed to fluid pH increase, but in an 

environment dominated by neutral-to-alkaline waters with low contents of SiO4
-4 

derived through feldspar kaolinisation in more proximal zones (Newberg, 1967). 

Münchmeyer (1996) proposed that copper transport in near-neutral waters may have 

been enhanced by high Cl concentrations reflecting contributions from arid basinal 

brines and recorded by the widespread occurrence of atacamite in some deposits (but 

cf. Sillitoe, 2005). Our research has specific implications for the depositional 

environment of the chrysocolla, which constitutes the dominant high-grade ore facies 

in the majority of exotic deposits. 
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2.2.1 Huinquintipa deposit 

The Huinquintipa exotic deposit, with a reserve of 29 Mt at 1.07 percent Cu 

(cut-off grade of 0.7 percent Cu: Sillitoe, 2005), yielded ca. 2 Mt of 1.62 percent Cu, 

chrysocolla-dominated ore before 2002 (Moore and Masterman, 2002). This deposit 

is a small but high-grade component of the copper resource of the major Collahuasi 

district (Fig. 2.2 A). No detailed descriptions of Huinquintipa mine geology are 

available, but summaries and sketch maps are provided by Münchmeyer (1996) and 

Moore and Masterman (2002). The originally delimited economic mineralisation 

covered an area of 1 km by 150 m overall, with an average thickness of 10 m, hosted 

by gravels of the "ENRfu" paleochannel (Münchmeyer, 1996). This is a segment of 

the westerly paleodrainage of a tectonic horst in which the 710 Mt @ 0.93 percent Cu 

Rosario porphyry Cu-Mo deposit and several major high-sulphidation epithermal Cu-

Ag(-Au) vein systems crop out (Masterman et al., 2004, 2005; Fig. 2.2 A). Hypogene 

porphyry and epithermal mineralisation in this area extended at least from 34.4 to 

32.7 Ma (Masterman et al., 2004). The ages of exotic mineralisation and of the 

presumably parental thin oxidation and enrichment zone at Rosario (Lee, 1994) are 

not closely delimited, but lateral migration of copper almost certainly predated 

eruption of the 9.3 ± 0.4 Ma ignimbrite which mantles the thick, eroded, chalcocite 

zone of the Ujina porphyry centre (Fig. 2.2 A; Moore and Masterman, 2002; 

Masterman et al., 2004).  

The highest-grade ore at Huinquintipa comprises chrysocolla and copper 

pitch, whereas copper wad exceeds copper silicates in the lower-grade zones of the 
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Figure 2.2 A. Geological map showing the locations of the Quebrada Blanca, Rosario and 

Ujina porphyry copper deposits and Huinquintipa exotic copper deposit in the Collahuasi 

district. The Induced Polarisation (IP) anomaly corresponds broadly to the extent of weak 

hydrothermal alteration. The Huinquintipa deposit is hosted by unconsolidated Neogene 

gravels that unconformably overlie the volcano-sedimentary rocks of the Collahuasi 

Formation. Distribution of the deposits is based on satellite imagery projected with the 

PSAD 1956 datum, UTM zone 19S (modified from Masterman et al., 2004). B. Schematic 

map showing grade distribution and mineralogical facies of the Huinquintipa deposit (from 

Moore and Masterman, 2002). 
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deposit (Fig. 2.2 B). Münchmeyer (1996) reports that the partially eroded 6 km-long 

mineralised paleochannel exhibits a broad zonation, with copper wad concentrated in 

the intensely kaolinised eastern/proximal segments, within 2 km from Rosario, and 

chrysocolla dominating the weakly altered distal segments. Moore and Masterman 

(2002), however, record (Fig. 2.2 B) that chrysocolla and copper wad ore facies are 

juxtaposed in each preserved segment of the paleochannel, the higher-grade copper 

silicates occurring as discontinuous horizons within more extensive zones of oxide 

ore. Four samples representative of the high-grade chrysocolla ore facies were 

selected in 2002 from the central zone of the Huinquintipa open pit, 40-60 m below 

the pre-mine surface. Cobble-sized clasts, essentially unkaolinised and some 

containing minor amounts of Fe-oxides and copper sulphides, probably derived from 

the Rosario supergene zone, are overgrown successively by copper pitch and 

chrysocolla, both exhibiting fine-scale mammillary banding and outer surfaces (Fig. 

2.3 A, B). Scanning Electron Microscopy (SEM) images of chrysocolla botryoids on 

the surface of one Huinquintipa sample (HUN 1) revealed clusters of ovoid 

depressions overlain by a fibrous mat (Fig. 2.3 D), indicative of late reabsorption or 

dissolution (H. Vali, pers. commun., 2003). SEM analysis revealed copper contents 

ranging from ~ 6 to 26 wt. percent, Fe from 0 to 10 wt. percent, and Mn from 0 to 17 

wt. percent. Other constituents include ≤ 8 wt. percent K, ≤ 16 wt. percent Al and ≤ 8 

wt. percent Ca. Copper and iron are inversely correlated, and both Fe and Mn are 

depleted relative to Cu in the later-deposited bands. The wide range of Cu, Fe and Mn 

contents contrasts with the more consistent, Fe-poor compositions documented for 
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Figure 2.3 Microscopic relationships of copper-silicate and oxide ores from the 

Huinquintipa and Mina Sur deposits. (A) Scanning Electron Micrograph of a sample (HUN 

1) from Huinquintipa. Clast is successively overgrown by copper pitch and chrysocolla. (B) 

Photomicrograph (plane-polarised transmitted light) of representative epoxy-mounted 

chips of chrysocolla (MAA 16551) from Mina Sur, exhibiting characteristic mammillary 

banding. (C) Photomicrograph (plane-polarised transmitted light) of ore sample (HUN 1) 

from Huinquintipa, showing banding in the copper pitch and the chrysocolla overgrowths. 

(D) Scanning Electron Micrograph of Huinquintipa ore (HUN 1). The surface of a body of 

mammillarily-banded chrysocolla exhibits subrounded areas of dissolution. 
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chrysocolla in other exotic deposits such as Mina Sur (Newberg, 1967), probably 

reflecting the transitional, silicate-oxyhydrate nature of the Huinquintipa ores, similar 

to that described from Inspiration, Arizona, by Throop and Buseck (1971) 

 

2.2.2 Mina Sur deposit 

With a pre-mining reserve of 409 Mt at 1.22 percent copper (Sillitoe, 2005), 

Mina Sur, is the largest known exotic deposit in northern Chile. Copper 

mineralisation is hosted predominantly in the gravels of a well-defined paleochannel 

extending from the southern margin of the 31.1 – 34.6 Ma (Reynolds et al., 1998) 

Chuquicamata porphyry copper deposit (Fig. 2.4), and to a lesser extent in underlying 

fractured Paleozoic rocks (Mortimer et al., 1977; Münchmeyer, 1996). The main 

orebody is lenticular and sinusoidal, attaining a width of 1.2 km and a maximum 

thickness of 110 m, and is buried under approximately 200 m of gravels 

(Münchmeyer, 1996). Ore formation is inferred to have predated deposition of a 9.7 

Ma (Sillitoe, 2005) volcanic-ash horizon intercalated with the gravels in the 

stratigraphic hanging wall of the deposit (Mortimer et al., 1977). Atacamite is the 

major ore mineral within 4.5 km from the Chuquicamata porphyry deposit, whereas 

chrysocolla predominates to the south in weakly altered gravels and bedrock (Fig. 

2.4). Copper wad is concentrated in strongly kaolinised gravels in the upper part of 

the paleochannel at distances of up to 5 km from the source (Fig. 2.4).  
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Figure 2.4 Sketch map of the Mina Sur exotic copper deposit, illustrating its relationship to 

the Chuquicamata porphyry copper deposit. Samples were collected from the 20 m bench at 

the south-western margin of the deposit, in weakly altered gravels dominated by 

chrysocolla. Simplified from Münchmeyer (1996). 
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Seven samples of high-grade chrysocolla ore were selected from cobble-sized 

gravels on the 20 m bench of the south-western sector of the open-pit, close to the 

margin of the paleochannel (Fig. 2.4). The analysed samples comprise unargillised 

clasts in a porous, chrysocolla-rich matrix (Fig. 2.3 B). Although Mn and Fe are 

locally enriched in the mammillary copper silicate, neither copper pitch nor copper 

wad is present. 

 

2.2.3 Neogene climatic trends 

The region surrounding Mina Sur, at a mean elevation of ~2,250 m.a.s.l., has 

endured a hyperarid climate with an average annual precipitation of ~2.5 mm/yr since 

at least the mid-Miocene, and plants are absent (Hartley and Chong, 1999). In 

contrast, the tectonic block hosting the Rosario and Huinquintipa deposits 

experienced Miocene uplift to elevations in excess of 4,200 m.a.s.l. and hence the 

mid-Cenozoic semi-arid climate persists, with a mean annual precipitation of 15 

cm/yr. Drought-tolerant C4 plants are subordinate to sparsely distributed C3 plants 

(Ehleringer, 1978; Latorre et al., 2002).  

 

2.3 Analytical Techniques 

Petrographic relationships were clarified by transmitted-light microscopy and 

a JEOL 6400 digital SEM analysis of 100 µm polished thin sections and sub-

millimetre pieces of ore. Following petrographic examination of at least three 
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polished sections of each sample, sub-samples of high-grade chrysocolla from the 

four Huinquintipa and seven Mina Sur samples were selected for determination of 

carbon contents and carbon isotopic compositions. Both the < 5 mm and < 500 μm 

fractions were studied. Four different extraction techniques were used to gain access 

to different carbon reservoirs within the ore samples, as follows: (1) total-carbon of 

the < 5 mm size fraction was extracted as carbon dioxide using combustion in oxygen 

at ca. 1700°C with an elemental analyzer on-line with a MAT 252 isotope ratio mass 

spectrometer; (2) gases trapped in interstitial spaces and fluid inclusions in the < 5 

mm size fraction were released into the headspace during crushing (Mulshaw, 1996), 

where they were sampled and analysed by Compound Specific Isotope Analysis; (3) 

thermal extraction of the < 500μm size fractions at 100°C for 12 hours in an 

evacuated 5 mm internal diameter Pyrex tube liberated carbon from phases that are 

loosely adsorbed without cracking residual organic complexes; and (4) approximately 

3 cm3 of < 5 mm ore samples was reacted with 5 ml of a 10 % EDTA 

(ethylenediaminetetraacetic acid) solution at pH 6.5 for 12 hours at 25°C in either 

evacuated or He-filled tubes, and the resulting gases in the headspace extracted and 

analysed by Compound Specific Isotope Analysis or with a Gas Bench II attached to 

a DeltaPLUSXP IRMS. 

EDTA is a polydentate ligand which complexes with divalent cations such as 

Cu2+, Fe2+ and Mn2+. Disruption of surficial domains containing these cations 

liberates strongly absorbed phases into the headspace of a reaction vessel (Mulshaw, 

1996; Polito et al., 2002). During leaching with the EDTA, the colour of the solution 
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turned various shades of blue. Ore samples from Huinquintipa yielded much deeper 

blue solutions than those from Mina Sur. The blue colouration is the result of Cu 

released from the surfaces of Cu-bearing minerals chelating with the EDTA. 

Generally, the greater abundance of Cu-, Fe- and Mn-bearing minerals produced a 

darker-blue EDTA solution and lower δ13C values of the carbon dioxide that was 

released during the EDTA experiments. However, calcite and other carbonate 

minerals could also release carbon on EDTA dissolution.  To evaluate the possibility 

that the light carbon was hosted by a carbonate, the 10 % EDTA solution was first 

reacted with calcite. The large amount of carbon dioxide that was released had a δ13C 

value similar to that obtained using conventional extraction with 100 % phosphoric 

acid. The presence of calcite in ore samples was assessed by reacting approximately 3 

cm3 of < 5 mm ore sample with 100 % phosphoric acid and testing for the release of 

carbon dioxide into a He-filled headspace with a Gas Bench II attached to a 

DeltaPLUSXP IRMS. No carbon dioxide was released from any of the samples as a 

result of this procedure indicating a lack of calcite in the ore samples. 

The stability of EDTA in the presence of Cu-bearing minerals and reduced 

carbon was confirmed by reacting EDTA with metallic copper, cupric oxide and 

graphite. The solutions containing Cu-bearing minerals and EDTA turned pale blue, 

recording a chelation reaction. However, no carbon dioxide was released, indicating 

that EDTA does not react readily with graphite and is stable in the presence of Cu+2 

cations.  
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The isotopic compositions of carbonaceous gases released or produced by 

these analytical methods are reported in standard δ notation in units of per mil (‰) 

relative to the Pee Dee Belemnite (PDB) standard. All carbon contents and δ13C 

values were corrected for blanks using the same procedures without a sample. Blanks 

gave carbon contents that were less than 10 % of the lowest amount of carbon 

measured in a sample and typically less than 1 %. All extraction techniques released 

only carbon dioxide and N2: C1-C5 hydrocarbons were monitored by Compound 

Specific Isotope Analysis but not detected. Errors in δ13C values based on duplicate 

analyses are ± 0.5 ‰. 

 

2.4 Analytical Data  

2.4.1 Huinquintipa  

Combustion of the samples in the Elemental Analyzer should extract all forms 

of carbon, both oxidised (carbonate and carbon dioxide in fluid inclusions and 

adsorbed on mineral surfaces) and reduced (organic matter). Total carbon extracted 

from the Huinquintipa ores by Elemental Analyzer has a wide range of δ13C values, 

from -32 to -15 ‰ with a mean of -24 ‰, and carbon contents from < 10 to 2500 

ppm, with a mean of 790 ppm (Fig. 2.5). The total-carbon contents are bimodal, most 

samples having greater than several hundred ppm and three with less than 20 ppm. 

For the group of samples with high carbon contents, δ13C trends to lower values with 
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increasing carbon contents. Total-carbon contents are typically 10 times greater than 

those extracted using the other techniques. 

Relatively small amounts (< 20 ppm) of carbon dioxide are released from 

fluid inclusions and interstitial spaces during crushing in vacuum (Fig. 2.5). This 

carbon has a narrow range of δ13C values from -16 to -12 ‰ (Fig. 2.5), with a mean 

of -14 ‰, lower than those of atmospheric carbon dioxide and atmosphere-derived 

carbonates, which are typically about -8 ‰ (Troiler et al., 1996) and -12 to 0 ‰ 

(Pendall and Harden, 1994; Achyuthan, 2003), respectively. The carbon dioxide 

released during crushing has higher δ13C values than those of the total extracted 

carbon. Methane and other hydrocarbons were not detected. 

Thermal extraction at 100˚C generated less than 10 ppm of carbon dioxide. 

This has δ13C values ranging from -29 to -16 ‰ (Fig. 2.5), with a mean of -18 ‰, 

which fall between those of atmospheric carbon dioxide at -8 ‰ and typical plant-

derived organic carbon with values of -25 to -15 ‰ (Ehleringer, 1978) and another, 

lighter, δ13C reservoir. The carbon dioxide released during heating is probably 

derived from carbon dioxide on mineral surfaces, and is similar in isotopic 

composition to the total carbon extracted.  

Reaction of the ores with EDTA released from 10 to 250 ppm carbon dioxide 

(mean of 90 ppm), accounting for 10 % or less of the total carbon in these samples 

(Fig. 2.6). The carbon dioxide released via reaction with EDTA has low δ13C values 

of from -47 to -34 ‰ (Fig. 2.6), with a mean of -42 ‰, i.e., significantly lower than 

those of the carbon released using the other techniques. These low δ13C values are not 
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the result of breakdown of the EDTA because blanks with EDTA and carbon dioxide 

released during reaction with graphite, cupric oxide or metallic copper were less than 

1 % of the EDTA-extracted carbon dioxide and had relatively high δ13C values of 

between -12 and -10 ‰. Contamination by atmospheric carbon dioxide is also 

implausible because it too has a high δ13C value of -8 ‰. Thus, all possible sources of 

contamination would have resulted in higher δ13C values, and we infer that the source 

of the low δ13C values is intrinsic to the source of the carbon dioxide. Such values, 

which are markedly lower than that of plant-derived carbon, are in accord with 

methanogenic processes (Kotelnikova, 2002).  

2.4.2 Mina Sur  

The total carbon released from the Mina Sur ore by Elemental Analyzer has a 

narrower range of δ13C values, i.e., from -27 to -18 ‰, a higher mean δ13C value of -

23 ‰, and a more limited range of carbon contents, 200 to 600 ppm, than those 

attained from the Huinquintipa ore (Fig. 2.5). The total-carbon contents have a 

unimodal distribution, although samples with high total-carbon contents have lower 

δ13C values. Total-carbon contents are typically two to three orders of magnitude 

greater than those released using the other extraction techniques. 

The amount of carbon dioxide released by crushing Mina Sur ores in vacuo is 

significantly lower than that yielded by Huinquintipa ores (Fig. 2.5). However, the 

two Mina Sur samples analysed have δ13C values from -15 to -13 ‰ (Fig. 2.5),  
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overlapping with those from Huinquintipa ore samples, suggesting the same sources 

of carbon.  

Thermal extraction generates small amounts of carbon dioxide, again 

significantly smaller than those extracted from the Huinquintipa ore samples. The 

δ13C values of the extracted carbon dioxide range from -17 to -11 ‰ (Fig. 2.5), with a 

mean of -13 ‰. These δ13C values overlap with those of carbon dioxide released from 

crushed Huinquintipa and Mina Sur ore samples and are higher than the total-carbon 

δ13C values. The carbon dioxide released during heating is similar in isotopic 

composition to that released by in vacuo crushing for both sample suites and is 

consistent with loosely adsorbed carbon dioxide from the atmosphere or released 

from plants. 

Reaction between the Mina Sur ores and EDTA released less than 10 ppm 

carbon dioxide with δ13C values of from -39 to -11 ‰ and with a mean of -26 ‰, 

overlapping with, but extending to higher values than those of carbon dioxide 

released under the same conditions from the Huinquintipa ores (Fig. 2.6). Total-

carbon δ13C values overlap with the EDTA-extraction δ13C values, the latter 

extending to higher and lower values. The data points are not clustered: two values 

fall between -40 and -35 ‰ and might represent the same 13C-depleted source of 

carbon as identified in the Huinquintipa samples. The combined Huinquintipa and 

Mina Sur EDTA-extraction results define a trend that describes mixing between three 

sources of carbon. One component of the trend is 13C-enriched carbon typical of the 

atmosphere, with increasing contributions from carbon having intermediate values, 
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such as that expected from plant-derived sources, and a dominant component of 13C-

depleted carbon, consistent with carbon derived from microbial activity. 

The extraction procedures used are unlikely to have resulted in the range of 

δ13C values observed, because the ranges tend to overlap despite the variable carbon 

contents extracted by each technique. Moreover, the δ13C values of the total carbon 

extracted decrease as carbon contents increase in exactly the same way as the values 

in carbon dioxide leached with EDTA, suggesting that the source of carbon is within 

the samples themselves and not an artefact of the extraction procedure.  

 

2.5 Discussion 

Different reservoirs of carbon were targeted using the extraction techniques 

described above. Total carbon extracted from combustion of the ores from 

Huinquintipa and Mina Sur has carbon isotopic compositions expected from both 

organic and inorganic sources occurring in fluid inclusions, pore spaces, on mineral 

surfaces, from carbonate grains, and as organic matter oxidised during combustion. 

The mean δ13C value of the total carbon extracted is -24 ‰ (Fig. 2.5), significantly 

lower than those of most soil carbonates (Cerling and Quade, 1993) and of 

atmospheric carbon dioxide, but similar to that expected for C3-type plants, e.g. 

Exodeconus integrifolius and Parastrephia quadragularis which occur in the tolar 

zone (Latorre et al., 2002). The lowest δ13C values for total carbon are -32 ‰ and 

must be organically-derived. 
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Samples with the highest δ13C values probably incorporate more atmosphere-

derived carbon, which has a value near -8 ‰. The decrease in δ13C values with 

increasing carbon content could reveal a persistent background amount of 

atmospheric carbon in the ore samples and indicate that any carbon added to the 

system is dominantly 13C-poor. The atmosphere-derived carbon is not calcite-hosted 

because no carbon dioxide was released when the samples were reacted with 100 % 

phosphoric acid. However, more refractory carbonates, e.g. iron carbonates that do 

not react readily with phosphoric acid could host some of the atmospheric component. 

Carbon released during crushing in vacuo and from thermal extraction 

presumably originates primarily from fluid inclusions and interstitial pore spaces. 

This carbon is in the form of small amounts of carbon dioxide with δ13C values near -

15 ‰ (Fig. 2.5). Ores from Huinquintipa release higher contents of carbon dioxide 

during crushing and heating than do those from Mina Sur, and the carbon dioxide 

released thermally from the Huinquintipa ores has δ13C values as low as -30 ‰. 

Because no fluid inclusions were observed in transmitted-light microscopic study of 

copper ore minerals, the carbon dioxide probably originated from fluid inclusions in 

detrital grains derived from the porphyry system or from post–mineralisation 

cementing minerals, and is therefore expected to have a magmatic or atmospheric 

composition, with δ13C values of ~ -10 to 0 ‰. Carbon dioxide sorbed onto grain 

surfaces could also originate from atmospheric sources, although a contribution from 

oxidised organic matter would be required to lower the values to -15 ‰, especially in 

the ores from Huinquintipa. The lower amounts and higher δ13C values of carbon 
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dioxide released using these extraction techniques relative to the total carbon 

extracted (Fig. 2.5) are consistent with a dominantly atmospheric or magmatic source 

for much of this carbon dioxide, but they also indicate that carbon with a low δ13C 

value must occur in the ores. 

Carbon in mineral phases with divalent cations was released as carbon dioxide 

from the ores during reaction with EDTA, which can react with many different 

minerals. EDTA is widely used to dissolve carbonaceous material, releasing carbon 

dioxide in the process (Mulshaw, 1996). More of this carbon dioxide was released 

from the Huinquintipa ores than from those from Mina Sur and its δ13C values are the 

lowest observed, with most below -40 ‰. Such low δ13C values are consistent with 

microbial activity, and their direct association with chrysocolla and copper pitch 

suggests that microbes may have been present at the time of ore formation.  

The δ13C values and quantities of carbon released from the ores are consistent 

with three end-member sources of carbon in the system (Figs. 2.5 and 2.6). (1) 

relatively enriched 13C with a δ13C value near 0 ‰. Given the semi-arid to hyperarid 

climatic conditions since the time of mineralisation, the isotopically heavy source of 

carbon is most likely to be atmospheric carbon dioxide fixed as pedogenic carbonate, 

which typically has δ13C values between -12 and 0 ‰ in these environments (Pendall 

and Harden, 1994; Buck and Monger, 1999). (2) An isotopically intermediate source 

with a δ13C near -25 ‰ which dominates the total carbon extracted from the ores 

could be from past or present plant material. C3 plants have δ13C values of -32 to -20 

‰ (Ehleringer, 1978; Ehleringer et al., 1983; Weiguo et al., 2003), as does the 
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carbonate they produce during respiration or microbial degradation (Cerling, 1984; 

Cerling et al., 1991; Cerling and Quade, 1993). (3) an isotopically light carbon with a 

δ13C value near -50 ‰. Such low values are consistent with carbon dioxide produced 

by microbes and specifically methanotrophic, i.e., methane-consuming species that 

have δ13C values of less than -40 ‰ (Schouten et al., 2001; Burhan et al., 

2002;Kotelnikova, 2002). Because EDTA-extraction indicates that the isotopically 

light carbon resides primarily in mineral phases with Cu and Mn, it is inferred to be 

trapped in these phases. This carbon must be in a form, such as carbonates, capable of 

reacting with EDTA. Thus, one possibility is that the microbes were mineralised 

during ore formation. This process is often accomplished when microbes 

inadvertently acquire mineralised outer sheaths (Douglas and Beveridge, 1998). 

Although no carbonates were observed with transmitted light microscopy of the ore 

samples, the microbes may not be densely packed in continuous horizons and would 

therefore be difficult to observe. Nanometre-scale microbial morphologies overgrown 

and mineralised during ore formation would probably be indistinguishable from the 

internal structure of the mammillarily-banded chrysocolla and copper pitch (Salmon 

et al., 2000). If the mineralised microbes were dispersed throughout the Cu minerals, 

they would be exposed for reaction with the EDTA as it dissolved the host. 

For the ores at Huinquintipa, the total carbon, crushing and thermal analyses 

released carbon dioxide varying in composition from -29 to -12 ‰ (Fig. 2.5), values 

consistent with mixing between atmospheric carbon dioxide and plant-derived 

carbon. However, EDTA-extraction released carbon dioxide with very low δ13C 
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values of -47 to -34 ‰, i.e., ~15 ‰ lower than the mean δ13C values of total carbon 

(Fig. 2.6). 13C-depletion in a near-surface, toxic physicochemical environment is 

usually attributed to microbial activity (Schouten et al., 2001; Burhan et al., 2002), 

because such extreme conditions promote the proliferation of niche-specific microbes 

and microbial communities (Edwards et al., 2000; Melchiorre and Enders, 2003). The 

physicochemical gradients in suboxic environments such as in the gravels at 

Huinquintipa would be ideal for communities of both aerobic (methanotrophic) and 

anaerobic (methanogenic) microbes.  

Carbon dioxide released from the ores at Mina Sur through EDTA-extraction 

has higher δ13C values compared to that of Huinquintipa (Fig. 2.6), overlapping in 

composition with carbon dioxide released by other techniques. The lack of prominent 

low δ13C values at Mina Sur could result from decreased microbial activity, differing 

microbial-community compositions at the time of deposition, differing 

physicochemical conditions during ore formation, or any combination of these 

factors. The present marked difference in aridity between the Mina Sur and 

Huinquintipa areas cannot be extrapolated back to the time that the ore deposits 

formed because the exact elevations at the time of ore formation are not known. As a 

result, relative differences in δ13C values between Huinquintipa and Mina Sur cannot 

be tied directly to the climate. The higher δ13C values of total carbon and EDTA-

released carbon dioxide from Mina Sur ore samples suggest that the methanogenic 

microbes were unable to proliferate there. 
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2.6 Implications of Microbial Activity during Ore Formation 

The low δ13C values of total carbon and of carbon dioxide extracted via 

reaction with EDTA from ore samples from Huinquintipa and Mina Sur are inferred 

to reflect the release of carbon produced through microbial activity. Total-carbon 

analysis and EDTA-extraction are capable of accessing carbonate material trapped 

within the ore assemblage. The association of these low values with copper silicates is 

evidence that microbes flourished during or shortly after exotic ore formation. 

Microbes would be expected to proliferate in such environments given that acid rock 

drainage and supergene processes are influenced by the metabolic processes of 

microbes such as Sp. ferrooxidans (Johnson and Hallberg, 2003).  

Newberg (1967) and Münchmeyer (1996) consider pH to have been the 

dominant control on the precipitation of chrysocolla in exotic deposits, attributing 

precipitation to the neutralisation of a solution containing complexed Cu+2 ions and 

dissolved silica as follows: 

Cu+2 + H4SiO4 = CuSiO3.H2O (amorphous) + 2H+ [1] 

The thermodynamic data provided by Newberg (1967) show that the Gibbs 

Energy of reaction for equation [1] is 35.948 kJ/mol. Because the reaction has a 

positive ΔGo, it is thermodynamically unlikely that amorphous chrysocolla would 

precipitate from a solution containing Cu+2 and H4SiO4 unless the solution undergoes 

neutralisation and the pH increases. Cell-surface membranes can provide local 

environments that favour mineral precipitation (Northrup and Lavoie, 2001; Inagaki 

et al., 2003), and it is therefore possible that amorphous, hydrated silica deposited on 
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cell surfaces absorbed Cu+2 from solution (Yates et al., 1998) to form chrysocolla. 

The evidence for methanogenic microbe activity during chrysocolla deposition 

implies that, although ore formation occurred in a near-surface environment, 

conditions were, at least episodically or in microenvironments, anoxic. 

Four, probably co-dependent, parameters influenced the formation of the 

Huinquintipa and Mina Sur deposits: (1) periodic intense precipitation; (2) changes in 

the composition of the mineralising fluid during mineralisation; (3) discontinuous 

access to fluid; and (4) variations in the composition of the microbial consortia 

inhabiting the deposit. All may have contributed to the characteristic mammillary 

texture of the chrysocolla. Hyperarid episodes are likely to have been accompanied by 

a lowering of the near-surface water table, exposing microbial consortia to soil 

atmosphere, and the replacement of predominantly anaerobic by aerobic 

communities, potentially resulting in the loss of isotopically light carbon from the 

system (Kotelnikova, 2002).  

 

2.7 Concluding Remarks 

The widely variable isotopic composition of carbon extracted from ores from 

two exotic deposits in northern Chile are interpreted to record three sources of carbon: 

(1) atmosphere-derived carbon dioxide with a δ13C value of about -8 ‰; (2) plant-

derived carbon dioxide with a δ13C value of around -25 ‰; and (3) microbe-derived 

carbon dioxide with a δ13C value of approximately -50 ‰. The carbon dioxide 

generated during EDTA-extraction has δ13C values ranging from -47 to -11 ‰ and 
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provides evidence for mixing between the heavier sources of carbon and an 

isotopically light source of carbon with a δ13C value of approximately -50 ‰. The 

carbon-isotope data support both the hypothesis that consortia of methanotrophic 

microbes flourished during Cu mineralisation, and Sillitoe’s (2005, p. 732) prescient 

statement that “No evidence has yet been obtained to suggest bacterial involvement in 

exotic Cu formation, but it may exist”.  

These new data could help to elucidate the formation of exotic ore deposits. 

The presence of microscopic bands of mineralisation and of chemical changes in the 

composition of the mineralisation indicate that the physicochemical environment 

fluctuated, resulting in environments that may have been ideal for niche-specific 

anaerobic microbial consortia. Changes in the physicochemical environment probably 

result from periods of increased aridity and changes in the metal content of the 

mineralising fluid, both of which could influence the microbial consortia and result in 

the differences in δ13C values and mineral compositions observed between 

Huinquintipa and Mina Sur. The data presented in this study indicate that microbial 

consortia could be integral to the formation of exotic ore deposits and that these 

processes may occur in an environment that supports anaerobic microbial consortia.  

The new data also have implications for the search for exotic mineralisation in 

northern Chile and southern Peru. Thus, soils over an unexposed gravel-hosted 

chrysocolla orebody in the Rosario-Huinquintipa area exhibit δ13C values less than -

20 ‰ (Nelson et al., 2007b), indicating that CO2 with a microbial signature may be 

trapped in the regolith at least 20 metres above mineralised horizons.  
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Chapter 3 
Application of Carbon Isotope Ratios in Regolith to the 

Exploration for Buried Exotic Copper Ore Deposits, Collahuasi 
District, Northern Chile 

3.1 Introduction  

As the rate of discovery of outcropping ore deposits falters, the need for 

techniques capable of locating buried mineralisation becomes increasingly evident 

(Cameron et al., 2002). The aim of this study was to determine if the isotopic 

chemistry of carbon in surficial overburden could be used in the exploration for exotic 

copper mineralisation (Münchmeyer, 1996) beneath cover in northern Chile. 

Although usually of modest size, such deposits are exploration targets both because 

they are capable of extending the mine life of nearby porphyry copper centres through 

the expansion of readily leachable reserves (Mote et al., 2001b; Sillitoe, 2005) and 

because their distribution may provide vectors to hidden porphyry mineralisation. Soil 

and reverse-circulation (RC) drill-hole samples were collected from the Collahuasi 

district (Fig. 3.1) over a buried mineralised paleochannel near the Huinquintipa exotic 

deposit to determine if they exhibit the same exceptionally low δ13C isotopic 

signature as the ores (Nelson et al., 2007a). In addition, district-scale samples from 

one of a series of regional, i.e. coast-to-cordillera, traverses were examined with the 

aim of identifying undetected areas of buried mineralisation in the district. 
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Figure 3.1 Locations of selected mining districts in northern Chile with associated exotic 

copper (italics) and porphyry copper-molybdenum deposits (bold). 
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3.2 Exotic mineralisation  

So-called exotic copper mineralisation formed during the Cenozoic, primarily 

on the Pacific flank of the Cordillera Occidental in northern Chile. It is so named 

because the copper is interpreted as having migrated laterally from its source (Throop 

and Buseck, 1971). Essentially similar genetic models for such deposits have been 

proposed by Newburg (1967), Münchmeyer (1996), Mote et al. (2001a), Sillitoe 

(2005) and Dold (2006). Under semi-arid conditions, as summarised in Figure 3.2, 

porphyry copper deposits may undergo supergene oxidation and sulphide enrichment 

by oxidised meteoric water. During this process, strongly acidic water containing 

leached metals may migrate laterally. On encountering relatively unaltered gravels, 

the fluid hydrolyses clastic feldspars, and is neutralised. At near-neutral pH, 

chrysocolla, atacamite, copper wad and copper pitch (‘black chrysocolla’) are 

deposited.  Dold (2006) argues that the neutralisation of far-travelled fluids and the 

precipitation of chrysocolla are most effectively carried out through calcite 

dissolution in propylitically altered bedrock enclosing the paleochannel (but cf. 

Nelson et al., 2007a). 

Recent studies (e.g., Sillitoe et al., 1996; Melchiorre and Enders, 2003; 

Rainbow et al., 2006) have demonstrated that supergene oxidation and enrichment 

processes are accompanied, and perhaps meditated, by microbial activity. At the time 

of ore formation, an exotic deposit constitutes a harsh physicochemical environment 

which potentially provides a niche for specialised microbial consortia, which may be 

opportunistic or may contribute to the ore-forming process. Nelson et al. (2007a) 
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Figure 3.2 Simplified representation of the environment of exotic mineralisation, showing 

the three major steps: leaching, migration and deposition. 
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 reacted chrysocolla from the Huinquintipa and Mina Sur exotic deposits with EDTA, 

extracting carbon dioxide with δ13C values of ≤ -40 ‰, indicative of the involvement 

of consortia of methanogenic and methanotrophic microbes (Kotelnikova, 2002). 

Even the total carbon extracted from high-grade ore samples had low δ13C values of ≤ 

-20 ‰, consistent with a source of carbon from microbes. If microbial consortia 

commonly attend exotic, or other supergene ore genesis, this extreme isotopic 

signature might be found in surficial environments overlying such mineralisation. 

 

3.3 Setting of Collahuasi district 

Located at ca. 4,500 m.a.s.l. on the upper flank of the Cordillera Occidental 

of the Central Andes at approximately 20°58’ S, 68°41’ W, the wider Collahuasi 

district comprises the lower Oligocene Rosario, Ujina and Quebrada Blanca porphyry 

copper deposits, the coeval La Grande high-sulphidation epithermal vein system and 

the Huinquintipa exotic deposit (Figs. 3.3 and 3.4). With the exception of Quebrada 

Blanca, the proven and probable sulphide and oxide ore reserves of the Collahuasi 

property in 2004 were 1,849 Mt at 0.90 % Cu and 0.026 % Mo, measured and 

indicated resources contributing a further 1,820 Mt at 0.80 % Cu (www.mining-

technology.com). The Huinquintipa deposit, with a reserve of 29 Mt at 1.07 percent 

Cu (cut-off grade of 0.7 percent Cu: Sillitoe, 2005) yielded ca. 2 Mt of 1.62 percent 

Cu, chrysocolla-dominated ore before 2002 (Moore and Masterman, 2002).  
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Figure 3.3 A. Geological map showing the locations of the Quebrada Blanca, Rosario and 

Ujina porphyry copper deposits and Huinquintipa exotic deposit in the Collahuasi district. 

District-scale soil-sample locations are shown (filled circles). The Rosario induced-

polarisation (IP) anomaly corresponds broadly to the extent of weak hydrothermal 

alteration. Distribution of the deposits is based on satellite imagery projected with the 

PSAD 1956 system, UTM zone 19S. (Modified from Masterman et al., 2004). 

B. Location of the paleochannel soil and RC sample locations (filled triangles) from the 

extension of the paleochannel northeast of Huinquintipa (see 3.3 A). East-west traverse 

labeled X-Y and south-north traverse labeled Y-Z.  
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Figure 3.4 View, taken 2 km south of La Grande, looking NNW towards the Huinquintipa 

pit over 2-30 m deep gravel overburden. The dashed line represents the approximate 

location and extent of the paleochannel hosting the paleochannel sample suit. The Rosario 

and La Grande deposits are off the right-hand side of the image. 
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The Collahuasi district (Fig. 3.3) is located in a N-S trending horst dominated 

by Mesozoic and earlier volcanic and sedimentary rocks (Lee, 1994) and delimited by 

the western Domeyko/West Fissure fault system and the eastern Loa Fault. Permo-

Triassic shallow-marine volcano-sedimentary rocks of the Collahuasi Formation are 

unconformably overlain by gravel-filled channels of probable Oligocene-Miocene age 

which are locally, in turn, covered by extensive Neogene ignimbrite flows (Clark et 

al., 1998; Lee, 1994; Masterman et al., 2004). Paleochannels in the area have a 

broadly east-west elongation, but have been extensively disrupted by more recent 

drainage systems (Münchmeyer, 1996). The Huinquintipa deposit is located ca. 6 km 

west of the main Rosario porphyry centre, the inferred source of its copper. 

Münchmeyer (1996) and Moore and Masterman (2002) provide summaries of the 

exotic mineralisation. 

 

3.4 Sampling and Methodology 

Three sample suites were collected from the district: (1) a chrysocolla-rich 

suite from the Huinquintipa open pit, as documented by Nelson et al. (2007a); (2) a 

paleochannel suite of pulped samples from reverse-circulation (RC) drill holes and 

associated soil samples from a site ca. 4 km NE of the Huinquintipa pit (Fig. 3.3 B); 

and (3) a district-scale suite of soil samples (Fig. 3.3 A), spaced at ca. 2 km intervals 

along a 20 km-long E-W traverse. These were collected by C.O. in 1997, i.e., prior to 

the initiation of large-scale mining at Ujina in April, 1999. 
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Soil sampling was carried out using the following procedure. Surficial 

material was removed to a depth of approximately 10 cm over an area of 

approximately 1 m2, thus decreasing the likelihood of organic or inorganic 

contamination from the surface. The central 30 to 40 cm of the cleared area was 

crudely homogenised on-site using a shovel, to a depth of ~ 25 cm. The soil was then 

sieved and approximately 100 cm3 of the sub-1 mm size fraction was collected and 

placed in plastic bags for future sieving to 250 µm.  

The analytical techniques utilised were total combustion (Elemental Analysis 

Isotope Ratio Mass Spectrometry) and a partial leach with ethylenediaminetetraacetic 

acid (EDTA). Total carbon was extracted as carbon dioxide using combustion in 

oxygen at ca. 1700°C with an elemental analyzer on-line with a MAT 252 isotope 

ratio mass spectrometer. For the partial leach with EDTA, approximately 3 cm3 of 

soil was reacted with 5 ml of a 10% EDTA solution at pH 6.5 for 12 hours at 25°C in 

He-filled tubes, and the resulting gases in the headspace extracted and analysed with a 

Gas Bench II attached to a DeltaPLUSXP IRMS. EDTA is a polydentate ligand which 

complexes with divalent cations such as Cu2+, Fe2+ and Mn2+. Disruption of surficial 

domains containing these cations liberates strongly absorbed phases into the 

headspace of a reaction vessel (Mulshaw, 1996; Polito et al., 2002). 

The isotopic compositions of carbonaceous gases released or produced by 

these analytical methods are reported in standard δ notation in units of per mil (‰) 

relative to the Pee Dee Belemnite (PDB) standard. All carbon contents and δ13C 

values were corrected for blanks using the same procedures without a sample. Blanks 
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were less than 10 % of the lowest amount of carbon measured in a sample and 

typically less than 1 %. All extraction techniques released only carbon dioxide and 

N2: C1-C5 hydrocarbons were monitored by Compound Specific Isotope Analysis but 

not detected. Errors in δ13C values based on duplicate analyses are ± 0.5 ‰. 

 

3.5 Results and Discussion 

Total-carbon analysis and EDTA-extraction were performed on the ore sample 

suite from Huinquintipa (Table 3.1 and Fig. 3.5; data from Nelson et al., 2007a), the 

paleochannel suite (Figs. 3.5 and 3.6) and the district-scale suite (Figs. 3.7 and 3.8).  

In general the broad range in δ13C values yielded by both total combustion and 

EDTA-extraction is thought to record the derivation of the carbon from three isotopic 

reservoirs (Fig. 3.8). The high-δ13C reservoir is probably atmospheric CO2 (δ13C ≈ -9 

‰) that has been fixed as pedogenic carbonates with δ13C ≈ 0 ‰ (Cerling, 1984). The 

second, isotopically intermediate, reservoir with δ13C values of around -25 ‰ 

represents material from C3 plants (Cerling, 1984) or saprophytes feeding on this 

plant material. The third and isotopically lightest reservoir (δ13C values ≤ -40 ‰) is 

typical of a methanogenic and methanotrophic microbial consortia (Schouten et al., 

2001; Burhan et al., 2002; Kotelnikova, 2002).  

The paleochannel samples, consisting of RC pulps and associated soil samples 

from the unconsolidated gravels northeast of Huinquintipa (Fig. 3.3 B), were also 

analysed by total-carbon combustion and EDTA-extraction. The results for both pulps 

and soils overlap extensively with those for the ore-sample suite from  
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Table 3.1 Summary of isotopic analyses of the ore-sample suite (summarised from Nelson et 

al., 2007a). 
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Figure 3.5 δ13C values and carbon contents of samples from the ore- and paleochannel-

sample suites. The paleochannel suite is split into two data sets: RC pulps and soils. These 

have overlapping values, suggesting similar carbon reservoirs, although the paleochannel 

samples have a larger range of δ13C values indicating more mixing. 
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Figure 3.6 Paleochannel soil and RC-pulp samples in cross sections correlated with Figure 

3.3 B. Surface soil samples are symbolised with open diamonds and RC pulps by filled 

diamonds. Copper grades (wt. % Cu) are shown in italicised font, bulk carbon δ13C values 

(‰) are given in normal font and δ13C values (‰) for EDTA released CO2 are shown in bold 

font. Shaded areas represent mineralised gravels. 

 

-27.3‰ 



 

 47 

Huinquintipa (Fig. 3.5). Total-carbon combustion of RC pulps yields δ13C values of -

28 to -23 ‰ and carbon contents of 340 to 1,230 ppm C. The CO2 released from the 

RC pulps through reaction with EDTA yields δ13C values of -46 to -18 ‰ and carbon 

contents of 40 to 110 ppm C. Similarly, the soils have δ13C values of -32 to -27 ‰, 

with carbon contents of 680 to 790 ppm C for total-carbon combustion, whereas 

EDTA-released CO2 yields δ13C values of -44 to -32 ‰ with carbon contents of 130 

to 330 ppm C (Fig. 3.5). The data generated by both extraction techniques for RC 

pulps and soils from the paleochannel suite overlap extensively with those for the ore-

sample suite from Huinquintipa, and support the inference that they contain carbon 

contributed by the same reservoirs and in roughly the same proportions. The 

similarity of the δ13C values and the C contents of the soil samples to those of the ore 

and RC pulps strongly suggests that the isotopic signature of the microbial consortia 

is detectable metres above the exotic mineralisation (Figs. 3.5 and 3.6). 

Total-carbon combustion of RC pulp samples produces clustered data points 

that might indicate a trend from higher carbon contents and lower δ13C values to 

lower carbon contents and higher δ13C values. The CO2 released by EDTA-extraction 

from the paleochannel RC pulps generates a near-vertical trend in Figure 3.5. As 

discussed by Nelson et al. (2007a), this could be the result of mixing between a 

background of atmosphere-derived carbon and the plant- and microbe-derived carbon. 

The data from the paleochannel soil samples, however, do not follow this trend. The 

CO2 released during total-carbon combustion and EDTA-extraction plots as a trend 

from low carbon contents and low δ13C values to high carbon contents and high δ13C 
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values. This difference in trends between the two sample sets might be the result of an 

increased organic component in the soil samples, as compared to that of the deeper 

RC pulps, which would plausibly dominate the geochemical signature. The low 

carbon-contents and the mixing trends also imply that the atmosphere-derived 

component is less significant and that the background is microbial in origin.  

There is no correlation in the paleochannel sample suite between the depth, Cu 

wt. %, and the δ13C values of any of the samples. However, the δ13C values of the 

paleochannel soils do have lower δ13C values than those of the paleochannel RC 

pulps (Figs. 3.5 and 3.6). A possible explanation is that CO2 is slowly diffusing up 

from the buried mineralisation, displacing atmospheric CO2 with isotopically lighter 

CO2, as discussed by Polito et al. (2002).  

The third sample suite, comprising district-scale soil samples from sites with 

no obvious anthropogenic disturbance, was analysed in the same way for the ore and 

paleochannel samples. Total combustion yields CO2 with δ13C values and carbon 

contents of between -25 and -11 ‰ and 3,070 and 38,000 ppm C, respectively. 

Conversely, analysis of CO2 released by EDTA-extraction of district-scale soil 

samples yields much lower δ13C values of -41 to -20 ‰ and carbon contents of 30 to 

190 ppm C (Fig. 3.7). The district-scale isotope values overlap with those of the ore 

and paleochannel suites. The total-carbon combustion data for the district-scale 

samples exhibit two potential trends, from intermediate carbon content and 

intermediate δ13C values to higher carbon contents and higher δ13C values. However, 
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one slope is subhorizontal and the other intersects at a moderate positive slope (Fig. 

3.7). The subhorizontal trend could be the result of the compositionally intermediate 

reservoir dominating the influence of atmosphere-derived carbon. The higher-angle 

trend is indicative of an increasingly atmosphere-derived carbon which, in soils, could 

be contributed by pedogenic carbonates.  

The geographic relationships of the soil data relative to outcropping ore 

deposits and alteration zones are illustrated in Figure 3.8. Whereas the isotopic 

composition of carbon released by total combustion is in permissive agreement with a 

dominating plant reservoir, the EDTA-released CO2 is both highly variable in δ13C 

value and records unambiguous microbial contributions in at least 4 of the 13 

samples. Of these, two are located N and NE, respectively, of the Quebrada Blanca 

mine and one lies midway between the Rosario and Ujina mines. Neither area is 

affected by megascopically detectable bedrock hydrothermal alteration. The fourth 

anomalous sample is from a site to the east of all known mineralisation in the district. 

In contrast, samples taken from the vicinities of the Domeyko and Loa faults are not 

anomalous (Fig. 3.8). Moreover, extremely light carbon is absent in three samples 

within and at the margins of the extensive area of alteration encompassing the Rosario 

deposit and the areally associated epithermal vein systems (Fig. 3.8). In particular, the 

samples taken from the area west and southwest of the Rosario deposit, recently 

reported by Falconbridge (2005) to be underlain by extensive supergene sulphide 

enrichment, reveal no evidence of microbial carbon. 
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On the basis of our data for Huinquintipa chrysocolla (Nelson et al., 2007a) 

and the gravels overlying the buried channel, we tentatively infer that: (a) chalcocite-

rich supergene sulphide blankets do not host sufficient microbe-derived carbon to 

generate a superficial geochemical anomaly; and (b) only exotic Cu silicate 

mineralisation experienced sufficient microbial activity and incorporates sufficient 

microbial carbon to be detectable in the regolith of the Collahuasi district. The exotic 

deposit formation environment is sufficiently different to the supergene-enrichment 

environment resulting in different microbial assemblage and differing δ13C values. 

Our data are consistent with a process by which microbial carbon in chrysocolla from 

the exotic deposits migrates towards the surface and is trapped on sites that are 

amenable to extraction by EDTA. These sites would be associated with divalent 

cations, such as Fe and Mn, and are likely to be amorphous or poorly-crystalline. 

 

3.6 Conclusions 

Three primary sources of isotopically distinct carbon are represented in exotic 

mineralisation and overlying soils: atmosphere, plants and microbes. These were 

mixed and fixed as three end-member reservoirs of carbon within the ore minerals of 

the exotic mineralisation and released via total combustion and EDTA-extraction. 

EDTA-extracted carbon from surface gravels up to 30 m above a known mineralised 

paleodrainage channel between Huinquintipa and Rosario has a carbon isotopic 

signature identical to that of chrysocolla-rich ore samples. Moreover, on a district-

scale, such unambiguously microbial chemistry is not shown by zones of either 



 

 52 

hypogene or supergene sulphide concentration, and may therefore be specific to 

regolith overlying exotic mineralisation.   
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Figure 3.8 Simplified geological map and locations of district-scale soil samples (modified 

from Fig. 3.2 A). The graph shows the δ13C values of CO2 released through total combustion 

and EDTA dissolution, compared with three reservoirs of carbon.  
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Chapter 4 
General Discussion 

4.1 Discussion 

This thesis project centres on developing an exploration tool to enhance the 

options available to the geologist exploring for exotic deposits in arid environments. 

In particular, two extraction methods where used to extract carbon dioxide from 

exotic-ore deposit samples:  

(1) EA/IRMS – a total carbon analysis 

(2) EDTA – a partial extraction technique that targets exotic mineralisation 

 

The other two extraction techniques documented in Chapter 2, i.e., crushing in 

vacuo and weak thermal extraction, are not considered to be viable exploration 

techniques for this deposit type. They do not liberate the microbiogenic carbon that is 

associated with the chrysocolla mineralisation, but were instrumental in directing the 

path of the project by producing data that indicated that carbon derived from a low-

δ13C reservoir had mixed with carbon from a high-δ13C reservoir.  

The results of the EA/IRMS and EDTA-extraction indicate that this general 

approach can be used as an exploration tool at the local scale and could be used as a 

complementary tool for district-scale exploration. The frequency of sampling and 

many other factors affecting the use of these techniques in the exploration industry 

are outside the scope of this project and have not been investigated. However, a short 

discussion on the applicability of these techniques to exploration is included.  
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4.2 Applicability to Exploration 

4.2.1 Sampling Frequency 

EDTA-extraction is only recommended for use on a local scale. Given that 

exotic deposits are found in highly complex tectonic situations, that their typical size 

is a few hundred meters wide by a few kilometres long, and that their morphology is 

discontinuous, it is unreasonable to assume that kilometre-scale sampling would be 

directly applicable. While a direct examination of the scale-dependence of this 

approach has not yet been carried out, it seems reasonable that such a kilometre-scale 

sampling program would only result in a discovery by accident. Another exploration 

method that might work is MMI; however, this technique suffers from the same scale-

dependency as EDTA-extraction.  

Figure 4.1 is a stylised representation of an exotic ore deposit with two soil-

sampling grids superimposed. The more generalised grid has a sample spacing of 500 

m with in-fill sampling at a 250 m density. The 500 m-spaced grid should return 

about five anomalous values out of the 20 taken. The 250 m grid should return 

approximately 15 anomalous values out of 70 samples taken. Both should locate the 

presence of buried exotic mineralisation, but the tighter grid would provide much 

higher-resolution information on the size and shape of the deposit. If the aim of the 

exploration project is to locate buried exotic mineralisation, then a coarser-spaced 

sampling grid is sufficient; however, if the objective is to define a deposit then the 

tighter-spaced grid is preferred. Unless a geostatistical analysis is performed on the 
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Figure 4.1 Schematic representation of a soil-sampling grid over an exotic ore deposit. 

Coarsely spaced samples are represented in darker red and the more tightly spaced infill 

samples are represented by smaller green dots.   
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data, the exact definition of ‘anomalous values’ cannot be determined correctly. 

However, as a rough guideline for future work, anomalous values could be considered 

to have δ13C values lower than plant-derived carbon that is typically -15 to -25 ‰. 

Any EDTA-released carbon dioxide that has a δ13C value less than -30 ‰ is likely to 

be the result of mixing between microbiogenic carbon and plant-derived carbon and, 

therefore, to be anomalous and indicative of mineralisation.  

The sampling frequency needed to locate buried exotic mineralisation requires 

a scale-dependency study. For example, it is unknown if we can treat coarsely-spaced 

anomalies as being connected as part of a larger continuous anomaly or if one 

anomalous value is considered enough to warrant further investigation. Additionally, 

it is not possible, at the present, to determine how the microbial-carbon signature 

interacts with the background carbon dioxide as it migrates upwards.  

 

4.2.2 Lateral Diffusion of the Microbial Signature 

One set of soil samples was collected across the surface of a buried 

paleochannel (Figs. 3.3 B and 3.6) at intervals ranging from 140 to 200 m. The data 

generated from these samples indicate that the microbial signature is present above 

buried exotic-style mineralisation. Additionally, they also suggest that the microbial 

signature is preferentially retained in the near-surface as the soil samples typically 

exhibit δ13C values near -35 ‰, compared with RC pulp samples ranging from -18 to 

-42 ‰ and atmospheric carbon dioxide at -8 ‰.  
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Figure 4.2 Schematic representation of lateral diffusion over an exotic ore deposit in 

relation to two different soil sampling grids. Rings are spaced at 50, 100 and 150 m around 

the deposit outline.  
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There appears to be lateral diffusion as the carbon dioxide migrates up 

through the overburden. The sample collected at location Z (Figs. 3.3 B and 3.6) was 

above a drill hole that did not encounter economic mineralisation and yet the EDTA-

extraction value for the soil sample is -36.8 ‰. The uniform nature of all of the soil 

samples and the presence of the microbial signature above barren paleochannel 

support the inference that lateral diffusion of the microbial signature occurs as the 

carbon dioxide migrates up through the overburden. It is not known, specifically, 

what is influencing the upward migration of the microbial signature. Overburden 

porosity and permeability are the prime controls for the movement of fluids and these 

factors can be altered by subsurface structures or the presence of water or other 

substrates.  

Figure 4.2 depicts the effect that lateral diffusion would have on the size of the 

surface anomaly. If diffusion is consistent throughout the mineralised body it is 

possible to see that a diffusion distance of 150 m widens the anomalous area 

considerably allowing for the use of a coarser-spaced sample grid. Further, if lateral 

diffusion results in mixing with background carbon dioxide with atmospheric (-8 ‰) 

or plant-derived (-15 to -25 ‰) then a sampling grid with tighter spacing should be 

able to vector into the centre of the anomaly; lowering δ13C values would indicate 

increased microbial carbon and less background.  

With the limited sample set it is difficult to determine the extent of this lateral 

diffusion. Collecting a suite of samples at 10 to 50 m spacing across a buried, 
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unexploited exotic deposit would enable the extent of the lateral diffusion to be 

determined. Once such diffusion is quantified, the appropriate density for soil 

sampling at the local scale can be determined.  

 

4.3 Recommendations for Implementation in an Exploration Program 

Summarised below is an outline for the EA/IRMS and EDTA-extraction 

portions of an exploration program searching for buried exotic mineralisation:  

(1) Sample collection 
(a) During the trial phase to determine sample density, collect soil samples every 

50 m 
(b) Soil samples collected from the B horizon (8-25 cm below the surface) 
(c) RC samples collected approximately every 20 cm 

(2) Sample preparation 
(a) Soil samples sieved to 250 μm and stored in kraft paper bags 
(b) RC samples pulped and homogenised 

(3) Analysis 
(a) EA/IRMS 
(b) EDTA-extraction followed by CSIA 

(4) Data Handling 
(a) Input the analytical and location data into a Geographic Information System 

(GIS) to allow for geostatistical analysis 
(b) Determine what δ13C values are anomalous compared with background 

values 
(c) Generate target maps using differently spaced sample grids, e.g. 50, 100, 150 

m, etc.  
(5) Interpretation 

(a) Do the different sample grids locate the same anomaly with the same 
accuracy? 

(b) What is the maximum spacing between samples that still locates the 
anomaly? 

(c) Can the δ13C values be used to vector into the mineralisation? 
(d) Are there obvious geological controls that are affecting the distribution of 

anomalous points?  
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Chapter 5 
Conclusions and Future Work 

5.1 Conclusions 

5.1.1 Summary 

There are three sources of carbon in the ore samples from Huinquintipa and 

Mina Sur:  

(1) Atmosphere-derived carbon dioxide with a δ13C value of about 0 ‰;  

(2) Plant-derived carbon dioxide with a δ13C value of around -25 ‰; and  

(3) Microbe-derived carbon dioxide with a δ13C value of approximately -50 ‰.  

 

The lowest δ13C values are assumed to be from methanogenic microbes found 

in the niche-specific environment of the exotic deposit. Exotic deposits are of interest 

as they are a source of copper oxide ore and are found proximal to their parent 

porphyry copper systems. Additionally, the environments of formation of exotic 

mineralisation and supergene-enrichment blankets are similar, in that they are both 

acidic and heavy-metal rich. If an economic tool can be generated from this research 

to locate exotic deposits then finding the supergene enrichment blankets and the 

larger, buried parent porphyries may be easier.  

EDTA-extraction can identify microbially-sourced carbon up to 30 m above a 

known mineralised paleodrainage channel (Nelson et al., 2007b). The presence of a 

methanogenic microbial consortia was identified by the low δ13C values of carbon 
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dioxide released by EDTA-extraction. The microbial signature is found throughout 

the Collahuasi district and may, therefore, be specific to regolith overlying 

mineralisation associated with supergene enrichment process. EDTA-extraction 

appears useable as an exploration tool if the samples are collected at the local scale. 

The work outlined in this thesis demonstrates that forensic identification of 

microbes using geochemistry can be achieved, even when the physical evidence has 

been destroyed. The implications for exploration include a tool that will allow the 

identification of exotic deposits and supergene-enrichment blankets buried beneath 

tens of metres of exotic cover. 

 

5.1.2 Contributions 

Whereas the analysis of geological samples for their stable carbon isotopic 

values is not an innovative technique, its integration into exploration is still in its 

formative stages. Our major contributions toward this goal are two-fold: 

(1) Methanogenic microbes are inferred to have been present in exotic copper 

deposits at the time of their formation: 

(a) The combination of four different extraction techniques provided 

confirmation that there are three major carbon reservoirs, and 

(b) EDTA-extraction selectively liberates carbon dioxide with lower δ13C values 

when microbial carbon is present 

(2) The isotopic signature of the methanogenic microbes is detectable at surface, and 
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(a) carbon isotopic values for ore material and soils above an ore deposit are 

similar. 

 

5.2 Future Work 

Though stable-isotope research has great potential in the field of exploration 

geochemistry, the scope of this research has only indicated usefulness at the local 

scale. Future work should focus on completing a sampling traverse that starts in 

barren soils and traverses over known, buried mineralisation, sampling every 50-100 

m in order to test the optimal sampling density. This type of sampling grid is required 

to clarify the nature of the stable-isotope anomaly above buried mineralisation. In 

future, this work could be extended to other types of ore deposits, specifically deposit 

types that have similar formation conditions, such as supergene blankets associated 

with porphyry deposits. 

Future work should also be undertaken to establish a better understanding of 

the nature of the carbon cycle in northern Chile. Specifically, the interplay between 

climate, flora and microbes has to be understood better before exploration can see 

through these effects. It is suggested that a study be undertaken using the regional soil 

traverses accomplished by Anglo American plc. Coupled with the collection of new 

samples, at smaller intervals, it may be possible to obtain a more meaningful 

interpretation of the regional data.  
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Appendix A 
Detailed Methodology 

Detailed herein are the extraction techniques outlined in the manuscripts of 

Chapter 2 and 3, to assist interested parties in the initial design of their own apparatus 

and to justify various analytical choices and assumptions made related to the EDTA-

extractions. 

 

Sample collection and preparation 

A sample mass of approximately one kilogram was used as a standard mass 

for this study as small-scale heterogeneity within a sample would be minimised, 

thereby increasing analytical reproducibility. Ore samples were collected by Kurt 

Kyser (Queen’s University) in 2000 from the open pit of Mina Sur. The Huinquintipa 

samples were collected by Esteban Urqueta (Anglo American plc) in 2000 from an 

ore pile located near the mine (the samples had been recently dumped). RC and 

associated soil samples, provided by Esteban Urqueta (Anglo American plc) in 2003, 

were collected using the standard sample-collection procedures followed by Anglo 

American plc, as outlined below. 

Field studies for the local soils and RC drill-hole samples were not carried out 

within 7 days of precipitation to minimise its effects on the area. The soil and RC 

samples were collected from a paleochannel located to the northeast of the 

Huinquintipa open pit. The sampling location was chosen on the basis of 

reconnaissance mapping, which located outcropping exotic mineralisation. Samples 

were collected on a traverse perpendicular to the perceived direction of the 
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paleochannel (Fig. 3.3). Soil samples were collected, following standard Anglo 

American soil sampling protocols, 5 metres from each RC site. In soil sampling, 

removal of the first 8-10 cm of the soil in the area to be sampled, over an area of 

approx 1 m diameter, minimises surface contamination as well as the removal of all 

surface organic material. The central 30-40 cm of the cleared area to a depth of 

approx 25 cm was mixed to increase the homogeneity of the sample. Samples were 

shovelled and sieved (3 pans full of soil to 250 μm), and were placed in large plastic 

bags for further sieving and bulk-sample storage. Chips from the RC drill hole were 

collected at approximately 20 cm intervals, pulped and homogenised; hereinafter, 

these samples are referred to as RC pulps. The samples for chemical analysis were 

from intervals that intersected mineralisation. 

 

Analytical Techniques 

The total-carbon contents and δ13C values of ore samples were determined by 

Elemental Analysis Isotope Ratio Mass Spectrometry (EA/IRMS), using a Finnigan 

MAT 252 mass spectrometer coupled to a Carlo Erba Elemental Analyzer NCS 2500.  

EA/IRMS was also performed on prepared residues of ore samples that had 

undergone oxidation by sodium perchlorate (NaOCl; see CO2 extraction protocols 

below). A typical sample size for this type of analysis was 10 μg. The complete 

combustion of the sample at over 1,000˚C ensures that all the carbon was converted to 

CO2. Duplicate analyses for EA/IRMS made up 10 % of the total analyses, along with 
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an additional 10 % of analyses being internal standards, calibrated with external 

standards. 

Samples for Compound Specific Isotope Analysis (CSIA) were prepared or 

extracted off-line and analysed on-line on carbon species generated by the various 

extraction methods. The on-line analyses were conducted with a HP 5890 Series II 

gas chromatograph (GC) coupled to a Finnigan MAT 252 mass spectrometer via a 

combustion interface. The gas chromatograph was fitted with a Chrompak 30 m 

poraplot Q column.  The headspace gas was sampled from reaction vessels using gas-

tight syringes fitted with side-port hypodermic needles, and samples were analysed 

through the GC under constant pressure mode by means of a He carrier gas set to a 

flow rate of 1.5 ml/min with a split/splitless injector at a 25:1 split.  The ramp method 

used was: -10˚C (3 minutes); 10˚C/minute to 150˚C (16 minutes); and 150˚C (3 

minutes).  Two pulses of an internal reference of known isotopic composition were 

injected into the GC at the start and end of each GC ramp to calibrate the δ13C 

compositions of peaks during the run.  

An alternative analytical technique was used in conjunction with the CSIA. 

The on-line analyses for the EDTA-extraction were also performed with a Gas Bench 

II connected to a DeltaPlusXP IRMS. Subsampled headspace is injected into the IRMS 

several times per analysis and compared to an internal reference that is injected three 

times prior to, and after, the subsampled headspace is injected. 

CO2 isotopic compositions determined by CSIA and EA/IRMS are presented 

in δ13C notation (12C/13Csample/12C/13Cstd – 1) X 1000 as per mil, where 12C/13Cstd is 
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the Pee Dee Belemnite (PDB) standard. The internal reference made from multiple 

soil samples from northern Chile had an error of +/- 0.6 ‰ and the IRMS techniques 

have an error of +/- 0.5 ‰, the total error for the data presented in this thesis is 1.1 ‰.  

 

CO2 extraction protocols 

Other extraction techniques were performed on the samples. With the 

exception of total-carbon EA/IRMS, each accesses a different carbon reservoir within 

the ore samples.  

Chemoxidation of approximately 5 g of sample material for 11 days in conical 

flasks by 4 % NaOCl solution removed any organic material in the samples and 

allowed analysis of residual, inorganic carbon phases. After 11 days the conical flasks 

were drained and the residue was washed from the flasks into a vacuum filtration 

device by distilled water. Once excess water was removed from the residues they 

were placed on filter paper and left in an oven for approximately four hours at 90°C, 

or until fully dry. The dry residue was crushed and further homogenised with a mortar 

and pestle. Once crushed, approximately 10 μg of the residue was placed in a tin 

capsule for analysis by EA/IRMS. From this inorganic residue the organic-carbon 

composition can be back-calculated via mass balance with the total carbon (known 

from EA/IRMS).  

The dry-crushing technique of Mulshaw (1996) was modified as follows. Ore 

samples (typically several grams of the sub-5 mm size fraction) were placed into 1 cm 

diameter steel tubes (welded shut at one end), a gas-tight valve was affixed at the 
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other end. Evacuation, followed by crushing of the tubes, allowed gases trapped in 

interstitial spaces and fluid inclusions within minerals to escape into the headspace, 

where they were subsampled. The subsampled gases were measured by CSIA. 

Thermal extraction at 100˚C provided sufficient kinetic energy to liberate 

phases that were loosely adsorbed and absorbed onto the surfaces of minerals without 

cracking residual organic complexes. A Pyrex tube (2 mm internal diameter) filled 

with ore sample (approximately one gram of the sub-1 mm size fraction) was placed 

in convoluted stainless steel tubing, sealed and evacuated. Headspace gases generated 

after 12 hours at 100˚C were subsampled through a side port. The subsampled gases 

were measured by CSIA. 

The 10 % EDTA solution was prepared by adding ~55 g of powdered EDTA 

into 500 ml of 1 M sodium-hydroxide solution. The EDTA-extraction technique 

outlined by Mulshaw (1996) was modified as follows. Off-line extraction was 

modified by using large test tubes (1.5 cm diameter) with side ports in place of 120 

ml vaccine bottles used by Mulshaw (1996), the containers were not agitated for more 

than a few minutes and were then placed in a water bath at 25˚C. For the alternative 

on-line analyses, using the Gas Bench II, approximately five grams of sub-5 mm size 

fraction was placed in test tubes designed for the Gas Bench II; these tubes have a 

self-sealing rubber septum in the cap that allows needles to penetrate without 

breaking the airtight seal. Headspace in the test-tubes containing samples was 

displaced with He, thereby removing carbon dioxide from the headspace. Once the 

headspace was free of carbon dioxide, EDTA solution was injected into the tubes and 
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left to react at 25˚C. After 12 hours the headspace was automatically subsampled and 

injected into the DeltaPLUSXP IRMS by the Gas Bench II. Typically 30 samples can 

be prepared at a time using this technique and it is the most efficient at processing 

large numbers of samples. 
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Appendix B 

Analytical Data 

  Local Samples       
          

  Total Carbon Partial Extractions    
      EDTA-extraction Thermal extraction Crushing  

Sample # Type δ13C ppm C δ13C ppm C δ13C ppm C δ13C ppm C 
MAA 16551 ore -22.5 402 -37.6 <1 -12.4 <1 -15.0 <1 
MAA 16552 ore -26.9 497             
MAA 16553 ore -24.8 583             
MAA 16554 ore -23.8 243 -11.8 <1 -13.1 <1     
MAA 16555 ore -18.1 270 -22.7 <1 -16.1 <1 -12.9 <1 
MAA 16556 ore -21.0 209 -15.1 <1 -12.0 <1     
MAA 16557 ore -23.6 336 -39.0 2 -14.4 <1     

HUN 1 ore -24.1 1400 -46.6 91 -16.8 3 -15.4 14 
HUN 2 ore -23.5 500 -43.9 21 -26.7 5 -12.9 21 
HUN 3 ore -18.2 300     -17.9 2 -15.1 18 

MAA 14701 ore -25.4 1500     -29.2 3 -12.9 3 
4.75-2.36 ore -21.7 1 -42.1 46     

2.36-2 ore -27.3 14 -42.3 58     
2.00-1.70 ore -23.9 -39 -36.1 18     
1.70-1.00 ore -24.1 -52 -41.9 70     
1.00-0.50 ore -26.0 -58 -42.8 99     
0.5-0.355 ore -23.8 -36 -43.1 102     

0.355-0.25 ore -15.1 310 -45.1 146     
0.250-0.125 ore -27.0 641 -44.1 238     
0.18-0.063 ore -26.3 1276 -44.1 248     

0.063 ore -25.8 2772         
299310 RC -27.3 1015 -21.4 40     
300063 RC -23.8 339 -41.8 96     
393750 RC -26.2 485 -42.0 87     
408089 RC -26.0 629 -29.8 38     
408156 RC -26.8 1232 -37.7 67     
408193 RC -26.1 617 -18.3 22     

MAA22494 soil -28.8 983 -40.0 274     
MAA22495 soil -27.7 702 -32.1 303     
MAA22496 soil -29.8 711 -35.8 332     
MAA22497 soil -31.9 684 -35.8 250     
MAA22498 soil -26.9 1601 -36.9 177     
MAA22499 soil -23.3 3162 -36.8 127     
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Regional Samples 

Total Carbon EDTA 
Sample # Easting Northing δ13C ppm C δ13C ppm C 
CA007400 528400 7332100 -6.6 4031   
CA007403 520350 7317900 1.0 1097 
CA007404 520350 7317900 0.6 2112 
CA007405 521000 7317200 -9.5 5668 
CA007406 521000 7317200 -8.6 5395 
CA007407 522600 7320600 -5.1 8981 
CA007408 510900 7320500 -26.0 447   
CA007409 506600 7320400 -0.5 1721   
CA007410 502000 7319900 -7.7 716 0.2 144923 
CA007410 502000 7319900   1.7 396 
CA007410 502000 7319900   -2.5 433981 
CA007411 497200 7320200 -26.3 305 -12.9 75277 
CA007411 497200 7320200   -11.9 150513 
CA007412 497200 7320200 -25.3 319 -18.0 39453 
CA007412 497200 7320200   -24.6 7 
CA007412 495200 7320100   
CA007413 493400 7320200 -24.9 347 -14.9 36 
CA007414 492500 7320700 -30.6 309 -14.2 115825 
CA007415 491700 7321200 -20.4 395 -13.8 60368 
CA007415 491700 7321200   -9.8 81 
CA007415 491700 7321200   -10.2 180968 
CA007416 490800 7320700 -3.3 959 1.5 712 
CA007417 489800 7319500 0.1 7476 
CA007417 489800 7319500   
CA007418 487900 7318900 0.1 4039 1.6 3401 
CA007419 483700 7319200 2.4 3105 2.2 3335 
CA007420 480100 7320700 0.8 2446   
CA007421 476100 7322200 2.9 2248   
CA007422 468300 7322200 3.5 4245   
CA007423 459700 7331900     
CA007424 451500 7335900     
CA007425 345600 7317900 -12.8 3650   
CA007426 350200 7310100     
CA007427 355300 7315500 2.2 3051   
CA007428 358200 7318100 2.9 6215   
CA007429 364900 7324500     
CA007430 370200 7335900     
CA007431 380600 7334700     
CA007432 389900 7334400 -1.9 2166   
CA007432 389900 7334400 -2.0 2112   
CA007433   -18.7 344   
CA007433   -16.8 408   
CA007434 400100 7335700 -2.1   
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CA007435 409600 7338200 -15.4 509   
CA007436 421600 7340400 1.2 2156   
CA007437 431200 7342200 2.4 3850   
CA007439 439500 7340100 -0.2 2049   
CA007439 439500 7340100 -0.8 1857   
CA007489 357308 7395941 -0.5 9569   
CA007490 361713 7386626 -18.3 8033   
CA007491 366247 7386516 -13.5 8051   
CA007492 370369 7388839 -13.3 819   
CA007493 372797 7392833 -1.7 2245   
CA007494 374662 7397245 -7.0 1008   
CA007496 380807 7404579 0.8 4584 
CA007497 385321 7406115   
CA007497 385321 7406115 -1.4 2600 
CA007498 389974 7406816 -2.8 2296 2.4 832038 
CA007498 389974 7406816   
CA007499 394768 7407383 -18.2 496 -2.3 131 
CA007500 398740 7410037 -16.8 460 -22.5 25 
CA007501 402742 7412749 -5.2 1024 2.8 737078 
CA007502 406796 7415461 -18.2 400   
CA007503 410079 7419835 -7.4 1059   
CA007504 414829 7417602 -25.6 4194   
CA007505 417610 7422188 -0.5 2226   
CA007506 421332 7425077 -5.8 1081   
CA007507 424840 7428109 1.9 6150   
CA007508 428357 7431105 1.8 4062   
CA007509 432337 7433769 -20.2 362   
CA007510 436052 7437012 0.0 2469   
CA007511 439644 7440194 -12.4 699   
CA007512 443907 7442668 -10.2 3296   
CA007513 447594 7445526 -17.5 1113   
CA007514 450782 7449173 -4.2 2530   
CA007515 454307 7452463 -2.5 3009   
CA007516 457480 7455895 -0.9 2354   
CA007517 460732 7459419 -16.9 486   
CA007518 463416 7463295 -1.5 3574 
CA007519 466163 7467320 -4.1 3068 
CA007520 469262 7470953 0.0 6447 
CA007520 469262 7470953   
CA007523 476838 7483080 3.3 14339 
CA007524 479296 7487278 2.0 7936 
CA007525 481340 7491529 1.3 5526 
CA007526 482706 7496077 2.3 8574 
CA007527 486811 7497059 2.6 8482   
CA007528 491025 7499831 3.4 9674   
CA007529 494842 7502770 2.7 10549   
CA007530 498711 7505575 3.0 6093   
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CA007531 502705 7508404 3.1 9651   
CA007532 506765 7511145 1.9 12138   
CA007533 477993 7485015 3.5 7224 
CA007536 470279 7482707 0.5 7077 
CA007536 470279 7482707   
CA007671 333400 7061750 -1.4 15444   
CA007676 360400 7063400   1.0 1377 
CA007677 365100 7068100 -2.3 7882 -2.1 3372 
CA007677 365100 7068100   -2.2 3362 
CA007678 367300 7068600 -0.1 15472 -1.1 5123 
CA007679 368950 7065250 -1.5 4596 -0.2 2640 
CA007679 368950 7065250   -0.1 2165 
CA007680 371050 7064050 -20.3 554 -11.0 92 
CA007681 373050 7062750 -10.3 861 -2.7 190 
CA007682 375200 7035800 -18.8 366   
CA007683 377700 7035742 -3.3 2564   
CA007684 380400 7033750 -22.2 633   
CA007685 381400 7032320 -24.3 367   
CA007686 382800 7033400 -21.2 751   
CA007687 385300 7030700 -24.9 353   
CA007688 390050 7039400 -24.1 413   
CA007689 390700 7034100 -21.7 464   
CA007690 395100 7039850 -23.1 637   
CA007691 397000 7048200 -20.3 515   
CA007692 399050 7049100 -28.0 809   
CA007693 401000 7054200 -25.0 403   
CA007694 405800 7054650 -2.2 2268   
CA007695 410000 7056750 -0.7 7400   
CA007696 479250 7085300 -0.8 4500   
CA007697 469150 7083700 0.7 13576   
CA007698 458900 7083550 0.3 14040   
CA007699 454070 7089900 -9.6 8673   
CA007700 450000 * -2.6 12935   
CA007701 447500 7094300 -14.5 860 -10.7 409 
CA007701 447500 7094300   -10.5 365 
CA007702 444200 7092900 -17.0 918 -18.4 253 
CA007703 442400 7092300 -3.9 13342 -4.2 5150 
CA007704 440100 7094100 0.3 9809 -0.4 5210 
CA007705 437550 7093700 -3.2 5372 -3.0 3358 
CA007706 434800 7092000 -10.3 1032   
CA007707 430000 7088900 0.6 3639   
CA007708 419800 7089000 2.1 11764   
CA007728 375250 7554400 -9.2 3148   
CA007729 380000 7557500 -24.4 6437   
CA007730 385000 7556000 -24.9 784   
CA007731 390000 7552400 -21.2 175   
CA007732 400000 7544200 -7.0 562   
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CA007733 410000 7539300 -14.5 508   
CA007734 420000 7536800 -7.1 950   
CA007735 430000 7536100 -22.0 360   
CA007736 440000 7536100 -0.4 3803   
CA007737 450000 7536900 -1.2 2720   
CA007738 460000 7537400 -1.1 3700   
CA007739 470000 7536900 -1.3 2321   
CA007740 480000 7536000 0.2 1950 
CA007741 490000 7535200 -3.9 1555 
CA007742 495000 7532500 0.8 2776 
CA007743 500000 7532400 0.4 2261 
CA007744 505000 7531300 -1.7 2225 
CA007744 505000 7531300   
CA007745 512800 7537600 -6.9 800 1.7 424217 
CA007745 512800 7537600   1.6 847642 
CA007746 514000 7538200 -5.6 1535 
CA007746 514000 7538200   
CA007747 515000 7538000 1.1 1551 
CA007747 515000 7538000   
CA007748 516300 7537700 -0.7 981 5.6 956102 
CA007748 516300 7537700   
CA007749 518000 7537300 -2.9 897 3.2 827370 
CA007749 518000 7537300   
CA007750 520000 7536700 -3.6 2700 2.6 4593 
CA007750 520000 7536700   2.7 4118 
CA007750 520000 7536700   
CA007751 522000 7536500 -16.0 700 
CA007752 524000 7536600 1.6 3266 
CA007753 526350 7536800 2.3 5350 
CA007754 528700 7536600 -23.3 1100 
CA007755 535000 7537500 1.9 10487 
CA007756 540000 7538000 2.7 3773 
CA007757 550000 7539000 2.0 5121 
CA007758 560000 7540000 -16.3 959 -7.6 385282 
CA007760 580000 7540500 -22.8 2700 
CA007761 590000 7539500 -23.5 6156   
CA007762 598000 7540800 -23.8 1608   
CA007763 360300 7925800 -4.0 2700   
CA007768 390000 7928900 -16.5 450   
CA007769 400000 7925000 0.5 3669   
CA007771 420000 7927900 -1.7 21516   
CA007772 430000 7930600 -23.9 2157   
CA007773 440000 7936900 -20.4 3424   
CA007774 450000 7938200 -22.6 3200   
CA007775 460000 7927600 -24.1 9761   
CA007776 470000 7928900 -23.9 6765   
CA007777 480000 7926200 -21.8 3918   
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CA007778 489300 7920350 -26.0 4338   
CA007780 460000 7780200 -9.4 2008   
CA007780 460000 7780200 -8.2 2729   
CA007783 430000 7760350 -21.7 12087   
CA007784 425000 7760000 -21.4 3400   
CA007785 420000 7760000 -9.9 5181   
CA007786 418000 7762800 -8.4 15751   
CA007787 417000 7765300 -18.0 1252   
CA007788 416000 7765500 -16.2 2869   
CA007789 414000 7765660 -8.5 11311   
CA007790 412000 7765400 -17.9 1800   
CA007791 410000 7765500 -17.1 1264   
CA007792 405000 7764800 -1.0 19175   
CA007793 400000 7762850 -2.4 11141   
CA007796 385000 7757600 -0.9 19896   
CA007796 385000 7757600 -0.9 19195   
CA007797 378000 7749100 1.7 13751   
CA007798 490300 7790500 -19.4 4828   
CA007799 485100 7789900 -23.6 6508   
CA007800 480000 7788500 -21.8 3799   
CA007805 472000 7779800 -3.8 10464   
CA007807 465000 7779000 -3.6 3166 0.6 3066 
CA007808 386400 7658000 -26.4 1183 -15.5 32 
CA007808 386400 7658000   -10.2 44 
CA007809 390000 7658400 -20.1 656   
CA007810 395400 7655500 -22.0 672   
CA007811 400000 7652100 -15.5 392   
CA007812 405000 7652900 -21.4 278   
CA007813 410000 7653300 -22.0 1680   
CA007814 420000 7661800 -19.8 294   
CA007815 430000 7666700 -22.2 390   
CA007816 440000 7668000 -18.8 4854 -7.8 2886 
CA007817 450000 7769100 -10.3 1656 -6.8 3188 
CA007818 460000 7673500 -17.1 4104 -8.4 3943 
CA007819 470000 7679160 -21.0 721 -16.3 38 
CA007820 480000 7681300 -12.5 1606 -6.1 1915 
CA007820 480000 7681300   -6.3 2308 
CA007821 490000 7686000 -11.7 3460 -9.6 5357 
CA007822 500000 7684600 -16.8 731 -5.7 3991 
CA007823 510000 7686100 -10.9 5824 -14.9 25 
CA007824 515000 7682300 -15.0 6118 -3.3 3702 
CA007824 515000 7682300   -3.2 3636 
CA007825 517500 7680350 -11.4 12883 -24.8 85 
CA007826 520000 7680500 -24.1 3247 -38.9 58 
CA007826 520000 7680500   -47.2 31 
CA007827 522500 7680000 -24.1 4336 -40.7 185 
CA007828 525000 7679100 -23.4 8622 -20.4 60 



 

 86 

CA007829 527500 7678800 -24.0 10780 -29.4 63 
CA007830 530000 7680200 -24.3 7900 -27.5 63 
CA007831 532500 7680600 -22.4 38000 -24.4 5341 
CA007832 535100 7680200 -18.1 3700 -34.3 122 
CA007833 536800 7680000 -24.9 3075 -27.9 30 
CA007833 536800 7680000   -38.5 4 
CA007835 539800 7681000 -23.2 12200 -31.2 122 
CA007836 542500 7684000 -25.0 6973 -31.5 34 
CA007837 545000 7683000 -24.8 1031 -44.8 4 
CA007838 550000 7679600 -24.3 6973   
CA007839 555000 7676800 -24.7 2865 -23.4 79 
CA007840 560000 7676800 -25.3 3985   
CA007841 564500 7677800 -23.9 4438   
CA007845 545500 7681400 -25.5 2123 -3.0 168 
CA007849 520065 7322044 2.5 6748   
CA007850 530021 7322386 0.9 2665   
CA007851 540010 7329146 -16.8 547   
CA007852 550036 7320856 -19.2 1242   
CA007853 560068 7307760 -13.8 1638   
CA007854 570014 7298053 -23.9 1066   

 

Samples CA007825-CA007836 (shaded light grey) were used as the District-scale sample suite 

and are used in Figures 3.7 and 3.8.  
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Appendix B.1 Locations of regional soil samples in relation to selected exotic copper 

deposits in northern Chile. Selected samples from the Collahuasi traverse (red dots) were 

used as the District-scale sample suite.  
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Appendix B. 2 Locations of regional soil samples with sample numbers 
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Appendix B. 3 Locations of regional soil samples with sample numbers 
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Appendix B. 4 Locations of regional soil samples with sample numbers 
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Appendix B. 5 Locations of regional soil samples with sample numbers 
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Appendix B. 6 Carbon content vs. δ13C for soil samples collected during regional traverses. 

Two extraction techniques are represented: total carbon (EA/IRMS) and EDTA 
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Appendix B. 7 δ13C and elevation plotted against distance from the coast along the 

Chuquicamata and Collahuasi traverse paths. Green represents elevation, blue total carbon 

extracted and orange EDTA-released CO2 
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EDTA Standards   
    
Sample # Experiment δ13C C ppm 
CA007X EDTA -1.6 4911 
CA007X EDTA -1.4 4872 
CA007X EDTA -1.5 5387 
CA007X EDTA -1.5 5146 
CA007X EDTA -1.6 4929 
CA007X EDTA -1.7 5278 
CA007X EDTA -1.6 5212 
CA007X EDTA -1.6 5687 
CA007X EDTA -1.5 5979 
CA007X EDTA -1.4 5382 
CA007X EDTA 3.4 275 
CA007X EDTA -1.5 5117 
CA007X EDTA -0.9 4798 
CA007X EDTA -0.9 4877 
CA007X EDTA -1.2 5068 
 

 


