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ABSTRACT 

 

The Candelaria-Punta del Cobre district is a NE trending Cu-Au-(Zn-Ag) mineralized 

zone within the Chilean Iron Belt. Magnetite and copper-gold mineralization in the district is 

hosted in andesitic volcanic rocks of the Punta del Cobre Formation and in calcareous rocks of 

the Chañarcillo Group. Deposits may be flat lying (e.g., Candelaria) or in structurally controlled 

breccias (Santos, Alcaparrosa). Lower grade and tonnage mineralization also occurs in skarns 

hosted in calcareous sedimentary rocks of the Chañarcillo Group located stratigraphically above 

the volcanic rocks. The Chañarcillo group is well exposed in the eastern and southern peripheries 

of the district. Developed in these sediments are carbonate veins that are believed to be the distal 

expressions of spent mineralizing fluid(s) from the hydrothermal system. These veins and their 

associated wall rocks provide an excellent opportunity for studying the distal signatures of 

mineralization in carbonates. In this study, 87 surface samples and 44 drill core samples were 

collected to study the geological, geochemical, isotopic, and ultraviolet luminescence features of 

carbonate veins and wall rock. Samples were taken from traverses along faults through the 

orebodies (e.g., Traverses #6 and #7; mainly N-trending) and traverses not along any faults (e.g., 

Traverses #1, #2, #3, and #5; mainly E-trending). 

Veins proximal to mineralization are large (1-2 m width), extensive along strike (~100s 

of m), and in addition to calcite may contain other minerals like quartz, specularite and Cu 

sulfides (now malachite). Distal veins are composed solely of calcite and are small (<1 cm width 

and <0.5 m length). Proximal veins are hosted in altered rocks (e.g., skarn) whereas distal veins 

are hosted in carbonate or calcareous wall rocks. Wall rocks ~1-2 km from mineralization may 

have small (~mm scale) disseminated pyrite; pyrite disappears beyond this distance. 

Multi-element and laser ablation-inductively coupled plasma-mass spectrometry (LA-

ICP-MS) data of calcite from both veins and wall rocks show maximum concentrations of Mn 

(>10,000 ppm) at ~1-3 km from mineralization, with samples along faults showing anomalies at 

a further distance than samples not along faults. Manganese concentrations return to background 

(~1,275 ppm) at distances of ~5-6 km. Other elements like Zn and Pb are detected in vein and 

wall rock multi-element geochemistry, but not as trace elements in calcite. These elements have 
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closer (~1-2 km) maximum concentrations (>600 ppm for Zn, >100 ppm for Pb in veins), with 

Cu having the most proximal (within 100m) maximum concentrations (>1,000 ppm in veins). 

The δ18O of H2O in equilibrium with vein calcite decreases from near magmatic 

signatures of ~13-2.5‰ 0-0.5 km close to orebodies to ~2.5 to -10‰ 4.5-8 km away from 

orebodies. δ13C values of CO2 in equilibrium with vein calcite also decrease away from 

orebodies, from ~1.5 to -2‰ at ~0.5 km distance, to -8 to -4‰ at ~4.5 km. Depletion in δ18O of 

wall rock calcite below ~20‰ due to hydrothermal alteration can be detected up to ~3.5 km from 

mineralization. Ratios of 87Sr/86Sr for vein and wall rock calcite were investigated along one 

traverse (n=14). The ratios from proximal veins have relatively primitive igneous signatures 

(~0.704). At more distal locations, wall rocks have signatures typical of Phanerozoic open ocean 

carbonates (~0.707). Veins from intermediate locations have mixed signatures (~0.704-0.705) 

and signatures from wall rock become progressively more mixed closer to mineralization.  

Shortwave ultraviolet fluorescence of calcite in veins and wall rock was dominantly red 

in color (~94%), with a few samples having blue-white or green fluorescence. Red UVF is 

primarily due to the presence of Mn2+, along with other minor activators and sensitizers. A 

Manganese Fluorescence Index (MFI) is designed as a ratio of Mn times the sum of fluorescence 

activators and sensitizers to quenchers in calcite (MFI = Mn * (Sm + Eu + Tb + Dy + Pb +Ce) / 

(Fe + Co +Ni)) and was calculated based on LA-ICP-MS trace element data. MFI discriminates 

between red UVF and other colors. MFI also has a spatial trend with maximum values at ~3-4 

km along faults and ~1 km from mineralization not along faults. Samples from orebodies have 

the lowest MFI score. 

The above trends are interpreted to be related to the outflowing of mineralizing fluids, the 

decrease of fluid/rock ratio, and other parameters including temperature, pH, and redox state. 

Isotopic data is consistent with mineralization by magmatic-hydrothermal fluids and late 

interaction with meteoric waters. The results of this study indicate that distal carbonate wall 

rocks and veins contain important geological, geochemical, luminescence, and isotopic 

characteristics that may be useful for exploration. Geochemistry and mineral chemistry provide 

vectors (e.g., Mn in calcite) while C, O, and Sr isotopes provide for both vectoring and 

discrimination between barren carbonate veins and veins related to mineralization. UVF is less 

conclusive, but preliminary results indicate that red UVF is a useful indicator of Mn-rich calcite 

veins. The related MFI may provide a useful vector.  
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CHAPTER 1 

INTRODUCTION 

 

 Alteration halos around orebodies increase the size of exploration targets, which helps 

mineral exploration. The larger the size of the halos, the easier it is to detect the deposit. In 

recent years, the application of laser ablation – inductively coupled plasma – mass spectrometry 

(LA-ICP-MS) techniques with significantly lower detection limits has enabled geologists to 

detect much weaker signals of mineralization in minerals at much further distances, thereby 

increasing the size of detectable alteration halos (e.g., Chang et al., 2011; Cooke et al., 2014; 

Wilkinson et al., 2015; Cooke et al., 2020). However, the recent studies of distal signatures of, 

and vectors towards, mineralization have been mostly on deposits hosted in volcanic rocks, 

especially mineral chemistry. Distal alteration features are less well-explored in carbonate 

terranes. This is an important area of study as many important ore deposits of various types (e.g., 

porphyry, skarn, carbonate replacement deposits (CRD), Carlin-type Au, Iron oxide copper-gold 

(IOCG)) can be either hosted by carbonate rocks or have carbonate rocks in their overlying 

stratigraphy.  

 Carbonate rocks have been recognized to record unique, cryptic signatures of 

hydrothermal mineralization that are different from volcanic rocks. These include stable isotope 

alteration halos (e.g., Engel et al., 1958; Brown et al., 1985; Kesler et al., 1996; Vàsquez et al., 

1998; Vaughan, 2013; Barker and Dipple, 2019; Beinlich et al., 2019) and distal fluid escape 

structures (Meinert et al., 2005; Chang et al., 2019). Many of these distal signatures have not 

been evaluated in detail. Avenues open to exploration that have received little previous attention 

include mineral chemistry and carbonate fluorescence. Additionally, more detailed study is 

needed on stable isotope alteration halos and compositions of bulk rocks and veins for different 

deposit types and at multiple locations with various stratigraphy and structural settings to better 

constrain alteration features and vectors.  

 This study explores the large scale, distal alteration features of carbonates overlying and 

on the sides of the polymetallic deposits of the Candelaria-Punta del Cobre district. The 

Candelaria-Punta del Cobre district is a northeast trending Cu-Au-(Zn-Ag) mineralized zone 

within the dominantly 100-160 Ma Chilean Iron Belt near Copiapó, Atacama Region, Region III, 
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Chile (Fig. 1.1). Candelaria, the largest mine in the district, has open pit reserves of over 466 Mt 

at 0.45% Cu, 0.11 g/t Au, and 1.5 g/t Ag for a contained metal reserve of 2.1 Mt Cu, 1.5 Moz 

Au, and 25 Moz Ag (www.lundinmining.com). The cumulative past production plus remaining 

resources for the district is estimated to be over 13 Mt of contained Cu (del Real et al., 2018). In 

the district, orebodies are mostly hosted in volcanic rocks below calcareous and carbonate beds, 

with less mineralization in the overlying carbonates. Such a setting presents an opportunity to 

study the distal geochemical and geological alteration features of large, mineralizing 

hydrothermal systems in carbonates. The main research question is, what features of seemingly 

unaltered carbonate country rocks indicate mineralization? How far from mineralized bodies can 

signatures be detected? Are there any systematic changes from distal locations towards the 

orebodies? And how can we integrate and calibrate these signals with geological features and 

observations? To complete this work, we explore multi-element geochemistry of rock and 

carbonate veins, carbon-oxygen stable isotopes of calcite in veins and wall rock, Sr isotope ratios 

of calcite in veins and wall rock, ultraviolet fluorescence of calcite, and trace element mineral 

chemistry of calcite in veins. The amount of field and analytical work is summarized in Table 

1.1.  

 

Table 1.1: Summary of Field and Analytical Work 

Core Inspected 2773m  
Sampling  131 total; 87 surface + 44 drill core 
Multi-Element Geochemistry  165 total; 89 rock + 76 veins 
Carbonate LA-ICP-MS  23 samples, 312 valid spot analyses  
C-O Isotopes  159 total; 91 rock + 68 vein 
Sr Isotopes  14 total; 7 rock + 7 vein 
Fluorescence examination 72 veins and wall rock where applicable 
Petrography 62 thin sections 
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Figure 1.1: Location of the Candelaria-Punta del Cobre district within the Chilean Iron Belt 
showing major deposit types and their ages. Modified after del Real et al. (2020). 
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CHAPTER 2 

GEOLOGIC BACKGROUND 

 

2.1 Regional Geology and Tectonics  

The Candelaria-Punta del Cobre district is a Cu-Au-Fe (Zn-Ag) mineralized zone within 

the Chilean Iron Belt ~15 km southeast of Copiapó, Chile. The Chilean Iron Belt is a distinctive 

north trending belt of IOCG-IOA (Iron Oxide-Apatite) and minor porphyry mineralization that 

runs along the Coastal Cordillera of Northern Chile (Sillitoe 2003) (Fig. 1.1). Like other deposits 

in the Iron Belt, the Candelaria-Punta del Cobre district is associated with branches of the 

Atacama Fault System, a trench-parallel, intra-arc strike-slip fault system that initiated during the 

Jurassic (Brown et al., 1993, Seymour et al., 2020). The district is located to the east of the 

intermediate composition plutons of the Cretaceous Copiapó Batholith. The host rocks of the 

batholith are arc-derived volcanic rocks of the Punta del Cobre Formation and calcareous 

sedimentary rocks of the Chañarcillo Group (del Real et al., 2018). The intrusive rocks represent 

a Late Jurassic-Early Cretaceous magmatic arc and associated back-arc basin (Marschik and 

Fontboté, 2001a, Marschik and Söllner, 2006). Shallow marine carbonate and clastic rocks of the 

Chañarcillo group started accumulating during back-arc extension in late Valanginian time (~133 

Ma) and continued forming until the Aptian (~125-113 Ma) (Marschik and Fontboté, 2001a). 

Many authors contend that basin inversion occurred during the late Aptian and is associated with 

the batholith (e.g., Marschik and Fontboté, 2001a), but this is disputed by Arévalo et al. (2006). 

The batholith is proposed to be spatially and temporally associated with mineralization in the 

district (Marschik and Fontboté, 2001a; Mathur et al. 2002; Arévalo et al., 2006) and also with 

an extensive contact metamorphic aureole near the town of Tierra Amarilla, located in the 

middle of the district (Tilling, 1962, 1963, 1976). Broadly coeval with pluton emplacement was 

the formation of the Ojancos-Florida and Candelaria shear zones at the margins between the 

exposed batholith in the east of the district and the volcanic and sedimentary rocks in the west 

(Arévalo et al., 2006). Similar syn-plutonic shear zone formation associated with Early 

Cretaceous intrusions is noted in other areas along the Atacama Fault System by Seymour et al. 

(2020). In summary, the Candelaria-Punta del Cobre district is located along the eastern margin 
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of the Atacama Fault System at the nexus of the Copiapó Batholith and Cretaceous volcanic and 

marine sedimentary rocks.  

 

2.2 Study Area Geology  

2.2.1 Stratigraphy 

The Candelaria-Punta del Cobre district generally consists of intrusive rocks in the west 

and volcanic and sedimentary rocks in the east (Fig. 2.1). The volcanic and volcaniclastic rocks 

of the Lower Cretaceous Punta del Cobre formation are the oldest rocks exposed in the district. 

The Punta del Cobre consists of a lower andesite member, a dacite dome complex, a volcanic-

sedimentary unit commonly referred to as the “tuff,” and an upper andesite member (Marschik 

and Fontboté, 2001b). The lower andesite is conformably overlain by the dacite dome complex, 

the volcanic sedimentary unit, or both. The dacite dome complex has been interpreted by 

Marschik et al. (1997) to represent a series of domes emplaced above the lower andesite. del 

Real et al. (2018) deduced the same and found supporting field evidence for the idea that the 

dacite member and the volcanic-sedimentary unit (“tuff”) formed at the same time. The upper 

andesite conformably overlies the dacite and volcanic sedimentary unit. The upper portions of 

the upper andesite gradually give way to intercalations of sandstone and limestone before being 

capped conformably by the Abundancia Formation of the overlying Chañarcillo Group (del Real 

et al., 2018). However, Ryan et al. (1995) found that open pit mapping and drill core logging at 

the Candelaria mine clearly demonstrated an unconformable contact between the Punta del 

Cobre formation and the Chañarcillo Group. This discrepancy may be resolved by the Punta del 

Cobre detachment as described by Arévalo et al. (2006) (Fig. 2.3).   

The Chañarcillo Group consists of a sequence of regressive to transgressive, calcareous, 

back-arc marine sedimentary rocks. It is divided, from oldest to youngest, into the Abundancia, 

Nantoco, Totoralillo, and Pabellón formations (Fig. 2.2). Segerstrom (1962) described the group 

drawing on observations from Quebrada Meléndez (within the district near the Santos Mine, Fig. 

2.1) and other exposures in Northern Chile. In the district, the Abundancia Formation consists of 

tuffaceous sandstone or interbedded limestone and tuff. The overlying Nantoco Formation 

consists of interbedded micritic limestone and marls/shales with minor tuffs. The upper part of 

this unit contains calcified evaporite beds and solution collapse breccias that contain anomalous 

Mn and Zn concentrations (Cisternas and Diaz, 1990). These sediments are overlain by the shaly 
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limestones of the Totoralillo Formation and cherty limestones with clastic interbeds of the 

Pabellón Formation. Volcanic tuffs and clastic rocks of the Bandurrias Formation interfinger 

with the Chañarcillo group in the northern part of the district (del Real et al. 2018). 

Conglomerates, sandstones, and lavas of the Late Cretaceous Cerillos Formation unconformably 

overly the Chañarcillo Group sedimentary rocks in the far east of the district (Fig. 2; Segerstrom, 

1962). The Chañarcillo Group was dominantly deposited in an open marine setting, but some 

units, particularly the Nantoco, were deposited in restricted marine settings.  

 

 
 

Figure 2.1: General geology and approximate extents of major orebodies in the Candelaria-Punta 
del Cobre District. Geology based on Arévalo (1999) and Arévalo et al. (2006). Orebody 
locations are simplified from del Real et al. (2018).  

 
2.2.2 Intrusions 

Intrusive rocks in the district mainly consist of the composite plutons of the Copiapó 

Batholith. The batholith is composed of the 118 Ma (Zircon, U-Pb) La Brea diorite, the 115 Ma 

(Zircon, U-Pb) San Gregorio monzodiorite, the Ojancos and El Granate microgranites, and the 

111 Ma (Zircon, U-Pb) granodioritic to tonalitic Los Lirios pluton (Tilling, 1976; Arévalo, 1999; 

Arévalo, 2006; Marschik and Söllner, 2006). Arévalo (2006) reported slightly different ages for 
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some of the plutons using 40Ar/39Ar dating, but this study uses the U-Pb dating reported in 

Marschik and Söllner (2006). Plutonic activity coincides with the reported date of mineralization 

in the district around ~115 Ma (Marschik and Fontboté, 2001a; Mathur et al. 2002). There are a 

few known older and younger intrusive bodies in the district. del Real et al. (2018) reported an 

age of 135 Ma (Zircon, U-Pb) for a small body of granodiorite near the Alcaparrosa mine. Pre-

mineral dacite dikes at the Carola mine returned ages of 125 Ma and 122 Ma (Zircon, U-Pb) 

(Pop et al., 2000). Younger intrusive rocks include a series of lamprophyre dikes found in 

deposits on the east side of district that Pop et al. (2000) dated at 63 Ma, and dacite dikes in the 

southern part of the district dated by del Real et al. (2018) at 47 Ma.  

 

 
 

Figure 2.2: Representative stratigraphic column after del Real et al. (2018). Thickness for 
Pabellón Fm. taken from Price et al. (2008). Other thicknesses taken from Aguirre-Urreta et al. 
(2007). Calcareous units that were the sampling targets for this study are part of the Chañarcillo 
Group. The Bandurrias Group is not present within the confined study area but is included here 
for completeness.  
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2.2.3 Structures  

Both the Punta del Cobre Formation and Chañarcillo Group generally strike north-

northeast. The beds dip to the west close to the contact with the Coastal Batholith and then to the 

east, defining the Tierra Amarilla anticlinorium (Fig. 2.3). East of the Copiapó valley, rocks dip 

moderately to the east and are deformed by the Punta del Cobre detachment and the Paipote fold 

and thrust system (Fig. 2.3).  

The Punta del Cobre detachment is a series of discontinuous low-angle extensional faults 

that displace the basal units of the Chañarcillo Group atop the upper units of the Punta del Cobre 

Formation. It is a brittle structure in the east, but in the west, it merges into high-angle ductile 

shear zones at the contact of the Coastal Batholith (Arévalo et al., 2006). Timing of the 

detachment is broadly coeval with pluton emplacement and is bracketed between 120-93 Ma by 

Arévalo et al. (2006). The younger age is from the more northern exposures of the detachment, 

north of Fig. 3. Therefore, the fault may be considered pre- to syn-mineralization and the 

alteration pattern in the district does not show much displacement. The Paipote fold and thrust 

system, a positive flower structure, is represented by the Tierra Amarilla anticlinorium and 

Cerrillos thrust. The anticlinorium trends northeast from the Espanola project (Fig. 2.2) through 

the Candelaria deposit into the Santos/Mantos de Cobre deposits in the northeast (del Real et al., 

2018). Of interest to this study is the Cerillos thrust, which is described as a flat passive fault at 

the roof of the Paipote flower structure that displaces the upper member of the Nantoco 

Formation in the far east part of the district (Fig. 2.3). The timing of these transpressional 

structures is bracketed by Arévalo et al. (2006) between 93 Ma and 80-65 Ma. Additionally, at 

Candelaria, Arévalo et al. (2006) noted that the Tierra Amarilla anticlinorium displaces stratified 

rocks, shear zones, other low angle faults, and orebodies. Thus, contractional deformation 

postdated extensional deformation and mineralization.  

A network of northwest to north-northwest trending, high-angle, left-normal faults like 

San Gregorio and Lar cut across the district (Fig. 2.3). In the northern parts of the district, these 

NNW structures may host mineralization, e.g., at Santos and Alcaparrosa. At Candelaria, the Lar 

and El Bronce faults are mineralized, and the traces of the Lar and San Gregorio faults become 

ductile shear zones close to the contact with the San Gregorio pluton in the north. This suggests 

that the faults are pre-mineral, but were reactivated during pluton emplacement (Arévalo et al., 
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2006). Mapping also demonstrates that faults were active post-intrusion as they cut through 

intrusive rocks (Fig. 2.3).  

 

 
 

Figure 2.3: Geology of the Candelaria-Punta del Cobre District with important structures 
emphasized. 
 

2.2.4 Cross and Long Sections 

 To further illustrate the district geology, a cross section, (A-A’, Fig. 2.5), and a long 

section (B-B’, Fig. 2.6) are created based on the locations in Figure 2.4. The cross section 

illustrates the shear zone contact of volcanic and sedimentary rocks in the district, as well as the 

major N-S trending structures including the Punta del Cobre detachment and the Cerrillos thrust 

(Fig. 2.3). The long section illustrates the stratigraphic position of the orebodies in the district as 

well as the structural features of the Tierra Amarilla Anticlinorium (Fig. 2.3).  

 

2.3 Mineralization and Alteration  

2.3.1 Mineralization Styles and Morphology  

Mineralization is primarily hosted in Punta del Cobre Formation volcanic rocks, e.g., at 

Candelaria, Santos, Carola, and Alcaparosa (Fig. 2.1; Marschik and Fontboté, 2001a). 
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Figure 2.4: Geology of the Candelaria-Punta del Cobre district with section lines.  
 

 
 
Figure 2.5: Cross section A-A’. Modified after Arévalo et al. (2006).  
 

Mineralization also occurs in Chañarcillo Group carbonates as skarns, e.g., Española, 

Soplona, Las Pintadas (Figure 2.1) and smaller deposits located above the main Candelaria 

orebody that were mined in the past before the discovery of the much larger Candelaria 

orebodies (Ryan et al., 1995; Sillitoe, 2003). Skarns are typically of lower grade and much lower 

tonnage than other deposits in this district (Sillitoe, 2003).  
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Figure 2.6: Long section B-B’. Based on section from Lundin Mining.  
 

The deeper ores in the district range from manto-style concordant bed replacements of 

favorable stratigraphic horizons in the Punta del Cobre formation like the volcanic sedimentary 

unit (“tuff”) and lower andesite (Candelaria) (Marschik and Fontboté 2001a), to vein/structurally 

hosted mineralization in volcanic rocks located in the northern part of the district (Santos, 

Alcaparossa), and within plutons to the west (Sillitoe 2003) (Fig. 2.7).  

The Candelaria deposit is primarily a disseminated and minor vein-hosted Cu-Au-

magnetite deposit hosted in the lower andesite and volcanic-sedimentary unit of the Punta del 

Cobre Formation. Highest ore grades are found in the volcanic-sedimentary unit whereas the 

bulk of the ore is found disseminated in the biotite-rich upper portions of the lower andesite 

(Ryan et al, 1995). Copper minerals occur principally in discontinuous veinlets and 

disseminations. Larger, higher grade veins follow the northwest to north-northwest structural 

trend of the district (Marschik and Fontboté, 2001a). Many veins are not confined to one unit and 

commonly cut through all members of the Punta del Cobre Formation, with some smaller 

veinlets cutting through the Abundancia Formation. The flat-lying (“manto”) portions of the 

Candelaria orebody are commonly concordant breccias, disseminations, and veinlets that mimic 

sedimentary layering (Marschik and Fontboté, 2001a).  
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Figure 2.7: Selected examples of mineralization from drillcore at the Candelaria mine A: 
Massive magnetite and chalcopyrite-pyrite replacing the “tuff” (Volcanic Sedimentary Unit) B: 
Lower Andesite with biotite and amphibole alteration, cut by an amphibole-magnetite-
chalcopyrite-pyrite vein w/discontinuous pink kspar halo C: Pyroxene-garnet ± scapolite skarn, 
with magnetite, pyrite, and chalcopyrite mineralization. 
 

Mineralization on the east side of the Copiapó valley, in the Punta del Cobre district 

sensu stricto, e.g., in Carola, Punta del Cobre, and Santos (Fig. 2.1), is generally more 

structurally controlled, with subvertical and flat-lying orebodies hosted in brecciated volcanic 

rocks above the dacite domes in the Punta del Cobre formation. The structurally controlled 

subvertical orebodies are found primarily in the lower andesites of the Punta del Cobre 

formation. They are hosted by the northwest to north-northwest structures that are typical of the 

region (Marschik and Fontboté, 2001a).  
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Minor mineralization is hosted in the Chañarcillo Group. These deposits include Las 

Pintadas, Española, and Soplona in the southern part of the district, and the original Lar and 

Bronce deposits that sat above the Candelaria orebody. These deposits were generally flat-lying 

disseminations and smaller veins hosted in the limestones and tuffs of the Abundancia Formation 

(Ryan et al., 1995; Marschik and Fontboté, 2001a). Minor vein-type mineralization also occurs 

in the plutons 5-10km to the west of the main Candelaria-Punta del Cobre district (e.g., Tigresa, 

San Fransico, Sillitoe, 2003; Kreiner and Barton, 2009). The veins are typically zoned from 

deeper magnetite-apatite into magnetite-chalcopyrite and still shallower hematite-chalcopyrite. 

The shallowest levels are typically carbonate rich or carbonate veins with calcite and ankerite as 

the dominant mineral, with potentially minor silver mineralization (Sillitoe, 2003). These veins 

share faults with pre-ore dikes, suggesting the veins and dikes themselves were related to the 

unseen source of the dikes, and not the outcropping igneous rocks themselves (Sillitoe, 2003).  

 

2.3.2 Mineralization and Alteration Paragenesis  

Alteration and mineralization in the Candelaria-Punta del Cobre district has been 

described in several publications. Descriptions of note are found in Ryan et al. (1995), Marschik 

and Fontboté (2001a), and del Real et al. (2018). Ryan et al. (1995) is only applicable to the 

Candelaria deposit. Table 2.1 summarizes these descriptions. While the district is well mapped, 

alteration is generally better constrained for individual orebodies than for the district as a whole. 

This is due to combined effects of pre- and potentially post-mineralization regional contact 

metamorphism and metasomatism that is unrelated to mineralization, as emphasized in Ryan et 

al. (1995). For simplicity and ease of comparison, alteration from these publications is presented 

here by lithology. Similarities are then drawn between the reported alteration parageneses to 

elucidate a consensus.  

In the lower andesite of the Punta del Cobre Formation, Ryan et al. (1995) describe 

biotite-K-feldspar alteration overprinting metamorphic textures. Late K-feldspar replaces and/or 

cuts earlier formed feldspar, biotite, Na-scapolite, and andradtic garnet. Marschik and Fontboté 

(2001a) separate alteration mineralogy in the east (Punta del Cobre) and west (Candelaria) sides 

of the district. In the west, the lower andesite is altered to magnetite-K-feldspar-amphibole near 

the magnetite “manto”. Massive volcanic rocks are altered to magnetite-albite/K-feldspar. In the 

east, albite-chlorite or K-feldspar-chlorite alteration is more common. 
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Table 2.1: Reported Alteration Summary from Selected Papers 

Alteration Mineralogy by Lithology  
  

Ryan et al., 1995 (limited to Candelaria) 
  

Marschik and Fontboté, 2001a 
  

del Real et al., 2018  
 

       

               

Chañarcillo Group 

  

Early andraditic grt with some Al-rich rims and 
diopsidic pyx; hornfels in silicic sediments. 
Late hedenbergitic pyx-andraditic grt-scap-hbl.  
 
Late Kspar replaces/cuts earlier formed felds, 
bt, Na-scap, and andradtitic grt.  

  

Scap±pyx±amph±grt with garnetite 
horizons or quartz hornfels, limited to 
the west side of the district  

  Early - pervase alb-ep; scap-
grt-diop in more calcareous 
units in the west  
Main - hem-(spec)-mt-act-bt-
Kspar±cpy-py 
Late - spec-Kspar-carb ± cpy-
py veins 

 

               

Upper Andesite  

  

Near the base, strong brecciation and late 
Kspar flooding with breccia fragments replaced 
by Kspar. Earlier textures largely destroyed.  
 
In less brecciated areas, Kspar forms halos 
around stockwork-like qtz-Kspar-
amph±mt±sulfide veins or replaced feldspar 
phenocrysts/matrix in volcanics.  

  

Qtz, pyx, or bt hornfels with 
pyx-scap-grt; amph veinlets near the 
contact with overlying sediments  
 
Bt hornfels or K-spar or ab-bt-amph 
alteration 
in massive volcanic rocks; scap, and 
amph veinlets 
 
In the east, red chert±mt 

  Early - mt-act in structures 
surrounded by alb; local scap-
grt-diop is pervasive in places 
Main - mt-(hemt)-act-bt-
Kspar±cpy-py 
Late - spec-Kspar-carb ± cpy-
py veins in west; ep-chl 
patches more common in the 
east  

 

               

Volcanic-Sedimentary Unit 

  

Near the top, andradticit grt-hedenbergitic pyx 
with po-cpy-py-mt.  
 
The base of the unit has a crd-qtz-
anthophyllite-cummg-bt assemblage.  
 
Late Kspar replaces/cuts earlier formed felds, 
bt, Na-scap, and andradtitic grt.    

In the west, intense biotitization 
(brown and/or green bt) plus qtz-
mt±amph ±pink grt, locally minor 
crd; overprinted by pervasive and 
fracture-controlled amph  
 
In the east, chl-carb±ser±hem, +mt in 
the basal breccia  

  Early - mt-act in structures 
surrounded by alb-ep 
Main - mt(+mshk)-act-bt-
Kspar-qtz-cpy-(po)-py 
Late - chl-ep ± py in patches 
or veins; minor spec/hem-
carb-Kspar ± py-cpy veins 

 

               

Lower Andesite  

  

Bt-Kspar overprinting previously 
metamorphosed rocks. 
 
Late Kspar replaces/cuts earlier formed 
feldspar, bt, Na-scap, and andradtitic grt.  

  

In the west, mt-kspar-amph near mt 
manto; bt-qtz-mt-ab/Kspar in massive 
volcanic rocks; in places, overprinted 
by fracture controlled or pervasive 
amph 
 
In the east, ab-chl±cal±qtz or Kspar-
chl/bt±carb±qtz in the Meléndez 
Dacites; ab-qtz-bt/chl or bt-qtz-
Kspar/ab ±chl w/late amph vein 
overprint in Lower Andesite 

  Early - mt-act  
Main - mt(+mshk)-act-bt-
Kspar-qtz ± py-anh-cpy 
Late - chl-ep ± py in patches 
or veins. Minor spec/hem-
Kspar ± py-cpy 
veins 
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Table 2.1 Continued  

 
 

 

   
 

               

Alteration Stages and Paragenesis 

  

(1) – Early, relatively deep-seated potassium 
metasomatism and associated mineralization 
(2) – Contact metamorphism and iron 
metasomatism that formed bt-plag hornfels, 
andratitic grt-diopsidic pyx, and 15isseminated 
bt.  
(3) – Influx of chloride-rich metasomatic fluids 
leading to grt, hd, po, mt, ab, and abundant 
sodic scap replacing earlier contact-
metamorphic and iron metasomatic minerals. 
Mt, Au, cpy, and other ore minerals may have 
been remobilized.  
(4) – Retrograde metamorphism formed chl, 
ep, all, act, czo, and some hbl. Cpy replaced 
many earlier opaque minerals and po broke 
down to py, mrc, and mt.  
(5) – Late potassium metasomatism and kspar 
flooding.    

(1) – Early pervasive albitization  
(2) – Iron metasomatism with early 
potassic alteration and silicification  
(3) – Peak of contact metamorphism, 
calc-silicate mineral formation (scap to 
grt) 
(4) – Main Cu mineralization event 
(cpy-py), spec to mshk 
(5) – Late hem(spec)-cal veining event 
with trace mt-py, rarely cpy  

  (1) – Early Na to Na-Ca: 
scap-alb-grt 
(2) – Barren Ca-Fe: mt-act 
(3) – K-Fe to Ca-K-Fe: mt-
act-bt-Kspar± qtz±anh± mshk 
with cpy–pyrite ± po 
(4) – Ca-Fe-Mg: ep-chl veins 
or patches  
(5) – K-Fe-CO2: spec-carb-
Kspar 

 

               

               

Important Points  

  

Noted that there was no observable alteration 
zonation at any scale. Original ore textures 
may have been destroyed by metasomatism, 
shearing, contact metamorphism or retrograde 
metamorphism. There may have been two 
different mineralization events with 
remobilization of ore minerals in the second 
event.  

  

Two separate hydrothermal events 
(iron metasomatism followed by Cu 
mineralization) with early specularite 
replaced by magnetite. This indicates 
increasing temperatures or a change to 
more reduced conditions. Described 
district and deposit scale alteration 
zonation, with the Punta del Cobre 
district (sensu-stricto) in the east 
representing the more distal part of the 
system 

  

The major theme of alteration 
is the same between the east 
and west sides of the district, 
with early extensive 
magnetite alteration followed 
by Cu mineralization.  
Alteration is also zoned 
vertically with magnetite in 
deeper parts of the system and 
hematite (specularite) in the 
shallower parts. Additionally, 
abundant mushketovite 
suggests that there may have 
been overprinting as the 
system evolved upwards.  
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Both the east and west have a late amphibole overprint. del Real et al. (2018) also 

describe alteration separately between east and west, but mainly by stage (early, main, late). 

Early alteration consists of magnetite-actinolite, with main stage (mineralization) alteration 

consisting of magnetite-actinolite-biotite-K-feldspar-quartz with or without pyrite-anhydrite-

chalcopyrite. Late alteration consists of chlorite-epidote with or without pyrite and minor 

specularite/hematite-K-feldspar veins with or without pyrite-chalcopyrite mineralization.  

In the volcanic-sedimentary unit (“tuff”), Ryan et al. (1995) describe alteration of 

andraditic garnet-hedebergitic pyroxene with pyrrhotite-chalcopyrite-magnetite at the top of the 

unit. At the base of unit, there is a cordierite-quartz-anthophyllite-cummingtonite-biotite 

assemblage. Late K-feldspar replaces/cuts earlier formed feldspar, biotite, Na-scapolite, and 

andraditic garnet. Marschik and Fontboté (2001a) describe intense biotite alteration in the west, 

along with quartz-magnetite with or without amphibole-pink garnet and local minor cordierite. 

This alteration is then overprinted by amphibole. In the east, chlorite-carbonate alteration is more 

common. del Real et al. (2018) describe early magnetite-actinolite, main stage magnetite-

actinolite-biotite-K-feldspar-quartz-chalcopyrite-pyrite and late-stage chlorite-epidote with or 

without pyrite.  

In the upper andesite, Ryan et al. (1995) describe strong brecciation and late K-feldspar 

flooding near the base of the unit. In areas without brecciation, K-feldspar forms halos around 

quartz-K-feldspar-amphibole veins with or without magnetite and sulfides. Marschik and 

Fontboté (2001a) describe hornfels or pyroxene-scapolite-garnet near the contact with the 

overlying calcareous sedimentary rocks. Massive volcanic rocks have K-feldspar or albite-

biotite-amphibole alteration with minor scapolite. del Real et al. (2018) describe early magnetite-

actinolite with local pervasive scapolite-garnet-diopside. Main stage consists of magnetite-

actinolite-biotite-K-feldspar-carbonate with or without chalcopyrite-pyrite. Late alteration 

consists of specularite-K-feldspar-carbonate with or without chalcopyrite-pyrite. Epidote-chlorite 

alteration is more common in the east side of the district.  

In the calcareous sedimentary rocks of the Chañarcillo Group, Ryan et al. (1995) describe 

early andradtic garnet-diopsidic pyroxene and hornfels of silicic sedimentary rocks. Late 

alteration consists of henderbergitic pyroxene-andradtitic garnet-scapolite-hornblende. Marschik 

and Fontboté (2001a) describe scapolite-pyroxene-garnet with occasional garnetite or quartz 

hornfels horizons. This alteration is limited to west side of the district. del Real et al. (2018) 
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describes early pervasive albite-epidote in the east side of the district and scapolite-garnet-

diopside in the west. Main stage alteration is hematite-magnetite-actinolite-biotite-K-feldspar 

with or without chalcopyrite-pyrite mineralization. Late-stage alteration consists of specularite-

K-feldspar-carbonate with or without chalcopyrite-pyrite veins.  

It is worth noting that early researchers including Díaz (1990) and Ryan et al. (1995) 

described the calc-silicate assemblages in the district as skarns. As previously described, these 

skarns occur mainly in the calcareous rocks of the Chañarcillo Group on the west side of the 

district and to a lesser extent in the volcanic sedimentary unit and near the contact of the upper 

andesite and Abundancia formation at the Candelaria deposit. Later, Marschik and Fontboté 

(2001a) described the skarns but grouped them into various alteration assemblages, suggesting 

that they were an expression of sodic or sodic-calcic alteration related to IOCG mineralization. 

This was also due to the similarity of alteration associated with ore from both the east and west 

sides of the district. Interestingly, in their alteration map, Marschik and Fontboté (2001a) group 

Na-scapolite ±pyroxene ±amphibole skarn (±garnetite horizons) under Na or Na-Ca alteration, 

but the assemblage garnet±pyroxene±scapolite skarn is grouped under thermal contact 

metamorphic alteration. Functionally, these are the same assemblage. Massive coarse-grained 

skarns are formed by metasomatism, so it is incorrect to group them strictly under thermal 

contact metamorphism.  

The descriptions of alteration paragenesis from the various publications is similar. In 

general, authors agree that there is an initial period of Na-metasomatism (albite) in the andesites 

and other volcanic rocks of the Punta del Cobre Formation. However, authors disagree on the 

timing of the following K- and Fe-metasomatism. Ryan et al. (1995) contend that K-

metasomatism is first, Marschik and Fontboté (2001a) describe similar timing for both, and del 

Real et al. (2018) describe Ca-Fe alteration first. In any case, K-metasomatism is responsible for 

early biotite and possibly K-feldspar while Fe-metasomatism is responsible for early magnetite 

and possibly actinolite in andesites. Fe-metasomatism produced Fe-rich skarn minerals in 

calcareous sediments and some andesites. This is followed by Cu-Au mineralization, although 

this event may have remobilized earlier formed ore minerals. Following, chlorite-epidote 

alteration overprints other events. Authors agree that hematite(specularite)-calcite affecting all 

rocks is late, although Ryan et al. (1995) and del Real et al. (2018) contend that late K-feldspar 
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alteration occurred at this stage too, with potassium feldspar flooding at Candelaria and K-spar in 

late veins elsewhere in the district.  

 

2.4 Hypothesized Mineralization Processes  

Earlier workers (e.g., Ryan et al., 1995) noted that while the deposits of the district had 

similarities to known skarn and porphyry deposits, they also had many differences. For one, they 

claimed that specific skarn mineralogy was atypical of skarn deposits and would require two 

separate episodes of skarn formation to explain the observed skarn mineralogy (Ryan et al., 

1995). When compared to a porphyry deposit, Candelaria was found to differ in several ways, 

including ore hosted in massive flat lying disseminations (“mantos”) instead of stockworks, a 

lack of a clear intrusive source, and abundant magnetite (Ryan et al, 1994). Marschik et al. 

(2000) were the first to suggest that the deposits of the Candelaria-Punta del Cobre district 

deposits were part of the IOCG clan based on several factors. These included abundant magnetite 

in the core of the mineralization and hematite in more distal portions, local enrichments of LREE 

(Light Rare Earth Elements), and large Ca-K, K, and Na-Ca alteration halos. Sillitoe (2003) 

noted the clear association between calcic skarns and IOCG deposits in the Iron Belt and 

suggested that there was no genetic difference between the deposits. Rather, the skarns were 

likely a reflection of carbonate or reactive volcanic protoliths. This was supported by 

observations from Hopper and Correa (2000) who found that potassic alteration at the Panulcillo 

IOCG deposit was equivalent with calc-silicate formation. In the Candelaria-Punta del Cobre 

district, skarns are often treated as either alteration (Marschik and Fontboté, 2001a) or as 

‘leakage anomalies’ (Sillitoe, 2003) related to IOCG mineralization.  

While several different hypotheses have been proposed for the origin of hydrothermal 

fluids responsible for IOCG deposits worldwide, most work on the Candelaria-Punta del Cobre 

district supports magmatic-hydrothermal origins (Table 2.2). There is only minor “non-igneous” 

Sr isotope evidence that supports the hypothesis that basinal brines were the primary fluids 

responsible for mineralization in Candelaria-Punta del Cobre district (Barton et al., 2005). 

Marschik and Fontboté (2001a) found that δ34S of sulfides from several deposits in the district 

was clearly magmatic in origin. Additional Pb-isotope, oxygen isotope, microthermometry, and 

fluid inclusion data supported that the deposits were formed by magmatic-hydrothermal 

processes. 
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Table 2.2: Summary of Hypothesized Deposit Origins from Selected Papers 

Information 
  Ryan et al., 1994 (limited to 

Candelaria) 
  

Marschik and Fontboté, 2001a 
  Sillitoe, 2003 (Andean 

IOCG review) 
  Barton et al., 

2005 
  

del Real et al., 2018  
          

                      
Deposit Type    Porphyry-skarn    IOCG   IOCG   IOCG   IOCG 

                      
Fluid Source    Magmatic-hydrothermal    Magmatic-hydrothermal    Magmatic-hydrothermal    Basinal Brines    (not hypothesized) 

                      
Reported 

Evidence For 

  

(1) - Large deposit size  
(2) - Widespread 
mineralization and spatially 
associated early potassic 
alteration 
(3) - Simple mineralogy  
(4) - Limited suite of 
contained metals  
(5) - Abundant 
recrystallized apatite  
(6) - Spatial association with 
large batholith  
(7) - Skarn mineralogy 
(proposed two skarn 
forming events) 

  

(1) - Abundant magnetite and/or 
hematite with the ore  
(2) - Na, Ca, and K alteration 
(3) - Spatial and temporal 
association with local batholith 
(4) - Chlacopyrite as the only 
hypogene Cu ore mineral  
(5) - Geochemical signature with 
Ag, Zn, Mo, and LREE   
(6) - Oxygen isotope signatures  
(7) - Sulfur isotope signatures  
(8) - Fluid inclusions in 
anhydrite homogenize between 
340-470C 
(9) - Sulfide-sulfate fractionation 
temperatures ~400C 
(10) - Pb isotope signatures  

  

(1) - Abundant magnetite 
and/or hematite with the 
ore  
(2) - Na, Ca, and K 
alteration  
(3) - Spatial and temporal 
association with dioritic to 
gabbrodioritic magmas  
(4) - Structurally 
controlled deposits share 
faults and fractures with 
pre-mineral mafic (often 
dioritic) dikes 
(5) - Similar geochemical 
signature to calcic Fe-
skarns associated with 
dioritic intrusions  

  

(1) - Field 
mapping of Na, 
Ca alteration 
(2) - Sr isotopes 
from 
mineralization 
and altered rocks 
suggest non-
igneous 
contribution to Sr 
isotope signature 
of 30->90% 

  

(1) - Abundant 
magnetite and/or 
hematite with the ore  
(2) - Na, Ca, and K 
alteration 
(3) - Spatial and 
temporal association 
with local batholith 
(3) - Ore in fault 
zones, breccias, and 
specific lithologies 

                      
Reported 
Evidence 
Against  

  

(1) - No recognizable 
intrusive source  
(2) - Flat, manto-like shape 
of part of the orebody  
(3) - Abundant magnetite  

  

(1) - Isotope evidence can be 
explained by non-magmatic 
fluids equilibrated with 
magmatic silicates  

  

(1) - Some deposits show 
evidence for contamination 
by metamorphic, seawater, 
evaporitic or meteoric 
fluids  

  

(none) 

  

(1) - No direct field 
evidence linking local 
batholith to 
mineralization  
(2) - Inversion of 
basin could have 
provided access to 
basinal brines  

                      
Discussion 

  

Evidence shows that the 
deposit may be related to a 
relatively deep-seated 
porphyry system. However, 
deposit has many 
characteristics that are 
atypical of porphyries    

Evidence suggests, but does not 
unequivocally prove, that 
magmatic-hydrothermal fluids 
formed IOCG ores in the district  

  

Balance of evidence across 
many deposits in the 
Chilean IOCG belt favors 
magmatic-hydrothermal 
origin of IOCG ores 

  

Evidence shows 
IOCG ores may 
be formed by 
brines, but fluid 
source remains 
unconstrained 

  

While there is 
evidence that favors 
magmatic 
hydrothermal origin 
of IOCG ores, much is 
still unconstrained 
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40Ar/39Ar dating of alteration minerals by Marschik and Fontboté (2001a) returned an age 

of 115 Ma, which coincides with plutonic ages. At Candelaria, Arévalo (2006) concluded that 

the monzodioritic San Gregorio pluton was responsible for mineralization at ~111 Ma due to 

coinciding 40Ar/39Ar dating of biotite related to alteration, 40Ar/39Ar dating of biotite from the 

pluton, and field relationships of structural contacts. However, Marschik and Söllner (2006) 

report a 115 Ma zircon U-Pb age for the San Gregorio pluton and it coincides with the 115 Ma 

Re-Os in molybdenite date from Mathur et al. (2002) and the alteration dating 

(amphibole/biotite, 40Ar/39Ar) from Marschik and Fontboté (2001a). Mathur et al. (2002) also 

note the structural relationship of San Gregorio to the Candelaria orebodies, as well as similar Os 

isotope ratios of magmatic and hydrothermal oxides (magnetite). This led them to conclude that 

the hydrothermal fluids responsible for mineralization at Candelaria had a significant magmatic 

fluid component.  

Marschik et al. (2003) found that the Pb isotope signature of ores in the Candelaria-Punta 

del Cobre district had the same Pb signature as common Pb from unaltered magmatic rocks of 

the adjacent batholith. They concluded that the Pb isotope signature of the ores could be due to 

either direct derivation of Pb from magmatic-hydrothermal fluids or leaching of the magmatic 

rocks by other hydrothermal fluids. Marschik and Kendrick (2015) found that noble gas and 

halogen compositions of fluid inclusions in quartz and calcite from the center of the Candelaria 

orebody were consistent with ore formation by magmatic hydrothermal fluids with later mixing 

with brine formation waters. They did not find evidence of evaporite dissolution.  

Recent work on the geochemistry and stable isotope signature of magnetite and pyrite 

from Candelaria and other IOCG deposits in the district and within the Iron Belt support original 

formation by magmatic-hydrothermal processes (del Real et al., 2020; Rodriguez-Mustafa et al., 

2020). This recent research has argued for a genetic link between Cu-Au barren, magnetite rich 

Iron-Oxide-Apatite (IOA) and IOCG deposits in the Iron Belt, where the IOA deposits represent 

the deeper parts of IOCG deposits as proposed by Sillitoe (2003). This is in opposition to Mathur 

et al. (2002) who found that Re-Os geochemistry and Os isotope ratios of magnetite from IOA 

deposits were distinctly different from those of IOCG deposits. The Os isotope ratios were like 

those of the sedimentary host rocks, suggesting that the deposits formed by basinal hydrothermal 

fluids and not magmatic fluids (Mathur et al. 2002). Other recent work by Richards et al. (2017) 

compared porphyry copper deposits of similar age in the Iron Belt to IOCG deposits. While 
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somewhat controversial, they propose that IOCG deposits form from S poor magmas, while 

porphyry deposits form from S rich magmas. Overall, the consensus is that the alteration and 

mineralization in the Candelaria-Punta del Cobre district is related to magmas and was mainly 

caused by magmatic-hydrothermal fluids, despite the specific causative intrusion(s) having not 

been unequivocally identified.  
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CHAPTER 3 

SAMPLING AND SAMPLE PREPARATION 

 

3.1 Sampling  

Surface samples were collected along traverses extending from known mineralized 

centers into unmineralized rocks (Fig. 3.1). Care was taken to avoid potential unknown 

mineralized centers based on currently available district alteration and mineralization maps, e.g., 

Figure 3.1. Traverses were designed in two orientations: north-south following major faults and 

east-west not along any faults. This is based on the hypothesis that distal fluids may move more 

easily along large faults than through the stratigraphy. In addition to samples from traverses, 

several samples were taken at larger, mineralized proximal veins or mineralized faults to serve as 

endmembers representative of hydrothermal mineralization. Samples were also taken from 

mineralized drill cores for a similar purpose.  

 

 
 
Figure 3.1: Map showing sample locations along traverses.  
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While nine traverses were planned, only six were able to be completed. This is due to a 

combination of land ownership and access issues, terrain constraints, and conditions on the 

ground revealed during fieldwork. Traverse #4 was planned as an extension to traverse #2 (Fig. 

3.1) to test the distal signals from the Candelaria mine, but permission to collect samples on the 

land was revoked. Traverse #9 was skipped due to difficult terrain and time constraints on 

fieldwork. Traverse #8 was designed to test signals between Candelaria Norte and Alcaparrosa, 

but upon starting the traverse, it was found to be entirely within altered or weakly mineralized 

rocks. Instead, samples from mineralized proximal carbonate veins were taken in this area.  

Samples outside of orebodies or massively altered zones were intended to include fluid 

escape structures, occurring as veins, as described in Meinert et al. (2005) and Chang et al. 

(2019). These veins are typically narrow, with the narrowest veins appearing as stylolites (< 1 

mm), which may have thin coatings of Mn- and Fe-oxides. In the Candelaria-Punta del Cobre 

district, even the most distal (~8 km) veins are still mostly of centimeter size. They are planar 

calcite veins in the carbonate and calcareous country rocks (Fig. 4.1). At each distal sampling 

site, a sample rich in vein and another sample with a minimal amount of veins was taken. Where 

veins were sparse, one sample was collected for analytical work on both the wall rock and the 

veins. Surface samples were generally fist size or slightly larger. Drill core samples from in 

and/or near the major mines operated by Compañia Contractural Minera Candelaria (Candelaria, 

Candelaria Norte, Santos, Alcaparrosa, the Española/Soplona projects) were collected. Core 

samples are generally 5-20 cm long as quarter NQ cores. A total of 131 samples were collected 

(Table 1.1), including 87 surface samples and 44 drill core samples. The distribution of the 

samples is shown in Figure 3.1. 

To facilitate comparisons with calcite veins unrelated to mineralization, samples of 

limestone with planar calcite veins were collected from an outcrop of the Niobrara Formation 

near Boulder, Colorado, USA. No mineralization has been reported near the site. The nearest 

mineralization is hosted in Proterozoic granitic rocks tens of kilometers to the east, and the 

exposure of the Niobrara Formation starts immediately adjacent to the sample site. There is no 

continuity of the Niobrara with mineralization to the east.  
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3.2 Traverse Distance Definitions  

Samples from the main traverses were assigned a distance from mineralization for data 

analysis in later sections. This facilitates internally consistent comparison between datasets from 

the various traverses when discussing distal signals. Mineralization was defined as currently 

discovered orebodies with known lateral and depth extents. For traverse #1, the Santos mine was 

used as the starting point. There is underground mineralization at the Mantos de Cobre mine 

nearby (Figs. 2.1 and 3.1), but we do not have the depth information of the orebody and it was 

not considered. For traverses #2 and #5, the starting point of mineralization is the eastern edge of 

the Candelaria pit. For traverse #3 and #6, the starting point of mineralization is the southern 

edge of the Candelaria pit. Traverses #3 and #5 have mineralization nearby at the Carola mine, 

but the Carola deposit is underground and is much smaller than the Candelaria deposit. It 

contains about a third of the contained copper of the Candelaria pit alone. For traverse #7, the 

start of the traverse was taken as the southern margin of heavily altered rocks (skarn).  

 

3.3 Sample Preparations  

The rock and veins were separated for chemical and isotopic composition analyses. The 

separation was completed using a lapidary trim saw at the Colorado School of Mines thin section 

laboratory. Narrow (<0.5 cm) vein samples were separated using a Dremel© tool and a diamond 

cutoff wheel. Care was taken during sample separation to clean the cutting surface after each 

sample. The details are documented in Appendix A Analytical Methods.   
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CHAPTER 4 

GEOLOGY OF CARBONATE VEINS 

 

4.1 Geologic Character of Veins and Associated Wall Rocks  

Carbonate veins in the Candelaria-Punta del Cobre district (Fig. 4.1) have distinct 

changes in morphology and mineralogy depending on proximity to mineralization. Proximal 

veins occur within 500 m of known mineralization or host mineralization themselves and are 

found chiefly in altered volcanic rocks, skarns, or hornfels.  For example, the first sample of 

Traverse #1 is from a carbonate vein 1-2 m wide cutting across skarns; the vein contains 

malachite and chrysocolla (Fig. 4.2A). Some of these veins were exploited by past small scale or 

artisanal miners and may be mined out at the surface or have prospect adits. Proximal veins are 

wider and more laterally extensive than distal veins, measuring up to 2 m in width (Fig. 4.1A) 

and attaining tens to hundreds of meters in strike length. Proximal veins are generally planar, 

discordant, and along high angle to subvertical structures. Visually, they are typically dull-white 

colored and sometimes are stained red by Fe-oxides/hydroxides or stained blue green by the 

presence of chrysocolla and malachite (Figs. 4.2A and 4.2C). Proximal veins are dominantly 

composed of anhedral to euhedral calcite (Fig. 4.1B, Fig. 4.2A), but can also contain minor other 

minerals including pyroxene, quartz (Figs. 4.2 and 4.3), titanite, specular hematite, and 

mushketovite (magnetite pseudomorphing specular hematite) (Figs. 4.2B, 4.3, and 4.4).  

Distal veins refer to veins located further than ~500 m from known mineralization and 

may occur in volcanic/volcaniclastic rocks, pure limestones, sandstones, and other calcareous 

sediments, i.e., all types of sedimentary and volcanic rocks. The host rocks of distal veins 

typically appear unaltered, but some wall rock hosting distal veins within 1-2 km of 

mineralization may contain disseminated, mm-scale euhedral pyrite crystals, or more commonly, 

cubic voids filled with Fe-oxides/hydroxides likely formed after pyrite/sulfide dissolution due to 

weathering at the surface. Distal veins are much smaller and shorter, commonly 0.5-1cm in 

width and ~0.5 m in length. They rarely attain width greater than a few cm and lengths more than 

1 m (Fig. 4.1). These veins are dominantly discordant, planar, and have high dip angles.  
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Figure 4.1: Representative photographs of carbonate veins in the Canelaria-Punta del Cobre 
District (white scale card has centimeters and inches). A: 1-2 m wide proximal vein near 
Alcaparrosa B: Close up of the same vein from A showing coarsely crystalline calcite rhombs. C 
and D: Distal mm- to cm-scale calcite veins forming wispy “horse tail” texture. E: Distal ~cm 
scale calcite vein from calcareous rocks in the Abundancia formation F: Distal ~2 cm wide 
calcite vein from limestone in the Pabellon formation. 
 

Small, mm-scale veins may have a ‘horse-tail’ morphology (Fig. 4.1D). Distal veins are 

dominantly monomineralic and consist of anhedral to euhedral calcite. Visually, distal veins are 

white to off white in color. Some veins are darker with brown to black-brown calcite crystals 

(Fig. 4.2D) or may be stained slightly red brown by the presence of Fe-oxides/hydroxides. 

Calcite in distal veins may contain significant concentrations of minor and trace elements like 

Mn (up to 2 wt%), Mg (up to ~4,600 ppm), and Fe (up to ~4,500 ppm). In microscale, most 

distal veins have coarse (>2 mm crystals) euhedral calcite in the center of the vein and anhedral 
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to subhedral, finer grained (<1 mm) calcite in the vein margins in contact with wall rock (Figs. 

4.3 and 4.4). 

 

 
 

Figure 4.2: Selected photos of carbonate veins A: Copper oxides after primary copper minerals 
in large proximal calcite vein B: Specular hematite in proximal calcite vein C: Copper oxides in 
proximal calcite vein D: Dark brown distal vein. 
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Figure 4.3: Representative photomicrographs (thin section scans) of one proximal and two distal 
veins from the Candelaria-Punta del Cobre District. 072: Proximal vein showing euhedral to 
subhedral calcite with minor quartz and crystalline hematite. 004: Distal calcite vein and 
associated fine grained micritic matrix wall rock (lime mudstone). 007: Distal calcite vein with 
coarse vein centers and fine-grained vein margins. Note “horsetail” like, wispy texture 
microscale veins cutting the lime mudstone wall rock.  
 
4.2 Summary and Discussion  

The geological characteristics of carbonate veins in the Candelaria-Punta del Cobre 

district provide useful information about their origins. These same characteristics also provide 

useful field criteria for quickly discriminating between distal and proximal veins.  
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Figure 4.4: Photomicrographs of carbonate veins. 072: Proximal vein with coarse calcite and 
fine-grained interstitial quartz and hematite. 011: Distal calcite vein in lime 
mudstone/wackestone wall rock. Note coarse vein center with fine-grained margin and allochems 
(fossils) in micritic matrix.  
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Proximal, mineralized veins likely formed at higher temperatures than distal veins due to 

the presence of other minerals like quartz and hematite (Marschik and Fontboté, 2001a). Only 

one distal vein sample (047) contained quartz and was within ~2.7 km of mineralization along a 

major fault. Additionally, because proximal veins are much wider (~1-2 m) and more extensive 

along strike (100s of m), more fluid input is necessary to form them. This distinction between 

size and mineralogy appears to drop off quickly as one moves away from mineralization. Large 

veins were only found in altered host rocks (e.g., skarns). Most distal vein samples are <1 cm 

wide and <20 cm in length. Large calcite veins were not found in mineralized drill core or noted 

within mined areas of the deposit. Calcite from orebodies occurs mostly in the form of small sub-

cm scale veinlets or sub-cm scale infill in sulfides. Thus, large, mineralized proximal carbonate 

veins probably only form within a narrow halo that is distal to the core of mineralization, but 

within altered rocks.   

Pervasive calcite veins in limestone related to hydrothermal mineralization have been 

recognized in some deposits, particularly Carbonate Replacement Deposits (CRDs) (Megaw, 

1998; Megaw, 2020). As applied to CRDs, carbonate veins are termed “fugitive” calcite veins, 

owing to the concept that they are formed by dissolution of carbonate wall rock during 

mineralization and subsequent re-deposition at more distal locations. Regarding Andean IOCG 

deposits like Candelaria-Punta del Cobre, Sillitoe (2003) described a tentative association of 

calcite veining and IOCG deposits in the Chilean Iron Belt. However, unlike CRDs, Andean 

IOCG deposits are primarily hosted in volcanic rocks. Unpublished data from the Bingham 

porphyry Cu-Au-Mo deposit suggest that distal calcite veins associated with the giant deposit are 

smaller, on average, than those from Candelaria. Additionally, no massive, meter-scale veins are 

found at proximal locations (Chang 2020, pers. com.). Meter-scale calcite veining has not been 

explicitly documented for CRDs. Thus, the association of large calcite veins with Andean IOCG 

suggests that there may be a unique genetic link.  

Both Sillitoe (2003) and Kreiner and Barton (2009) describe calcite in the highest levels 

of vertically zoned, “vein-type” IOCG deposits from the Iron Belt. These veins are hosted in 

plutonic rocks and thus there is no local carbonate rock for the hydrothermal fluids to dissolve 

and re-deposit as occurs in “fugitive” calcite veins (Megaw, 1998), although there may be Ca 

due to the alteration of igneous minerals. Additionally, Ullrich and Clark (1999) report 

hypersaline, CO2-rich fluid inclusions in quartz from Candelaria. Based on this evidence and 
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other data, Sillitoe (2003) speculated that Andean IOCG deposits may form from deeply sourced 

mafic magmas that exsolve CO2-rich fluids. These CO2-rich magmatic-hydrothermal fluids, in 

combination with carbonate wall rocks above the main orebodies and additional Ca from 

alteration of host rocks, may explain the unusual prevalence and large size of carbonate veins in 

the Candelaria-Punta del Cobre district and elsewhere in the Chilean Iron Belt.  
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CHAPTER 5 

MULTI-ELEMENT GEOCHEMISTRY 

 

5.1 Methods and Samples  

76 vein and 81 wall rock samples along the traverses and 8 wall rock samples from drill 

core were analyzed using the AA-Litho package at BV Commodities Canada (previously ACME 

Laboratories). This package included major elements as oxides, total C and S, and minor and 

trace element concentrations. In total, 71 elements were analyzed. A full explanation of methods, 

elements, and detection limits is provided in the analytical methods section of the appendix 

(Appendix A). 

 

5.2 Sedimentary Rock Types Based on Multi-Element Geochemistry  

 The sedimentary rock types of the Chañarcillo Group are examined using the whole-rock 

and multi-element data and the carbonate-siliciclastic rocks classification diagram of Ordóñez-

Calderón et al. (2017, Fig. 5.1). The diagram is based on the elements Ca, Mg, Cr, Ni, P, Co, V, 

Hf, Zr, Th, Ti, Al, Nb, Sc, Ta, Y, Ce, and La. The plot shows that most samples are limestone or 

calcareous siliciclastic rocks. Less samples are dolomitic rather than limy, and a few samples are 

dominantly siliciclastic. In general, it confirms that the majority of Chañarcillo Group 

sedimentary rocks are carbonate or calcareous, consistent with previous reports (e.g., Cisternas 

and Díaz, 1990).  

 

5.3 Geochemistry Backgrounds  

The background concentrations of the Chañarcillo Group rocks may be estimated using a 

few methods. Average concentrations of the Chañarcillo Group rocks were reported by Cisternas 

and Díaz (1990) based on analyses of these rocks from three representative profiles spanning 

~100 km between Copiapó and Vallenar. These values for Pb, Zn, Cu, Ag, and Mn are 

summarized in Table 5.1, and are one way of estimating the background value. The 10th, 25th, 

50th, 75th, 90th, and maximum values of the data from this study, regardless of the samples’ 

distance to mineralization, are also shown in Table XY.  
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Figure 5.1: Classification diagram for limestone (Lm), dolostone (Dol), and siliciclastic rocks 
(SC) based on Ordóñez-Calderón et al. (2017). Rock samples from this study are represented by 
the blue dots. Lm = centered geometric mean of Ca; Dol = centered geometric mean of Mg; SC = 
centered geometric mean of Cr, Ni, P, Co, V, Hf, Zr, Th, Ti, Al, Nb, Sc, Ta, Y, Ce, and La. 

 

Note that for Pb, the 90th percentile of this dataset (22 ppm) is still much lower than the 

average value of Cisternas and Díaz (1990; 76 ppm), indicating that the Cisternas and Díaz 

(1990) values may not be applicable in this study area. This is also true for Ag, with the 75th 

percentile (0.140 ppm) being much lower than the overall overage from Cisternas and Díaz 

(1990; 0.219 ppm). Another way of estimating the background values is to use the Natural 

Breaks (Jenks) model which is used in ArcGIS for dividing all values of a variable into 

designated number of bins to plot them on a map to show spatial trends. This method maximizes 

variance between classes and minimizes variance within classes. More information can be found 

in Jenks (1967). In this study the values are also plotted in five bins. The lowest value bin is 

functionally treated as the background for the purpose of showing vectors. The upper values of 

the lowest bin for the selected elements above are also shown in Table 5.1. 
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Table 5.1: Summary of background concentrations of select trace elements of the Chañarcillo 
Group lithologies present in the Candelaria-Punta del Cobre district, modified after Cisternas and 
Díaz (1990). Díaz. The Pabellon formation was divided into two separate units in Cisternas and 
Díaz (1990); they are averaged here for simplicity.  

  Pb  Zn Cu Ag Mn 
  (ppm) (ppm) (ppm) (ppm) (ppm) 
Cisternas and Díaz (1990)           

            
Abundancia-Lower Nantoco 73 284 20 0.406 1600 

Upper Nantoco  143 311 23 0.252 1300 
Totoralillo 57 95 27 0.182 900 

Pabellon (avg.) 31.5 60 24.5 0.035 600 
Overall Average  76 188 24 0.219 1100 

            
This Study           

            
10-25th Percentile 0.5-1.7 3-6 10-16 0.02-0.04 450-790 

50-75th 4-10 20-50 25-70 0.07-0.14 1500-2600 
90th-Max 22-714 270-2226 290-5010 0.32-0.61 3700-13600 

            
Natural Breaks Lowest Bin <6 <39 <76 <0.026 <1275 

            

 

A disclaimer should be mentioned for the sample 010 along traverse #1, specifically the 

vein. This smaller “vein” sample was predominantly a cm-scale Mn-ox coating on a mm-scale 

calcite vein. These factors may have resulted in inflated concentration values and thus it is not 

likely to be representative of the typical calcite vein at that location. There are additional samples 

from the same area along the traverse that provide data. Therefore, for some plots the sample is 

omitted for clarity.  

 

5.4 Spatial Trends in Wall Rock and Vein Chemistry  

 Significant variations in element concentrations and concentration ratios depending on 

distance from orebodies were identified for several elements in both veins and wall rock. These 

elements included Cu, Zn, Pb, Mn, and Ag. Significant element ratios include Zn/Mn and 

Mo/Mn. The concentrations are plotted on the basemap (Figs. 5.2, 5.3, 5.6, 5.7, 5.9, 5.10, and 

5.11) in ArcGIS, with the concentrations illustrated with both color and size of the symbol. 

Warmer color and larger size indicate higher concentrations. The concentrations and ratios are 

divided into five bins for plotting, with the bins defined by the Natural Breaks (Jenks) model in 
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ArcGIS. This method maximizes variance between classes and minimizes variance within 

classes. More information can be found in Jenks (1967).  

Copper concentrations in rocks (Figs. 5.2 and 5.4) vary from ~1 to ~5,000 ppm. Overall, 

the 10th percentile was ~10   and the 90th percentile was ~290 ppm. Maximum Cu concentrations 

of ~4,000-5,000 ppm occur in samples next to mineralized veins, e.g., the western most sample 

on Traverse #1 and the samples at the SW corner of the map, near Las Pintadas (Fig. 5.2). The 

most distal samples contain <76 ppm Cu (Fig. 5.2), which is regarded as the background level. 

Copper concentrations typically drop to background level (~76 ppm) over a short distance of a 

few hundred meters (Figs. 5.2 and 5.4). There are anomalies, up to ~230 ppm, in Traverses #1, 

#5 and #6. In Traverse #1, the anomaly is along the Cerrillos thrust fault. In Traverse #5 and #6, 

the anomalies are the closest and second closest samples in the Traverse. The trend along 

Traverse #7 is less clear, probably because along the traverse there are two other patches of 

alteration (Fig. 5.2); the end of this traverse is close to epidote-chlorite alteration.  

 

 
 
Figure 5.2: Cu concentration in rock samples from multi-element geochemistry plotted over 
district geology and mineralization.  
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Copper concentrations in veins (Figs. 5.3 and 5.4) vary from ~3 to ~4,300 ppm. Overall, 

the 10th percentile is ~6 ppm and the 90th percentile ~240 ppm. Mineralized veins had the highest 

Cu concentrations, with values of ~1,000 and ~4,300 ppm. The most distal samples are below 

background (<76 ppm), with concentrations reaching background within a few hundred meters 

(Figs. 5.3 and 5.4). There are distal anomalies, up to ~670 ppm, in Traverses #1, #5, and #6. In 

Traverse #1, the anomaly is along the Cerrillos thrust fault in the calcareous sedimentary breccia. 

For Traverse #5 and #6, the anomalies are the closest and second closest samples in the traverse. 

Like the wall rock data, the trend along Traverse #7 is less clear, likely due to alteration mapped 

on the surface (Fig. 5.3).  

 

 
 

Figure 5.3: Cu concentration in vein samples from multi-element geochemistry plotted over 
district geology and mineralization.  
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Figure 5.4: Variation of Cu concentrations in rocks (A) and veins (B) along distance from 
orebodies. Lines are schematic; they show the major trends and flatten out at background levels.  
 

Zinc concentrations in rocks (Figs. 5.5 and C.1 in appendix) vary from ~1 to ~2200 ppm. 

Overall, the 10th percentile is ~3 ppm and the 90th percentile is ~270. Maximum Zn 

concentrations in rock of ~670 to 1,500 ppm occur at distances of ~1-2 km, more distal than Cu 

(Fig. 5.5). Samples along Traverse #6 have maximum concentrations at the longer distance 

(~2km), probably due to the influence of Falla Lar. The most distal samples contain <39 ppm Zn, 

which is regarded as background. Samples typically return to background levels (<39 ppm) at 

about ~3km (Fig. 5.5). There are anomalies, up to ~350 ppm, in Traverses #1, #3, and #6. For 

Traverse #1, the anomalies are along the Cerrillos thrust fault in the calcareous sedimentary 

breccia and near the Octoitic Sill. In Traverse #3, the anomalies are in the third sample and the 

last sample near the Octoitic Sill. For Traverse #6, the anomalies are the closest two samples and 

one sample at the end of the traverse near several dikes. For Traverse #7, the trend is less clear, 

possibly due to influence of alteration as has been described for Cu.  

 

 
 
Figure 5.5: Variation of Zn concentrations in rocks (A) and veins (B) along distance from 
orebodies. Lines are schematic; they show the major trends and flatten out at background levels. 
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Zinc concentrations in veins (Figs. 5.5 and C.2 in appendix) vary from ~1 to ~1,100 ppm. 

Overall, the 10th percentile was ~2 ppm and the 90th percentile was ~210 ppm. Maximum 

concentrations of Zn in veins occur in varying locations. Moderate concentrations of ~350-670 

ppm Zn occur at distances of ~1-2 km along traverses. Maximum concentrations of ~670-1,500 

ppm Zn in veins occur at distal locations near the Octoitic Sill. The most distal samples contain 

<39 ppm Zn, which is regarded as background. Samples typically return to background levels 

(<39 ppm) at distances of ~3km. There are anomalies, up to ~1,500 ppm, along Traverses #1 and 

#3. Along Traverse #1, there is an anomaly along the Cerrillos thrust fault in the calcareous 

sedimentary breccia. There is another anomaly at the end of the Traverse near the Octoitic Sill. 

There is also an anomaly near the Octoitic Sill at the end of Traverse #3.  

Lead concentrations in rocks (Fig. C3 in appendix) vary from ~0.3 to ~710 ppm. Overall, 

the 10th percentile is ~0.5 ppm and the 90th percentile is ~22 ppm. Pb concentrations near 

mineralization were moderate, with one sample from the mineralized vein at the start of Traverse 

#1 returning ~4 ppm Pb. The maximum Pb concentration in rock of ~710 ppm occurs at ~1.7 km 

from mineralization along Traverse #1. The most distal samples contain <6 ppm Pb. Samples 

typically return to background levels (<6 ppm) at distances of ~3-5 km. There are several 

anomalies, up to ~53 ppm, along Traverse #1 and Traverse #3. In both cases, the anomalies are 

associated with the Cerrillos thrust fault and to the Octoitic Sill.  

Lead concentrations in veins (Fig. C.4 in appendix) vary from ~0-630 ppm. Overall, the 

10th percentile is ~0.7 ppm and the 90th percentile is ~27 ppm. Maximum concentrations of up to 

~630 ppm Pb in veins occurs ~1-2 km from mineralization. The most distal samples contain <6 

ppm, with samples returning to background (<6 ppm) at distances of ~4-5 km. There are several 

anomalies, up to ~53 ppm Pb, along Traverses #1, #3, and #5. In all cases, anomalies are either 

associated with the Cerrillos thrust fault or the Octoitic Sill.  

Manganese concentrations in rocks (Figs. 5.6 and 5.8) vary from ~50 to ~13,600 ppm. 

Overall, the 10th percentile is ~450 ppm and the 90th percentile is ~3,700 ppm. Samples from the 

mineralized vein at the beginning of Traverse #1 had moderate Mn concentrations of ~1,100- 

~2,700 ppm. Maximum concentrations along traverses of up to ~14,100 ppm Mn in rocks occurs 

at distances of ~1-3.5 km from mineralization. The most distal samples contain <1,275 ppm Mn, 

and samples return to background (<1,275 ppm) at distances greater than ~4-5km. Samples from 

Traverse #6 return to background at greater distances (~5km) likely due to Falla Lar. 
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Figure 5.6: Mn concentrations in rock samples from multi-element geochemistry plotted over 
district geology and mineralization. 
 

There are several distal anomalies, up to ~7,000 ppm, along Traverses #1, #3, #5, #6, and 

#7. Anomalies along Traverse #1 are located at the Cerrillos thrust fault in the calcareous 

sedimentary breccia and near the Octoitic Sill. Along Traverse #3 and #5, anomalies are 

associated with the Cerrillos thrust fault as well. Anomalies at the end of Traverse #6 are near a 

fault and a dike. Relatively minor (<2,600 ppm) anomalies at the end of Traverse #7 are near 

epidote-chlorite alteration and several dikes.  

 Manganese concentrations in veins (Figs. 5.7 and 5.8) vary from ~80 to ~14,100 ppm. 

Overall, the 10th percentile is ~540 ppm and the 90th percentile is ~6,300 ppm. Maximum Mn 

concentrations of up to ~14,100 ppm occur at distances of ~2-3 km from mineralization. Samples 

from Traverse #6 have maximum concentrations at the furthest distance (Fig. 5.8), likely due to 

the influence of Falla Lar. The most distal samples have Mn concentrations <1,275 ppm, with 

samples falling beneath this concentration (background) at distances of ~3-6 km depending on 

the traverse. There are several distal anomalies, up to ~7,900 ppm, occur along Traverses #1, #3, 
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#5, and #6. Along Traverse #1, there are anomalies associated with the Cerrillos thrust fault and 

the Octoitic Sill near the end of the traverse. Anomalies along Traverses #3 and #5 are also 

associated with the Cerrillos thrust fault. Anomalies at the end of Traverse #6 are near faults. 

 

 
 

Figure 5.7: Mn concentrations in vein samples from multi-element geochemistry plotted over 
district geology and mineralization. 
 

 
 

Figure 5.8: Variation of Mn concentrations in rocks (A) and veins (B) along distance from 
orebodies. Lines are schematic; they show the major trends and flatten out at background levels. 
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Silver concentrations in rocks (Fig. C.5 in appendix) vary from ~6 to ~610 ppb. Overall, 

the 10th percentile is ~20 ppb and the 90th percentile is ~320 ppb. Maximum concentrations of 

Ag in rocks up to ~620 ppb occur within a few kilometers of mineralization. Some distal samples 

have Ag concentrations <26 ppb, but there are many anomalies at distal locations up to ~450 ppb 

and it is difficult to ascribe a background value. Traverses #1, #3, and #5 show anomalies along 

the Cerrillos thrust fault and near the Octoitic Sill. Traverse #6 has anomalies near mapped dikes 

and faults at the end of the traverse. Trends along Traverse #7 are less clear, probably due to the 

influence of mapped epidote-chlorite alteration and/or faults/dikes.  

Silver concentrations in veins (Fig. C.6 in appendix) vary from ~5 ppb to ~620 ppb. 

Overall, the 10th percentile is ~10 ppb and the 90th percentile is ~120 ppb. Maximum Ag 

concentrations of up to ~620 ppb occur less than a kilometer from mineralization. The most 

distal samples are generally <26 ppb, but there are many distal anomalies up to ~172 ppb and it 

is difficult to ascribe a background. Anomalies along Traverses #1, #3, and #5 are associated 

with the Cerrillos thrust and the Octoitic Sill. Anomalies at the ends of Traverses #6 and #7 are 

near mapped dikes and faults or alteration.  

The Zn/Mn ratio in both rocks and veins generally increases towards mineralization 

(Figs. 5.9 and 5.10). Ratios range from 0-0.43 in rocks and 0-0.97 in veins. In rocks, samples 

close to mineralization generally have low (<0.02) Zn/Mn ratios (Fig. 5.9). Zn/Mn generally 

reaches maximums of ~0.23-0.59 within ~1-2 km of mineralization. Distal samples were 

generally below ~0.03, but there are anomalies up to ~0.59. There are distal anomalies along 

Traverse #1 at the Cerrillos thrust and near the Octoitic Sill. Traverse #3 also has a distal 

anomaly near the Octoitic Sill. Traverses #6 and #7 have anomalies near mapped faults and 

dikes, thus trends along these traverses are less clear.  

In veins (Fig. 5.10, page 43), samples from mineralization generally have low to 

moderate (<0.13) Zn/Mn ratios. Zn/Mn reaches maximums up to ~0.59 within ~2 km of 

mineralization. Distal samples are generally <0.03. There are anomalies along Traverses #3 and 

#5 associated with the Octoitic Sill.  

The Mo/Mn ratio did not show any significant trends from mineralization. However, moderate to 

high values up to 0.02 were recorded from the mineralized vein in the far southwest of the 

district (Fig. 5.11, page 44). Additionally, the Mo/Mn ratio did show consistent anomalies in 
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both rocks and veins across the thrust fault in the district, with anomalously high ratios occurring 

along E-W traverses (#1, #3, #5) where they crossed the thrust fault  

 

 
 
Figure 5.9: Zn/Mn ratio in rocks from multi-element geochemistry. 
 

Additional plots for the elements can be found in Appendix C.  

 

5.5 Summary and Discussion  

 The most significant trend in the data is in Mn. Manganese in wall rock and veins is 

found at low concentrations (~1,000 ppm) proximal to or within mineralization. At distances of 

~1-2 km from mineralization not along faults, Mn in veins reaches maximums between ~7,000-

14,000 ppm, on average. Along faults, this maximum is pushed to ~3 km, illustrating the 

importance of fracture-controlled fluid flow. Other elements including Mo, Cu, Pb, and Zn have 

less distinctive trends, and the maximum concentrations of these elements occur more proximal 

to orebodies. Maximum Pb and Zn occurs around 1 km from mineralized bodies not along faults 

and about 2 km along faults. Molybdenum and Cu maximums (excluding distal anomalies) occur 
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in the most proximal locations within orebodies and mapped alteration, closer than Pb and Zn. 

This trend of elemental zonation is consistent with the literature on metal zonation for magmatic-

hydrothermal deposits, like porphyry Cu (e.g., Emmons, 1927; Chaffee et al., 1981; Sillitoe, 

2010; Halley et al., 2015). Disseminated pyrite found in some distal wall rock samples coincided 

with elevated concentrations of base metals at ~1-3 km from mineralization. This follows with 

reporting by Sillitoe (2003) that some IOCG deposits in the Chilean Iron Belt have 

distinguishable pyrite halos around mineralization, similar to what has been described for 

porphyry deposits (Sillitoe, 2010).  

 

 
 
Figure 5.10: Zn/Mn ratio in veins from multi-element geochemistry.  
 

Manganese is of particular importance. For the transportation of Mn under hydrothermal 

conditions, chloride complexes are most important. Chloride complexation is also important for 

transport of other soft metals like Cu, Pb, Zn, and even Ag (Samson and Wood, 1998). Other 

ligands like HS- may be involved, but are likely of less importance, particularly at distal 

locations outside of the ore zone. Fluid inclusions from late calcite in the Candelaria-Punta del 
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Cobre district are known to be saline, with salinities ranging from 12 to 24 weight percent NaCl 

equivalent and 13 to 23 weight percent CaCl2 (Marschik et al., 1997). This provides evidence 

that the fluids that formed late-stage calcite are saline and thus capable of mobilizing Mn and 

other borderline to soft metals.  

 

 
 

Figure 5.11: Mo/Mn ratio in rocks from multi-element geochemistry. 
 

The trends observed in metal zonation can be explained by any one or a combination of 

factors, including cooling, fluid mixing/dilution, changes in pH and redox state, or wall rock 

interaction. However, cooling alone cannot adequately explain the observed trends, as calcite 

cannot precipitate from a cooling hydrothermal solution due to inverse solubility with 

temperature (Holland and Malinin, 1979). Wall rock interaction and associated pH and redox 

state changes likely also play an important role, particularly for Mn, but it is difficult to 

hypothesize the exact precipitation mechanism as this study did not rigorously investigate the 

interaction of the veins and wall rock. In porphyry Cu deposits, chlorine complexed metals such 

as Mn, Zn, Pb, and Ag are known to remain in solution longer than other metals as they are not 

concentrated enough in central ore zone sulfides, or the metals’ solubilities are too high closer to 
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fluid channel and/or heat sources due to higher temperatures and Cl concentrations in the fluids. 

Thus, they deposit at more distal locations due to cooling in contact with wall rock and dilution 

by meteoric water (Sillitoe, 2010). In addition, in carbonate wall rocks the fluid pH is buffered 

by the carbonates, which facilitates the deposition of Cl-complexed metals (Seward and Barnes, 

1997; Sillitoe, 2010). While the Candelaria-Punta del Cobre district is comprised of IOCG 

deposits, most evidence suggests that they formed through magmatic-hydrothermal processes, as 

summarized in Chapter 2. Therefore, the metal zonation documented in this study may be 

analogous to metal zonation in porphyry deposits, with the common link between them being the 

magmatic-hydrothermal processes.  

It must be noted that there are significantly higher concentrations of Cu (~5,000 ppm 

max) and Mn (~14,000 ppm max) in both wall rocks and veins than other metals that were 

analyzed in this study. There may be several explanations for this phenomenon, but the simplest 

might be that there is more Cu and Mn available to hydrothermal fluids than the other metals. 

Looking at the overall metal endowment of the district, Cu is by far the most abundant. This 

explains its enrichment at more proximal locations. While Mn is not at high concentrations in the 

ores, the district background data confirms that there is plenty of Mn in the local stratigraphy, 

which averages ~1,000 ppm Mn, 5-10 times the average background of Pb and Zn. Additionally, 

fluid inclusions from orebodies in some magmatic-hydrothermal deposits like porphyry Cu are 

enriched in elements like Mn and Zn (Sillitoe, 2010). While these elements are not precipitated 

in the orebody, ore fluids in magmatic-hydrothermal deposits can contain significant amounts of 

Mn even before wall rock interaction. This suggests that elevated Mn enrichment in distal fluids 

may be caused by the combination of Mn already in solution and Mn scavenged from wall rock. 

This would help explain why Pb and Zn have much lower distal concentrations than Mn. The 

primary source of Pb and Zn would be the hydrothermal fluids and less metal would be available 

to scavenge from the wall rock.  
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CHAPTER 6 

TRACE ELEMENTS OF CALCITE IN VEINS AND WALL ROCK (LA-ICP-MS DATA) 

 

6.1 Methods and Samples  

A subset of samples from three traverses (1, 5, and 6) was selected for LA-ICP-MS trace 

element analysis. This subset was selected as evenly spaced (~1km) as possible to cover the full 

lengths of the traverses. In total, 23 samples were analyzed (~55% of the samples on the 

respective traverses). Based on petrography, 20 laser spots were selected for each sample and 

assigned to one of three categories: coarse calcite from vein centers (n=5 spots), fine grained 

calcite from vein margins (n=5 spots), and calcite from wall rock (n=10 spots) (Fig. 6.1). 

Additional data was acquired from calcite in samples from orebodies that typically occurred as 

fine grained (~100 micron) calcite crystals within alteration or ore minerals. The analyses were 

completed at the Colorado School of Mines’ LA-ICP-MS lab. The laser spot size was 30 

microns. This is much smaller than the calcite grains in veins, typically >100 microns (e.g., Fig. 

6.1), but calcite grains in wall rock are much smaller, typically <10 microns. Additionally, there 

are fine-grained quartz and clay minerals disseminated throughout the wall rocks. Care was taken 

to measure the relatively larger calcite grains. However, the quartz and clay impurities could not 

be avoided in some samples and 31% of the spot analyses had to be discarded. Each spot was 

analyzed for 37 elements. Complete analytical methods are documented in in Appendix A. 

 

6.2 Trace Elements  

 Calcite from carbonate veins and wall rock in this district contain significant 

concentrations of trace elements (Fig. 6.2) and for certain elements, these concentrations were 

found to vary with distance along traverses. The elements detected in significant quantities were 

Mn (>10,000 ppm), Mg (>1,000 ppm), Fe (>1,000 ppm), Sr (>1,000 ppm), and REE (up to ~50 

ppm). Detection limits for these elements ranged from a 0.2-0.3 ppm for Mn, 2-3 ppm for Mg, 3-

4 ppm for Fe, 0.01-0.02 ppm for Sr, and 0.003-0.1 ppm for REE. For calcite in veins, Mn 

concentrations varied between ~100 ppm and a maximum of ~18,500ppm (1.9 wt%). In wall 

rock, Mn in calcite has a similar minimum (~100 ppm) but the highest value (~6,800 ppm) is 

much lower. For calcite in veins, Mg concentrations varied between ~10 ppm and ~4,600ppm. 
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Figure 6.1: Photomicrograph (cross-polarized light) of a calcite vein showing examples of LA-
ICP-MS spot analysis locations. Note coarse calcite vein center, fine grained vein margin, and 
very fine-grained calcite in the wall rock matrix. Spots are not to scale; the laser spots are 
dominantly 30 microns in diameter. 
 

In wall rock, Mg in calcite is much higher, ~100-18,800 ppm. Although there are a few 

whole rock analyses showing dolostone composition (Fig. 5.1), dolomite was not encountered in 

LA-ICP-MS analysis. In veins, Fe concentrations in calcite varied between ~10~4,500 ppm. For 

wall rock, Fe in calcite is slightly higher, ~10-7,900 ppm. For veins, Sr varied between ~30 -

1,400 ppm. For wall rock, Sr content in calcite is slightly higher, ~50-1,800 ppm, with 

fossiliferous wall rock fossils having the highest Sr concentrations. Finally, REE varied from a 

few ppm to ~50 ppm, except for Y which maxed out at ~140 ppm, in both veins and wall rock. P 

and S were not detected in all samples, but significant concentrations were detected in a few 

samples. Detection limits for P ranged from 11-17 ppm and from 200-300 ppm for S. For some 

wall rock samples, P ranged from ~40-220 ppm and S ranged from ~300 ppm (barely above 

detection limit) to ~900 ppm. In some vein samples, S reached ~1,100 ppm. Other elements were 

either below their respective detection limits or at concentrations close to detection limits in most 

of the samples. Detection limits were <1 ppm for Sc, Cr, Ni, Cu, Zn, As, and Ag, <0.1 ppm for 

Co, Rb, Mo, Ba, and Pb, and <0.01 ppm for Th and U.  

 Trace element concentrations were also compared via Tukey box plots (Fig. 6.2) based 

on analysis category. The highest Mn concentrations (>10,000 ppm) were encountered in veins, 

with calcite from wall rock and orebody samples having much lower concentrations (~1,000 

ppm). In contrast, the highest Mg concentrations in calcite occurred in fossiliferous wall rock (< 

1cm
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~9,000 ppm), with wall rock (< ~6,000 ppm), veins (< ~4,000 ppm), and orebody (< ~100 ppm) 

samples having progressively less Mg. Strontium shows a similar trend with calcite from 

fossiliferous wall rock having the highest concentrations (< ~1,200 ppm) and orebody calcite 

having the lowest concentrations (< ~100 ppm). Finally, calcite from wall rocks was found to 

have the highest Fe concentrations (< ~6,000 ppm), with calcite from orebodies having the 

lowest concentrations (< ~1,000 ppm). Overall, veins had the highest Mn concentrations, but 

wall rock generally has higher Fe, Mg, and Sr concentrations. In all cases, calcite from within 

orebodies has the lowest trace element concentrations (Fig. 6.2).  

 

 

Figure 6.2: Tukey box plots of select trace elements in calcite from LA-ICP-MS data 
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The calcite vein from the null comparator sample had a similar suite of notable trace 

elements to the suite from Candelaria, with significant Mg, Mn, Fe, and Sr. Magnesium in wall 

rock ranges from a 10th percentile of ~1,000 ppm to a 90th percentile of ~1,800 ppm and Mg in 

veins ranges from ~440 ppm to ~1,600 ppm. This spread is very similar to the spread of data 

from distal veins at Candelaria but less than the spread of wall rock. Manganese in wall rock 

ranges from ~850 ppm to ~1,000 ppm. Manganese in veins ranges from ~810 ppm to ~1,200 

ppm, similar to background levels at Candelaria (1,275 ppm), but significantly less than 

maximum concentrations (>10,000 ppm, up to 1.9 wt.%). Iron in wall rock ranges from ~3,400 

ppm to ~6,200 ppm, and from ~2,100 ppm to ~4,000 ppm in veins. This is higher than veins 

from Candelaria. Strontium in wall rock ranges from ~170 ppm to ~2,000 ppm, and from ~390 

ppm to ~900 ppm in veins, higher than distal veins from Candelaria.  

 

6.3 Spatial Trends  

Mn is the only element to show significant variations in concentration with distance from 

orebodies. REE do not have robust trends but do show higher maximum concentrations at 

intermediate distances from the orebodies. Trends in maximum Sm values are reported here to 

illustrate the overall behavior of REE. Concentrations are reported as averages or maximums, as 

each sample has several (n=0-10, depending on data reduction) datapoints from different laser 

spot locations of the same category (vein vs wall rock).  

The variation in Mn concentrations in veins along traverses is more distinct than that in 

wall rock (Figs. 6.3 and 6.4). Along Traverse #1, Mn is initially elevated at ~1,800 ppm on 

average in the mineralized vein. Mn reaches a maximum of ~15,000 ppm at ~0.6 km from the 

mineralized vein and then the concentrations diminish with increased distance to below 1,000 

ppm, averaging ~500 ppm at ~4.1 km. Mn spikes slightly along the Cerrillos thrust fault at ~4.6 

km to ~2,300 ppm, while nearby samples off the thrust are below ~1,000 ppm. Mn 

concentrations diminish at the end of the traverse (~6.7 km) to ~230 ppm (Fig. 6.4). Along 

Traverse #5, Mn starts at a high of ~8,000 ppm. For reference, the starting point of traverse #5 is 

~3.8 km from the Candelaria pit. It is expected that samples at closer locations would have 

higher Mn contents, based on the trend in Traverse #1. Mn concentrations diminish with distance 

and concentrations right before the Cerrillos thrust fault at ~5.5 km from the pit average ~800 

ppm. Mn then spikes along the thrust fault to a maximum of ~18,500 ppm and an average of 
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~6,000 ppm. At ~6.7km, the end of the traverse, Mn concentrations average ~900 ppm; it is 

inferred to continue to decrease if there were more veins. Along Traverse #6 (Falla Lar), Mn is 

initially low close to the Candelaria pit at an average of ~650 ppm. Mn reaches a maximum of 

~16,000 ppm at ~3.4 km from the pit, and then decreases farther away. Samples show ~1,000 

ppm Mn on average at over 7 km away. The maximum Mn content occurs at a further distance 

than Traverses #1 and #5 probably because this traverse is along the Lar fault that passes through 

the Candelaria orebody. The fluid flow is stronger than directions not along faults, e.g., 

Traverses #1 and #5, therefore the concentration decrease is over a much longer distance. It is 

expected that the average Mn content in calcite may eventually drops to levels <500 ppm at more 

distal locations (10 km or more from the Candelaria pit). 

 

 
 
Figure 6.3: Average LA-ICP-MS Mn concentration of vein calcite vs distance. Lines are 
schematic and indicate the major trends.  
 

There are also trends in Mn concentrations in calcite from wall rocks (Fig. 6.4). However, 

there are generally less valid data points in the wall rock due to the inclusions of fine-grained 

quartz and/or clay in the spot analyses. Note that the analyzed wall rock spots are on the same 

thin section as the veins, i.e., are no more than a few centimeters away from the veins, therefore 

it is possible that the wall rock calcite may have been affected by the hydrothermal fluids.  
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Figure 6.4: Average LA-ICP-MS Mn concentration of wall rock calcite vs distance. Lines are 
schematic and indicate the major trends. 
 

Along Traverse #1, Mn in wall rock ranges from a high of ~2,900 ppm at ~2.3 km away 

to ~1,600 at ~4.1 km. The highest value (2,900 ppm) is lower than that of vein calcite (15,000 

ppm). Along the Cerrillos thrust fault, there is a slight spike to a high of ~2,900 ppm, but there 

are also several data points from the same sample that cluster around ~100 ppm. At the farthest 

point along Traverse #1 (5.2 km), Mn concentrations in wall rock calcite drop to an average of 

~200 ppm Mn, also lower than that of vein calcite. Along Traverse #5, wall rock calcite has a 

high Mn concentration of ~4,200 ppm at the start of the traverse. All other samples up to ~5.5 

km clusters around ~1,000 ppm Mn on average. Along the Cerrillos thrust, there are no usable 

wall rock data points. At ~6.7 km at the end of the traverse, Mn clusters around ~120 ppm 

(average), with one outlier at ~350 ppm Mn. Traverse #6 along Falla Lar shows more Mn 

concentration variation with distance. At ~1.1 km, calcite from wall rock contains a moderate 

~2,000 ppm Mn on average. At ~3.9 km, Mn concentrations reach the maximum at ~4,200 ppm 

on average and ~4,400 ppm for a single spot analysis. The Mn content decreases at farther 

locations. At the end of the traverse (7.7 km) Mn concentrations in wall rock drop to ~600 ppm 

on average. 
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Figure 6.5: High LA-ICP-MS Sm concentration of vein calcite vs distance. Lines are schematic 
and indicate the major trends.  
 

Samarium concentrations in calcite from veins vary in a similar manner to Mn (Fig. 6.5). 

Along Traverse #1, a maximum Sm concentration of ~7 ppm occurs at ~0.6 km from 

mineralization. The mineralized vein at the beginning of the traverse shows significantly less Sm 

with a high of ~0.7 ppm. This is similar to other samples from within the orebody (Fig. 6.5) that 

show very low (~0.1 ppm) Sm (and other REE). The sample at the end of the traverse at ~6.7 km 

has similarly low maximum Sm at ~0.8 ppm.  Along Traverse #5, Sm is initially elevated at a 

maximum of~10 ppm at ~3.8 km, with the sample at ~4.4 km showing a maximum of ~19 ppm. 

Like Mn, it would be expected for there to be an initially elevated concentration at far distances 

(4.4 km) from mineralization. At the end of the traverse at ~6.7 km from mineralization, the 

maximum Sm concentration falls to ~1ppm. Along Traverse #6 (Falla Lar), a sample at ~2.7km 

has a maximum of ~19 ppm Sm. Sm concentrations drop off further along the traverse, with 

samples at >7 km having maximum concentrations of a few ppm. Like Mn, the Sm geochemical 

signal along Traverse #6 drops off at further distances than Traverses #1 and #5, and the 

maximum occurs at farther distance, probably because this traverse is along the Lar fault. Other 

REE show a similar trend.   
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Samarium concentrations in calcite from wall rocks had less variation than in veins (Fig. 

6.6). Most samples average under ~2 ppm Sm, with only one outlier at ~13 ppm. For example, at 

the beginning of Traverse #1, Sm is initially at a maximum of ~1 ppm and reaches a 

concentration of ~2 ppm at ~4 km, much lower than in comparable vein calcite. Samples drop 

below 1 ppm at further distances. Along Traverse #5, wall rock calcite is initially below 0.1 ppm 

and increases to a few ppm at about ~5 km. This is much lower than the comparable vein calcite 

at ~10 ppm. The most proximal viable wall rock sample from Traverse #6 (Falla Lar) at ~1.1km 

from mineralization is the outlier at ~13 ppm Sm. Samples drop to a maximum of a few ppm at 

distances greater than ~4 km. Sm (and by proxy, REE) in wall rock calcite shows weak trends 

and has less variation and lower concentrations than vein calcite.  

 

 
 
Figure 6.6: High LA-ICP-MS Sm concentration of wall rock calcite vs distance. Lines are 
schematic and indicate the major trends.  
 
 
6.4 Summary and Discussion  

Trace element data from calcite in both veins and wall rock demonstrate significant 

concentrations of Mn (>10,000 ppm), Mg (>1,000 ppm), Fe (>1,000 ppm), Sr (>1,000 ppm), and 

REE (up to ~50 ppm). Manganese concentrations in veins have a robust spatial trend with 
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maximum concentrations along traverses at ~1-3 km from mineralization showing >10,000 ppm 

(over 10x background; Table 5.1). At far distal distances (~5-6 km or greater) concentrations 

return to ~1,275 ppm (background) or lower. Maximum Sm concentrations in vein calcite have a 

similar trend with maximum concentrations (up to ~19 ppm) at ~1-3 km from mineralization. 

Other REE are similar.  

The Mn trend in vein calcite is broadly similar to the Mn trend in multi-element 

geochemistry and is likely related to the same process of magmatic-hydrothermal fluids 

interacting with distal wall rocks (see Ch. 5.5). We do not observe the same trends in the trace 

element data for Pb and Zn, even though they are capable of substituting into calcite along with 

other elements like Cu and Sr (Rimstidt et al., 1998). Like in the case of the multi-element data, 

this is probably related to the relatively low abundance of Pb and Zn in the deposits and wall 

rocks of the district when compared with Mn. This may be further illustrated by Zn and Mn 

having similar distribution constants, minimizing the influence of substitution chemistry 

(Rimstidt et al., 1998).  
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CHAPTER 7 

ULTRAVIOLET FLUORESCENCE (UVF) 

 

7.1 Samples and Methods  

The UVF features of 72 samples were examined. The setup of the UVF examination is 

documented in Appendix A. The color and intensity are judged by the author, and intensity is 

recorded as Weak (1), Moderate (2), or Strong (3). 

 

7.2 UVF Color 

 Out of the examined 72 Candelaria samples, 68 (94%) have a red UVF response in both 

veins and their wall rocks (Fig. 7.1). Two samples have green fluorescence (e.g., Fig. 7.2, 008), 

one sample has blue-white fluorescence (Fig. 7.2, SM1), and one sample has white fluorescence 

(Fig. 7.2, 011).  

 The null comparator, a calcite vein sample from Colorado located far away from any 

known magmatic-hydrothermal mineralization, has white to blue fluorescence (Fig. 7.2, SM1). 

Figure 7.2 shows a comparison of UVF between a vein sample from Candelaria with red UVF 

colors and the calcite vein from the Colorado sample with dominantly white UVF color.  

The white UVF color is believed to be a characteristic of calcite produced from the 

dissolution of calcite in wall rocks and subsequent crystallization in fractures, as this is the color 

from the null comparator. The Candelaria samples dominantly have the same red UVF color. 

This predominance could be caused by a lack of change in trace element concentrations, 

compositional variations that do not cause significant UVF color changes, or because of the 

limited color discrimination power of human eyes. The latter two possibilities are more likely 

because there are systematic trace element composition changes in several elements as 

documented in Chapter 6, Trace Elements of Calcite in Veins and Wall Rocks (LA-ICP-MS 

data).  

The UVF intensity is in general related to the Mn/Fe ratio of the calcite (Fig. 7.3), based 

on LA-ICP-MS analysis. To calculate Mn/Fe ratios, the values below detection limits are set to 

be half of the detection limits.  
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Figure 7.1: Representative photographs of red UVF response in calcite veins. 018, 054, and 060 are samples from distal calcite veins 
displayed in cross section. 073 is a sample of coarse crystalline calcite from the proximal vein at the beginning of Traverse #1. Green 
UVF on the surface of 018, 054, and 060 is outlined by white dashes and is believed to be related to organic material. 
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Figure 7.2: Representative photographs of UVF response in distal calcite veins. 008 shows green UVF (outlined by white dashes) on a 
thin section billet, 011 shows white UVF, and SM1 (null comparator) shows blue-white UVF. SM1 and 054 are compared in the 
bottom right. Green UVF believed to be related to organic material is outlined by white dashes for 054.  
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Figure 7.3: Box plots showing UVF intensity vs Mn/Fe ratio (log scale). Strength ratings are 
between weak (1), moderate (2), and strong (3).  
 
7.3 – Manganese Fluorescence Index (MFI) 

 A Manganese Fluorescence Index (MFI) is designed based on the LA-ICP-MS trace 

element chemistry of calcite in veins and wall rock. Elements selected for the index are known 

important activators, sensitizers, and quenchers of UVF in calcite . Carbonate UVF response has 

been found to be controlled by the presence of various elements that act as activators, sensitizers, 

and quenchers by previous researchers. Activators are trace elements or ions responsible for 

causing fluorescence. In calcite, common activators of fluorescence are Mn2+ and Pb2+. Other 

activators include Sm3+, Eu3+, Tb3+, Dy3+, and (UO2)2+. Sensitizers like Ce3+ and Pb2+ allow for 

activators to cause fluorescence at lower concentrations. Quenchers like Fe2+, Co2+, and Ni2+ 

suppress the fluorescence response (Schulman et al., 1947; Aguilar and Osendi, 1982; Blasse and 

Aguilar, 1984; Machel et al., 1991; El Ali et al, 1993; Sidike et al., 2006; Graft et al., 2008). This 

index is limited to vein and wall rock samples that were analyzed both by LA-ICP-MS and UVF 

analysis. The index is defined by multiplying the Mn concentration of the calcite by the 

combined concentrations of other activators and sensitizers and dividing this product by the sum 

of the combined quenchers (Eq. 7.1):  

                                          𝑀𝐹𝐼 = 𝑀𝑛 ∗ (𝑆𝑚 + 𝐸𝑢 + 𝑇𝑏 + 𝐷𝑦 + 𝑃𝑏 + 𝐶𝑒)𝐹𝑒 + 𝐶𝑜 + 𝑁𝑖                                     (7.1) 
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For this calculation, concentrations below detection limits are set to be half of the detection 

limits. 

The MFI of the Candelaria and null comparator samples range from below 1 to over 

1,400. The relationship between MFI and fluorescence colors is shown in Figure 7.4. The MFI 

can discriminate between the blue-white and red UVF in this study (Fig. 7.4) with minimal 

overlap on the middle 50% of data. On average, the orebody samples and samples with blue-

white UVF have lower MFI (0-2.5). This is likely due to these samples having lower 

concentrations of not only activators like Mn (Fig. 7.5), but also sensitizers like Sm and Eu, and 

higher concentrations of quenchers like Fe. Figure 7.6 compares select sensitizer and quencher 

element concentrations of different UVF response colors. There are in general higher 

concentrations of activators (e.g., Mn) and sensitizers (e.g., Sm, Ce, Eu) and lower 

concentrations of quenchers (e.g., Fe) in red UVF.   

 

 
 

Figure 7.4: Box plot showing MFI values for different UVF response colors (logged y-axis). 
Blue-white UVF is grouped into the “Blue family” UVF. Orebody samples were not analyzed for 
UVF response, but their MFI results are plotted here for comparison. 
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Figure 7.5: Comparison of Mn concentrations between UVF colors. Mn is the most important 
activator of UVF in calcite. Orebody samples were not analyzed for their UVF response but are 
plotted here for comparison.  
 

 
 

Figure 7.6: Comparison of select trace element concentrations between UVF colors. Logged y-
axis. Eu and Sm are activators, Ce is a sensitizer, and Fe is a quencher. From LA-ICP-MS trace 
element data.  
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Figure 7.7: MFI spatial distribution in veins.  
 

Note that the number of samples with different UVF colors is not balanced. Most samples 

(94%) have red color, whereas only three samples have blue and white colors. In total, there are 

35 LA data points for blue-white UVF samples, compared to 234 data points for red UVF 

samples. Therefore, discrimination of UVF color based on the MFI is not yet robust. With more 

trace element and UVF data, there is great potential for it to become a useful discriminator of red 

UVF that ties qualitatively described colors to quantitative measurements of trace elements in 

calcite.  

The MFI is found to have a strong spatial trend in the district (Figure 7.7). It generally 

mimics the trend of Mn (Figs. 5.6 and 5.7) but has fewer distal anomalies. Within mineralization, 

samples have low MFI, typically below 10. Along Traverse #1, proximal veins have moderate 

MFI, with one proximal vein sample from returning an MFI of ~25. Maximum MFI of ~398 

occurs more distally along the traverse at ~0.6 km. Samples drop below 20 at the most distal 

locations. Traverse #5 also shows a more distal maximum MFI, with the highest MFI along the 

traverse of ~1,208 occurring ~4.4km from mineralization. Samples drop below 6 at the most 
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distal locations. The same trend is also seen along Traverse #6 following Falla Lar. A sample 

returned a high MFI of ~1,451 at ~2.6 km from mineralization and MFI drops off to <20 at more 

distal locations at the ends of the traverse. In summary, MFI is the lowest in calcite from the 

largest orebody (Candelaria), highest around ~1-4 km from mineralization, and gradually drops 

off at further distances. MFI at far distal locations is slightly higher than MFI from proximal 

samples in the orebodies.  

 

7.4 Summary and Discussion 

The dominant UVF color in the Candelaria-Punta del Cobre district is red. It is well 

established in the literature that common pink to red-orange fluorescence of calcite is due to the 

presence of Mn2+ along with other activators like Sm3+ and Eu3+ (e.g., Machel et al., 1991). 

Marfunin (1979) reports that pink to red fluorescence is more common when just Mn2+ is 

present, whereas red to red-orange fluorescence is due to the presence of additional Pb2 or Ce3+ 

as sensitizers. LA-ICP-MS data from this study indicate that vein calcite is in general enriched in 

Mn, with concentrations ranging up to ~18,500 ppm. While there is 0.01-30 ppm Ce in most 

samples, there is much less Pb with the 90th percentile of concentrations at only 0.8 ppm. Data 

also show that there is 0.1-10 ppm of Sm, Eu, Tb, and Dy in most of the samples. It is worth 

noting that authors including Sidike et al. (2006) have found that that energy pathways for Mn2+ 

induced fluorescence all involve energy transfer to other elements like Ce2+ or Pb2+. Mn2+ may 

not produce fluorescence on its own if it is the only trace element present; this is different from 

the conclusions of Marfunin (1979).  

The concentrations of these activator and sensitizer elements in the sample from 

Colorado (null comparator) that had blue to white UVF are generally lower than for samples 

from Candelaria. Manganese averages ~1,000 ppm for both vein and wall rock calcite in the null 

comparator sample, similar to that of the lower end of concentrations in vein calcite from 

Candelaria (~840 ppm; 25th percentile).  In contrast, the average concentration of Fe, the most 

important quencher, in veins from the null comparator is around ~3,000 ppm, with a maximum 

above ~4,000ppm, higher than that of most of the samples from Candelaria with red UVF 

(<~1,500 ppm, 75th percentile). The higher Fe concentrations in the null comparator sample are 

likely responsible for the diminished response of Mn.  
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It is also well established that the Mn/Fe ratio is important in predicting UVF intensity in 

calcite (e.g., Machel et al., 1991) as Mn2+ is the most common activator and Fe2+ is the most 

common quencher. Higher ratios generally correlate with higher intensity, and this is also true in 

the Candelaria-Punta del Cobre district (Fig. 7.3). While some samples from Candelaria-Punta 

del Cobre have high Fe concentrations, there appears to be sufficient Mn and other relevant 

activators and/or sensitizers to overcome the quenching effect.  

The origin of blue UVF in calcite is less well understood. Machel et al. (1991) attribute 

the blue response to Eu2+, but this is not well established elsewhere in the literature and is not 

mentioned in the comprehensive list from Graft et al. (2008). In an analysis of unusually 

fluorescent (blue) calcite from the famous locality of Terlingua, Texas, Graft et al. (2008) had 

difficulty in ascribing the intense blue-violet UVF response to a specific impurity. Rather, they 

ascribed the phenomena to a radiation-induced luminescence center. It is perhaps unlikely that 

these findings apply to the samples from this study with blue-white fluorescence, as the 

Terlingua samples are from an unusual Hg deposit. More research on the relationship between 

blue-white UVF colors in calcite is needed.  

In summary, the predominance of red UVF in calcite from carbonate veins in the 

Candelaria-Punta del Cobre district is most likely due to Mn in the presence of other 

activators/sensitizers and low concentrations of quenchers (mainly Fe).  

The trends in MFI cannot be simply explained by trends in the major components like 

Mn and Fe. This is illustrated by the lack of spatial trends in the Mn/Fe ratio. Rather, the other 

sensitizers in the MFI like Sm, Eu, Tb, and Dy must play an important role in distinguishing 

between veins with high Mn that are proximal to mineralization and veins with high Mn that are 

distal anomalies. Figure 6.5 shows that distal (~1-4 km) veins tend to have higher maximum 

concentrations of the important sensitizer elements like Sm. While this figure appears to show a 

spatial trend like Mn or the MFI, this is only true for maximum concentrations. The spatial plot 

of the average Sm concentration does not show any distinct trends. This helps explain the greater 

variation in these sensitizer elements in red UVF as noted in Figure 7.6. Additionally, these 

sensitizers are Rare Earth Elements (REEs), and enrichment of light REEs in the orebodies of the 

Candelaria-Punta del Cobre district has been described in the past (Marschik and Fontboté, 

2001a). Interestingly, this enrichment is not reflected in calcite mineral chemistry from proximal 

and orebody samples.  
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This REE enrichment in distal calcite veins may be unique to the Candelaria-Punta del 

Cobre district, or the Andean IOCG clan. There are not enough studies reporting on the trace 

element composition of calcite veins related to mineralization to state whether the distal REE 

enrichment in calcite seen here is viable in other deposits. This is an excellent avenue of future 

exploration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER 8 

STRONTIUM ISOTOPES OF CALCITE IN VEINS AND WALL ROCKS 

 

8.1 Samples and Methods  

Complete Sr isotope data of calcite from selected samples are presented in Table E.1 

(Appendix E). Twelve samples of the 14 analyzed samples are from select locations along 

Traverse #1 (Fig. 3.1), and the other two analyses are from the null comparator sample from 

Colorado. Samples range from the proximal, mineralized vein at the beginning of Traverse #1 to 

distal veins at the far end of the traverse. Calcite from both veins and their wall rocks were 

analyzed for their 87Sr/86Sr ratio except for the mineralized vein sample at the beginning of 

Traverse #1, because the vein is hosted in a skarn and does not have a sedimentary wall rock like 

other samples. The analysis was conducted at the isotope lab of New Mexico State University. 

The samples were dissolved in dilute HCl prior to analysis to prevent contamination by silicates 

and other minerals. This was particularly important in the wall rock samples. Isotope ratios were 

measured using TIMS (Thermal Ionization Mass Spectrometry). The detailed analytical method 

is described in Appendix A.  

 

8.2 Strontium Isotope Data  

 Sample 87Sr/86Sr ratios are plotted against their distance along Traverse #1 in Figure 8.1. 

Two samples from the proximal vein have the lowest 87Sr/86Sr ratios of 0.704 and 0.704. At ~0.6 

km along the traverse, a sample has a wall rock 87Sr/86Sr ratio of 0.706 and a vein ratio of 0.705. 

At ~2.3 km the wall rock 87Sr/86Sr is 0.707 and the vein ratio 0.705. At ~4.6 km near the thrust 

fault, the sample’s wall rock 87Sr/86Sr ratio is 0.707 and the vein ratio is 0.707. At ~5.7 km, the 

sample has a wall rock 87Sr/86Sr ratio of 0.707 and the vein, 0.705. At the end of the traverse at 

~6.7 km, the sample’s 87Sr/86Sr ratio is 0.705 and the vein’s is 0.705.  

The null comparator sample from Colorado has a wall rock 87Sr/86Sr ratio of 0.707 and a 

vein 87Sr/86Sr ratio of 0.708.  
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Figure 8.1: 87Sr/86Sr ratio vs distance for Traverse #1. The Colorado samples are added at the end 
for comparison. Blue points are wall rock samples, red points are vein samples. 
 

8.3 Summary and Discussion  

 The 87Sr/86Sr of the sedimentary rocks in the Candelaria district and also of the null 

comparator is believed to be 0.707-0.709, typical values for Phanerozoic open-marine carbonates 

based on the literature (e.g., Capo et al., 1998). They are the highest values in this dataset. The 

calcite in the wall rocks at 4.6 km and 5.7 km along Candelaria Traverse #1, and that of the null 

comparator sample (0.707) are within this range, indicating that these wall rocks had little 

change after their formation. The vein calcite of the null comparator has very similar Sr isotope 

signature (0.708) as the wall rock (0.707), indicating that the Sr in the vein is basically the Sr 

from the wall rock due to a local dissolution/precipitation process common in carbonate districts 

that produce karst geomorphology. This is consistent with the sample background of no known 

magmatic hydrothermal deposits nearby. 

The lowest 87Sr/86Sr value of this dataset, ~0.704, has primitive mantle signature, and is 

typical of ocean island basalts and within the range reported for continental volcanic rocks (Capo 

et al., 1998). It is from the calcite in the mineralized vein at distance 0 of Traverse 1, indicating 

that this calcite was precipitated from hydrothermal fluids that either exsolved from a relatively 
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primitive magma, and/or had acquired Sr from leaching the andesitic wall rocks of the Punta del 

Cobre Formation. For reference, the initial 87Sr/86Sr ratio of the composite plutons in the nearby 

Copiapó Batholith is ~0.703 (Marschik et al., 2003). The 87Sr/86Sr ratios of the vein calcite 

samples increase along with their distance from ore bodies (Fig. 8.1), indicating more and more 

leaching of calcite from the sedimentary wall rocks. The ratio reaches the maximum values of 

0.707 at 4.6 km (Fig. 8.1), almost identical to the wall rock signature of 0.707, indicating that the 

magmatic hydrothermal input has totally disappeared by this distance. The wall rock calcite of 

the closest sample (~0.6 km) has low 87Sr/86Sr ratio of 0.706, indicating that the wall rock has 

been affected by the hydrothermal fluid. The wall rock calcite 87Sr/86Sr ratio increases along with 

distance (Fig. 8.1), indicating less and less hydrothermal influence. This is consistent with the 

increased wall rock-sourced Sr in the vein calcite as shown by the vein calcite Sr isotope 

signatures.   

At distances beyond 4.6 km, the vein calcite 87Sr/86Sr ratio decreases towards the east 

(Fig. 8.1), down to 0.705 at the eastern end of Traverse #1, indicating gradually increased 

magmatic signature toward the eastern end. This could be related to the Octoitic Sill at the 

eastern end of Traverse #1. As the vein calcite in the eastern part is not near any known 

mineralization, the water precipitating the vein calcite is believed to be dominantly meteoric. 

Such water may have leached the Octoitic Sill and thereby acquired some Sr. 

Additionally, 87Sr/86Sr ratios from proximal vein calcite (~0.704) are close to 87Sr/86Sr 

ratios from fluid inclusions in quartz from Candelaria that cluster around ~0.705 (Chiaradia et 

al., 2006).  
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CHAPTER 9 

CARBON-OXYGEN STABLE ISOTOPES OF CALCITE IN VEINS AND WALL ROCK 

 

9.1 – Methods and Samples  

159 individual samples were analyzed for their δ18OVPDB and δ13CVPDB isotope 

compositions. This included 69 carbonate vein samples and 92 carbonate rock samples. Powders 

of rock and vein samples were prepared by drilling and/or grinding with a Dremel© drill fitted 

with a diamond drill bit or cutoff wheel. Samples were analyzed at both James Cook University 

in Australia and Virginia Tech in the United States. Both labs utilized weak acid dissolution and 

gas source isotope ratio mass spectrometry to measure the isotopes. Virginia Tech used the 

added step of grinding the rock powders in a mortar and pestle to improve precision during the 

process. Several rock samples from Traverse #1 had powders prepared at different distances 

from the associated vein (2 cm, 4 cm, and/or 6 cm) in the rock to test the hypothesis that there 

may be variation away from the vein. This hypothesis was revealed to be incorrect, and the 

procedure was not repeated on the rest of the rock samples. Some samples from Traverse #1 

were analyzed at both the James Cook University lab and the Virginia Tech lab. The reported 

values are very similar, which verified the results. Most of the samples were analyzed at Virginia 

Tech. δ18O values were converted from VPDB to VSMOW using the equation δ18OSMOW= 

1.03086×δ18OPDB+ 30.86 (Friedman and O’Neil, 1977). Complete analytical methods are 

described in Appendix A.  

 

9.2 – Carbon-Oxygen Isotope Composition Data 

δ18O of calcite in rock samples range from a minimum of ~12‰ to a maximum of ~27‰. 

The 10th percentile is ~15‰ and the 90th percentile ~25‰. The δ13C of calcite in rock samples 

range from a minimum of ~-7‰ to a maximum of ~2‰. The 10th percentile is ~-2‰ and the 90th 

percentile ~2‰. δ18O of calcite in vein samples range from ~10‰ to ~31‰. The 10th percentile 

is ~12‰ and the 90th percentile ~24‰. The δ13C of calcite in vein samples range from ~-10‰ to 

~7‰. The 10th percentile is ~-5‰ and the 90th percentile ~2‰. Vein calcite tends to have 

slightly lower δ18O values than calcite in wall rock but with greater variation (Fig. 9.1). For δ13C, 
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vein calcite has only slight lower average value than calcite in wall rock, but still has greater 

variation.  

 
Figure 9.1: Box plots comparing δ18O and δ13C of veins and wall rock. 

 

9.3 – Calculation of H2O in Equilibrium with Vein Calcite  

The O isotope compositions of the H2O in equilibrium with the vein calcites are 

calculated. For proximal vein samples (distance = 0), the temperatures are assumed to be 200 °C, 

based the fluid inclusion studies summarized in Marschik and Fontboté (2001a). The occurrence 

of quartz in the calcite-dominant veins also is consistent with a temperature higher than ~180 °C 

(chalcedony-quartz transition temperature). The maximum distance of influence of the 

hydrothermal fluids from the orebody is estimated to be 4.5 km based on the Sr isotope data 

along Traverse #1 (this study), where the Sr isotope compositions of the vein calcite and the wall 

rock calcite become almost identical, indicating all the Sr in the vein calcite came from the wall 

rock. At this distance and beyond, the vein temperatures are estimated to be 80 °C, based on the 

formation depth of < 3 km (Marschik and Fontboté, 2001a) and a geothermal gradient of ~30 

°C/km. Between distance 0 and 4.5 km, the vein temperatures at each sample site are estimated 

based on a linear model. For the Colorado comparison sample, the calcite veins are believed to 
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have formed in a karst environment therefore the temperature is estimated to be 20 °C. The 

calcite-H2O fractionation parameters of Zheng (1999) were used for the calculation. The δ13C of 

CO2 in equilibrium with vein calcites are also calculated. Ideally, the δ13C of HCO3
- or CO3

2- in 

hydrothermal fluids should be calculated, but existing fractionation factors for calcite (and CO2) 

- HCO3
- (or CO3

2-) are only for temperatures <100°C, therefore δ13C of CO2 is calculated and 

used to approximate that of aqueous carbonate and bicarbonate species. The fractionation 

parameters are from Ohmoto and Rye (1979).  

The C-O isotope compositions of calcite in wall rocks are plotted in the δ13C vs δ18O plot 

(Figure 9.2). Also plotted are the δ18O of the H2O in equilibrium with the vein calcite, and the 

δ13C of CO2 in equilibrium with the same calcite. The C-O isotope compositions of various 

reservoirs in this plot are: marine carbonates younger than ~600 Ma with 20-29‰ δ18O 

(Schidlowski et al., 1975) and -1.8 to +3.6‰ δ13C (Eichmann and Schidlowski, 1975); magmatic 

carbonates with 5-10‰ δ18O (Campbell and Larson, 1998) and -8 to -4‰ δ13C (Barnes et al., 

1978), and groundwater with -20 to -6‰ δ18O for northern Chile (Boschetti et al., 2019) and -34 

to -6‰ δ13C (assuming the C in groundwater is from organic matters in sedimentary rocks; Faure 

and Mensing, 2005). Figure 9.2 shows that most of the wallrocks are typical marine carbonates. 

The water that formed calcite in veins may have three sources of O and C: magmatic water, 

groundwater, and carbonate in wallrocks. There is almost no vein calcite formed from pure 

magmatic water, probably because such veins are of late stage, and therefore mixing with 

groundwater is inevitable. The samples in the orange color polygon in the figure may be 

explained by only mixture of magmatic and ground waters. The vein calcite samples plotted 

above the orange-colored polygon with higher δ13C values are interpreted to be caused by mixed 

magmatic and meteoric waters that had also dissolved some carbonates from wall rocks, which 

elevated the δ13C and δ18O values of the hydrothermal fluids. Some wall rock calcite samples 

have lower δ18O and δ13C values than endmember marine carbonates. This is probably because 

some calcite had deposited from the mixed magmatic-meteoric waters into the wall rocks, 

perhaps in exchange of the sedimentary calcite leached out by the fluids. 

 

9.4 - Spatial Trends in C-O Isotope Compositions 

The δ18O and δ13C values of wall rocks and that of water in equilibrium with vein calcite 

samples are plotted against sample distance from orebodies in Figures 9.3A and B, respectively. 
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Figure 9.2: δ18O vs δ13C plot with endmembers based on the literature (see text for details).   
 

Both δ18O and δ13C values related to vein calcite have a trend of decreasing away from 

orebodies, whereas the δ18O and δ13C of wall rocks largely remain unchanged from sedimentary 

signatures (20-26‰ δ18O and -1.8 to 2.1‰ δ13C), except for some values at positions closer to 

the orebodies (~3.5 km for δ18O, and only <~100 m for δ13C; Figs. 9.3A and B). 

The δ18O of water in equilibrium with vein calcite decreases away from orebodies, from 

~13-2.5‰ 0-0.5 km close to orebodies to ~2.5 to -10‰ 4.5-8 km away from orebodies. This 

trend is likely related to two factors. Firstly, the decreasing of magmatic water component 

(endmember values are 5-10‰) and the increasing of meteoric component (endmember values 

are -18 to -6‰) away from orebodies. This is expected, as the mineralizing fluids at Candelaria 

have clear magmatic hydrothermal signatures (Marschik and Fontbote, 2001a). In this study the 

closest vein signatures (2-5‰) indicates mixing of magmatic and meteoric waters, which is 

expected for late-stage calcite. This factor does not explain some of the heavy δ18O signatures of 

some waters close to orebodies (>5‰ within ~3.5 km range of the orebodies).  
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Figure 9.3: Calcite oxygen (A) and carbon (B) isotope compositions at various distances from orebodies. Samples from all traverses 
are shown. The blue dashed lines represent the lower limits of sedimentary O and C isotope signatures. The red dashed lines are 
schematic and indicate the main trends in the vein-related signature.  
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Such high δ18O may be explained by the dissolution of wall rock carbonates that 

contributed heavy O isotope compositions (20-29‰) to the hydrothermal fluid. This is possible 

because magmatic hydrothermal fluids are typically weakly acidic. There is relatively more 

magmatic water component in the fluids closer to the orebodies, therefore the fluids have the 

capacity to dissolve carbonates in wall rocks. This interaction between the fluids and the wall 

rocks is also shown by the reduced δ18O values of some wall rocks (Fig. 9.3A). At distal 

locations (>3.5 km) the wall rocks have typical marine carbonate signatures whereas the vein 

water δ18O values continue to decrease but the δ18O values (~0 to -9‰) are still higher than that 

of the meteoric water values (-6 to -20‰), indicating that there was much less but still minor 

amount of dissolution of the calcite in the wall rocks. This is probably because the water is 

getting more and more dominated by meteoric water that has neutral pH and does not have as 

great a capacity to dissolve wall rocks.  

The δ13C values of CO2 in equilibrium with vein calcite also decreases away from 

orebodies, from ~1.5 to -2‰ at ~0.5 km distance, to -8 to -4‰ at ~4.5 km, then the values 

remain similar until the farthest distance of sampling, ~8 km. The δ13C values are lower at 

distances farther than ~4.5 km but are still higher than typical organic carbon, indicating that 

there was still wall rock carbonate dissolution, although much weaker. This is similar to the 

findings from the O isotopes. The trend is less clear than the trend in δ18O, with fewer samples 

having intermediate δ13C values between the proximal and distal locations. The increase of vein 

calcite δ13C values at proximal locations is likely mainly caused by the increased dissolution of 

calcite in wall rocks, with higher proportion of weakly acidic magmatic hydrothermal fluids at 

closer locations, consistent with the hypothesis derived from the oxygen isotope compositions. 

One group of wall rock samples from the Pabellon Formation (the youngest rocks in the 

Chañarcillo Group) at the end of Traverses #1 and #3 have slightly lower isotope signatures for 

both δ13C and δ18O (~-3‰ and 17.5‰, respectively). This is unexpected as this formation is the 

farthest from mineralization in the district and should have a similar background signal to other 

carbonates. Price et al (2008) proposed that such light isotope signatures were related to a 

combination of diagenesis and metamorphism from the overlying “Octoitic Sill.” 

 

 

 



74 
 

9.5 – Application in Exploration 

Comparing vein calcite and wall rock calcite, the former show much stronger trends in C 

and O isotope compositions, and O isotopes have stronger/more distal signals than C isotopes. 

Vein related signals have an increasing trend from at least 8 km away in O isotopes, and from 4.5 

km away in C isotopes. In contrast, wall rocks start to have a decreasing trend towards orebody 

from ~3.5 km away for δ18O, and for δ13C, the signatures become lower than typical sedimentary 

values (-1.8‰) only <0.1 km away, and only some wall rock samples will show signals. Some 

wall rocks retain sedimentary signatures right next to orebodies, therefore more sampling and 

analysis are needed to use wall rocks. On the other hand, to use vein calcite related C-O isotope 

signals, the calcite formation temperatures need to be estimated.  
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CHAPTER 10 

DISCUSSIONS 

 

10.1 – Distal Vein Formation 

 Geochemical and isotopic evidence presented in this study suggest that distal calcite 

veins in the Candelaria-Punta del Cobre district are related to mineralization and represent the 

most distal expressions of the hydrothermal system. The C-O and Sr isotope evidence 

demonstrates that there is wall rock dissolution occurring in the district, which becomes weaker 

along distances from mineralization. The Sr isotope signature of one distal vein is very close to 

that of the wall rocks, suggesting that even at distal locations, there is some amount of wall rock 

dissolution, although it is probably related more to meteoric waters interacting with wall rock 

than hydrothermal fluids. An additional source of Ca and CO2 may be the hydrothermal fluids 

themselves. There are many Ca-rich alteration minerals in the orebodies (e.g., actinolite, 

epidote), and more Ca may be liberated from the alteration of andesite. Additionally, as 

previously mentioned, the causative magmas of Andean IOCG deposits have been postulated to 

contain unusually high amounts of CO2 (Sillitoe, 2003). This has been used to explain the 

unusual prevalence of calcite veins around some IOCG deposits.  

 There are a few ways to form calcite veins, but they cannot form by simple cooling of a 

hydrothermal fluid alone, as calcite has inverse solubility with temperature (Holland and 

Malinin, 1979). This is at odds with the hypothesis that cooling magmatic-hydrothermal fluids 

move to distal locations and deposit calcite. Fluid mixing may also explain calcite precipitation, 

and C-O isotope evidence from this study and others (e.g., Marschik and Fontboté, 2001a) 

indicate that fluid mixing occurred in the district. However, this requires additional hotter fluids 

to heat up the primary hydrothermal fluids to cause calcite precipitation, which is also unlikely. 

Another mechanism of calcite precipitation is the degassing of CO2 at distal locations, and this is 

the preferred hypothesis for calcite vein formation in the Candelaria-Punta del Cobre district. 

Carbon dioxide solubility is strongly controlled by pressure (e.g., Wang et al., 2019) with the 

solubility decreasing with decreasing pressure. Orebodies likely have higher fluid pressures and 

temperatures due to hydrothermal fluid activity than distal locations within the wall rocks, and 

the orebodies at Candelaria and many other deposits are indeed hosted in the andesitic rocks at 
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lower stratigraphic positions than the carbonate and calcareous beds. Therefore, decreasing 

pressures as fluids move away from orebodies could provide for decreased CO2 solubility, 

consequent CO2 degassing, and calcite vein formation (Zheng, 1990). This is also consistent with 

the observation of calcite/ankerite in the highest levels of “vein-type” IOCG deposits hosted in 

the batholith near the district, as the highest levels would have the lowest pressures.  

 The widespread distribution of calcite veins in the district indicates widespread fluid 

flow. The planar morphology and small size of distal veins suggests that fracture-controlled fluid 

flow was likely the most important control on distal fluid movement, similar to what has been 

described in other carbonate-hosted ore systems (e.g., Hickey et al. 2014). This is supported by 

the observation in this study that spatial trends are detected at further distances along large-scale 

(multi kilometer) faults. Some fluid movement may be additionally controlled by wall rock 

permeability. While there is evidence of significant interaction between fluids and wall rock in 

this study, the exact extent of this wall rock interaction was not investigated.  

 In summary, distal calcite veins likely form via combination of processes. Weakly acidic 

hydrothermal fluids from the high-temperature, high-pressure ore zone contain some Ca due to 

alteration of andesites and likely also some CO2 from the causative magma. Additional CaCO3 is 

scavenged at more proximal locations due to wall rock dissolution. Fluid movement through 

fracture networks from the relatively high-pressure ore zone to relatively low-pressure distal 

locations decreases the solubility of CO2 and causes calcite precipitation.  

 

10.2 – Spatial Trends 

Figure 10.1 summarizes the most robust trends in the data from this study. Proximal 

carbonate veins are much larger than carbonate veins, with the transition to smaller distal veins 

occurring within a kilometer from mineralization. Distal wall rock up to about a kilometer away 

may have disseminated pyrite, with wall rock along faults having disseminated pyrite up to 2 km 

away. Copper concentrations are at maximums in the orebodies, and concentrations quickly 

decrease with distance. Zinc in vein chemistry is enriched to a maximum at ~1 km not along 

faults or ~2 km along faults, coinciding with the pyrite and stable isotope alteration halo of δ18O 

in wall rock. Manganese concentrations are generally at low to background in the orebody, at 

maximums of 10-15x background at ~1-3 km from mineralization, and back to background at far 

distal locations of ~3-6 km or more. These patterns of geochemical alteration are similar to what 
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has been reported in the literature for magmatic-hydrothermal deposits like porphyry Cu (e.g., 

Sillitoe 2010).  

 

 
 

Figure 10.1 Schematic plan view representation of spatial trends revealed in this study.  
 

Carbonate veins in the district are dominantly planar, fracture-controlled structures, 

suggesting that fracture permeability of distal fluids may have been a primary control on their 

movement. Fracture controlled permeability in carbonates has been reported for distal C-O 

isotope alteration halos in Carlin-type Au deposits (Hickey et al., 2014). Mineral chemistry and 

whole rock geochemistry data from this study show that elements with spatial trends have 

maximum concentrations at further distances along traverses that follow faults (i.e., Falla Lar) 

than along traverses that crosscut stratigraphy (i.e., traverse #1) (Fig. 10.1). Geochemical data 

shows that for many samples, wall rock and vein element concentrations are similar. C-O isotope 

data also suggests that some wall rock within centimeters of the vein has been affected by fluid 

and has much lower C-O signatures than would be expected for unaltered carbonates in the 

district. The same is true for Sr isotope ratios. This suggests that there is at least some fluid 

movement controlled by rock permeability, if only at the local vein scale. 
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10.3 – Applicability in Exploration  

A summary of the effectiveness of the techniques examined in this study is presented in 

Table 10.1. Starting with the simplest technique, the trends observed in whole rock multi-

element geochemistry and calcite vein trace element geochemistry may be useful for exploration. 

Manganese in combination with other elements like Cu, Pb, and Zn, is the most promising 

pathfinder element suite. The geochemical trends of these elements could allow for vectoring 

towards an orebody. However, the trend, almost like a bell curve (e.g., Fig 5.8), makes it difficult 

to vector in an exact direction towards a deposit, as Mn eventually starts decreasing as samples 

approach mineralization. To solve this problem, Mn should be used in combination with other 

elements like Cu, Pb, and Zn to identify more proximal samples. Ratios of these elements, like 

Mo/Mn or Cu/Mn, would also show an increasing trend in general towards mineralization, 

although samples that are proximal enough to make these ratios viable may not be found in an 

initial survey for a greenfields project.  

This vectoring technique involving veins can add value to a typical lithogeochemistry 

study in carbonate terranes. For one, the methods employed in this study detect signals of 

mineralization at far more distal locations than would be typically expected for a normal 

geochemical study. The data presented in this study also pushes the recognizable alteration halo 

around the deposits several kilometers further than previously recognized. Another advantage of 

this method is that it may help uncover blind mineralization where a typical lithogeochemical 

study may not have recognized the geochemical signature as being indicative of mineralization. 

C-O and Sr isotope analysis of the veins would provide another layer of evidence to determine if, 

for example, anomalous Mn concentrations in veins are related to mineralization or from local 

calcite dissolution and re-precipitation.  

This study also utilized many different levels of geochemical analysis, from the whole 

rock, to the carbonate vein, and finally to the trace element chemistry of calcite in the vein. 

Overall, the trends between them are similar. Mn concentrations from multi-element 

geochemistry of veins and LA-ICP-MS analysis of vein calcite have a good correlation (Fig. 

10.2, page 81) between the same samples with R-squared at 0.86 (Fig. 10.2) (Note – one sample, 

010, is omitted from this graph as the vein sample included coarse Mn oxide coatings, not just 

carbonate. It would not be consistent to compare this data to the LA-ICP-MS data). 
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Table 10.1: Summary of the exploration technique effectiveness and utility. Cost estimates are general and serve as a point of 
comparison; actual costs may vary or change over time.  

Technique  Use Effectiveness Relative Cost Implementation 
Overall 

Utility 
Comments  

              

Multi-Element 
Geochemistry  

Vector  High Moderate (~$55 USD/sample) Easy High 

Simple to implement, 
can use existing 

datasets, cost 
effective  

LA-ICP-MS Trace 
Element Analysis 

Vector  High High (~$120 USD/sample) Difficult Low 

Effective but very 
expensive and time 

consuming to 
implement 

Shortwave UVF (Red 
color to detect Mn-

rich calcite) 
Indicator  Low 

Low (~$50-100 USD for a 
lamp, one time cost) 

Easy Moderate 

Simple and 
inexpensive, but 
utility is not well 

proven 

C-O Stable Isotopes  
Vector 

and 
Indicator  

Moderate  Low (~$12 USD/sample) Moderate  Moderate 

Inexpensive, δ18O 
particularly useful, 

results can be 
complicated  

Sr Isotopes  
Vector 

and 
Indicator  

Moderate  High (~$150 USD/sample) Moderate  Moderate 

Relatively expensive, 
effective but limited 

data, complicated 
results 
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Whole rock geochemistry of wall rocks and LA analysis have a Mn concentration 

correlation of 0.64. While the Mn trend in the LA trace element data is the clearest, it was also 

more expensive to obtain. Whole rock/multi-element geochemistry of veins and wall rock is 

cheaper, with wall rock data being the most economical to obtain due to there being no need to 

manually separate the rock from the vein for analysis. With this information, the most 

economical and practical approach to employing the methods tested in this study would be to 

analyze the geochemistry of wall rock with the veins intact. This would show the overall trend in 

the Mn signal while saving considerable amounts of money.  

Carbon-oxygen isotope data from this study affirms the previously reported utility of C-O 

isotopes in exploration for deposits hosted within carbonate rocks. This study also demonstrates 

that the technique is applicable to an “IOCG” deposit hosted in volcanic rocks but with carbonate 

rocks in the overlying and/or surrounding stratigraphy. The trend of mixing between magmatic 

and meteoric waters is revealed by the δ18O values of water in equilibrium with vein calcite vein, 

which is consistent with previous research on the district that describes fluid mixing in the late 

stages of mineralization (e.g., Marschik and Fontboté, 2001a; Chiaradia et al., 2006; Marschik 

and Kendrick, 2015). The C-O isotope data of the vein calcite also revealed decreasing amount 

of magmatic water and wall rock calcite dissolution away from the ores.  

Strontium isotope data from this study suggests that Sr isotope ratios may be useful for 

exploration in a similar manner to C-O. While the data is limited to one traverse, it is a proof of 

concept and an excellent avenue of further research. Proximal carbonate veins hosted in skarn 

returned Sr isotope signatures typical of relatively primitive igneous rocks. At distal locations, 

vein samples returned Sr signatures similar to the calcite in local wall rocks. This provides 

another layer of discrimination between calcite veins related to mineralization and vein from 

local carbonate dissolution (karst), or prospective vs. barren calcite veins. This is supported by 

our comparison with a vein and rock sample from a barren location in Colorado that both 

returned marine carbonate signatures. Vectoring may be possible, but is expensive, about 10x the 

price of C-O isotope analysis at the time of writing.  

An additional advantage of Sr isotope analysis is that Sr isotopes in calcite are unaffected 

by the age of the sample, as calcite does not incorporate 87Rb that will decay to radiogenic 87Sr 

(Rimstidt et al., 1998). In this way, the calcite records a snapshot of the Sr isotope composition 
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of the fluid that formed it and there is very little fractionation between Sr isotopes in fluids and in 

calcite, therefore no need to estimate the calcite formation temperatures.  

 

Figure 10.2: Comparison of Mn in vein geochemistry between multi-element and LA-ICP-MS 

trace element analysis in calcite. Axes are log scale. 

 

An important limitation of Sr isotope data in the exploration context is that there may be 

considerable overlap between the Sr ratios of fluids responsible for mineralization and the 

background level in a given region. For example, the marine carbonate background of ~0.707-

0.709 is well within the reported Sr ratios of volcanic rocks (~0.702-0.714; Capo et al., 1998). 

Thus, Sr isotopes may work best when the causative intrusion of mineralization is presumed to 

be relatively primitive.  

The applicability to exploration of the UVF characteristics discovered in this study is 

somewhat limited due to the lack of spatial trends. Nonetheless, red UVF may be a useful 

indicator for Mn-rich calcite veins associated with mineralization. Mn-rich calcite veins with 

pink and/or red UVF have been associated with Carbonate Replacement Deposits (CRD) 

(Beinlich et al, 2019; Megaw, 2020). Cantor (2020) found that some calcite veins, but not all, 

associated with skarn mineralization at two deposits in Peru had red UVF and were also found to 
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have depleted (magmatic-hydrothermal influence) C-O isotope signature. Escalante (2008) found 

that calcite veins from the Uchucchacua base metal vein and Antamina skarn deposits in Peru 

commonly had orange red fluorescence due to Mn but varied C-O isotope signatures. These 

findings are consistent with the results of this study. Proximal veins from the Candelaria-Punta 

del Cobre district have red UVF and δ18O of water in equilibrium with vein calcite is close to 

magmatic signatures (>5‰). However, there are far distal veins in the district that also have red 

UVF but δ18O of water in equilibrium with this vein calcite is near values of meteoric water (<-

6‰). This illustrates that the important control on UVF is ultimately the ratios of important trace 

elements. While it has been demonstrated that the correct ratios of these elements to produce red 

UVF may be found in proximal locations, the fact that they are also found in distal locations in at 

least this study make it difficult to describe any one UVF color as a pure indicator of 

mineralization. As such, red UVF should be treated as an indicator of the presence of certain 

trace elements, primarily Mn, that may be prospective for mineralization, but by no means purely 

indicative of it. While Mn is the most common activator that produces red UVF, there are others 

like Sm3+ that may produce red UVF on their own (Machel et al., 1991). UVF should be used in 

combination with other exploration tools to be most useful. 

Our preliminary investigation into calcite veins from a non-mineralized area in Colorado 

revealed that these calcite veins have blue to white fluorescence. This observation is supported 

by UVF results from traverse #1 in the Candelaria-Punta del Cobre district, where a sample 

located ~5.3 km from mineralization had blue-white UVF and a C-O composition that is very 

similar to the C-O signature of the carbonate country rocks. However, the other blue-white UVF 

sample from Candelaria is from traverse #2 at only ~1.5 km from the Candelaria pit. There are 

many more distal samples in the district that have red UVF, and many of these samples have C-O 

compositions that are like that of the country rock. These intricacies illustrate the difficulties in 

using UVF as a stand-alone vector.  

While fluorescence color may not (yet) be useful for vectoring, the related MFI shows 

promise. As noted, the MFI follows the trends in Mn from both whole rock/multi-element and 

calcite trace element geochemistry but lacks the noise from distal anomalies. MFI is generally 

lowest in calcite from the orebodies, at maximum values ~2-5 km from orebodies and diminishes 

at further distances. This makes MFI a more robust vector. Since MFI is simply a ratio of trace 

elements in calcite and is not explicitly tied to UVF, it may stand on its own as a geochemical 
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vectoring tool. Interestingly, when the MFI is applied to the whole rock and calcite vein multi-

element geochemistry data from the larger study, the same trends are not observed. The 

geochemical trends are therefore more related to the mineral chemistry of calcite and not the 

overall chemistry of the veins.  

From an exploration economics standpoint, MFI might be more expensive to obtain. It 

requires the careful preparation (thin section, petrography etc.) and analysis of calcite veins by 

LA-ICP-MS. The same trends from the MFI may be understood through geochemistry of surface 

samples containing veins, as has been previously discussed. While the trends in geochemistry 

from these samples are not as robust as the MFI, they are cheaper to acquire and accomplish the 

same ends of detecting significant variations in geochemistry at distal locations.  

Going forward, the working hypothesis would be that calcite veins related to 

hydrothermal mineralization in carbonates have red fluorescence due to Mn. Preliminary results 

from this study indicate that veins unrelated to mineralization may have blue to white UVF. 

More research is needed to constrain the prevalence of red vs blue-white UVF, and thus the 

prevalence of the correct ratios of trace elements, at other deposits in various settings to prove 

the technique’s use as an indicator or vector.  

 

10.4 – Candelaria-Punta del Cobre District Exploration Protocol  

 Based on the results of this study, several techniques may be integrated and implemented 

within the district to aid in future exploration. Element trends identified in this study could be 

immediately applied to district scale lithogeochemical data, with the only exception being that 

the dataset must consist of carbonate rocks. The original dataset can be filtered for carbonate 

rocks by selecting for samples with greater than ~30% Ca and/or with significant amount of total 

carbon. The subset of samples may then be used to evaluate geochemical trends. In using old 

datasets, no vein data will be present. However, future sampling campaigns can add vein samples 

if applicable.  

 Another method that can easily be added to exploration tools within the district is C-O 

isotope analysis. This analysis can be done on the same samples that were sent for multi-element 

geochemistry, providing another layer of evidence for potential alteration. As shown in the study, 

depleted δ18O values of whole rocks are a good indicator of hydrothermally altered rocks. With 

the existing research constraining the formation temperatures, vein calcite δ18O and δ13C values, 
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after fractionation calculations, may show much stronger trends and over a much longer distance. 

Strontium isotope analysis should be added in this district to look for alteration by magmatic-

hydrothermal fluids. Finally, red UVF may be used to screen for calcite vein samples with 

potentially high Mn.  

 Altogether, the protocol for implementing the methods in this study would be to first look 

for geochemical trends (e.g., Mn) in existing lithogeochemical datasets by filtering for carbonate 

rocks. For future work and sampling, samples may be screened for red UVF as a part of routine 

sample preparation. C-O isotope analysis of wall rocks may be added to routine multi-element 

geochemistry to provide another layer of analysis. Strontium isotope analysis may also be added 

in select occasions on account of higher expenses. For example, a large proximal calcite vein 

would be a good candidate for additional Sr isotope work, along with the vein’s wall rock. The 

trends identified in trace element chemistry via LA-ICP-MS are not included in the 

recommended protocol as this method requires considerably more time, effort, and cost to 

implement for the same trends that may be identified in other ways, although less clearly.  

 The above methods may be quickly integrated into the routine exploration protocol in the 

district to provide additional layers of prospectively analysis.  

 

10.5 – Applicability in Other Settings  

The trends observed in metal zonation in distal rocks and carbonate veins in the 

Candelaria-Punta del Cobre district follow known zonation patterns for magmatic-hydrothermal 

deposits. While there may be some debate as to the origin of the IOCG deposits of the district, 

most of the evidence published in the literature and the evidence presented in this study favor the 

magmatic-hydrothermal model. Many magmatic-hydrothermal deposits like porphyry Cu and 

skarns exhibit the same broad, generalized metal zonation pattern found in this district, with 

some elements such as Mo and Cu having higher concentrations more proximal to mineralization 

and other elements including Pb, Zn, and Mn having higher concentrations more distal to 

mineralization (Emmons, 1927; Meinert et al., 1997; Sillitoe, 2010; Halley et al., 2015). The 

unique part of this study is the discovery of these metal zonation patterns within seemingly 

“unaltered” carbonate rocks and barren calcite veins. This is not without precedent, as limestone 

distal to magmatic-hydrothermal deposits has been recognized to show minor alteration features 

in the past. For example, James (1976) reported pyrite, calcite veining, fine grained quartz, and 
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minor clays in limestone distal to porphyry-skarn deposits near Ely, Nevada, USA. This zone 

was reported to be extensive above ore-grade skarn prior to mining.  

The essential difference between the known metal zonation patterns of hydrothermal 

deposits and the metal zonation documented in this study is the medium in which this zonation is 

identified. Previous studies have noted element trends in whole rock geochemistry and mineral 

chemistry, mainly in volcanic rocks (e.g., Halley et al., 2015; Cooke et al., 2020). Other studies 

have demonstrated C-O depletion halos in carbonate wall rocks and recently, calcite veins, 

surrounding hydrothermal mineralization (e.g., Engel et al., 1958; Beinlich et al., 2019; Cantor, 

2020). However, these features have not been explicitly demonstrated for IOCG deposits, and 

research into carbonate veins is relatively new. This study demonstrates that these veins and their 

associated carbonate wall rocks contain cryptic signals of mineralization. These signals occur in 

features that previously may have gone unrecognized as barren or unrelated to mineralization. 

The discovery of alteration zonation patterns in this study that are like zonation patterns from 

locations around the world provides excellent potential for future investigation. Potential deposit 

types of interest include porphyry-skarn, carbonate replacement, Carlin-type Au, and other 

carbonate-hosted or carbonate-adjacent hydrothermal deposits.  

 



86 
 

 

CHAPTER 11 

CONCLUSIONS 

 

11.1 – Overall Conclusions  

Carbonate wall rocks and associated carbonate veins in the Candelaria-Punta del Cobre 

district contain distal signatures of mineralization. Veins proximal to mineralization are large (1-

2 m width) and extensive along strike (~100s of m). Proximal calcite veins may also contain 

quartz, specularite, and Cu-oxides after Cu-sulfides. Distal veins are typically small (<1 cm) and 

laterally constrained (<0. 5 m). They are dominantly composed of calcite with minor Mn/Fe-

oxides and hydroxides. Proximal veins are typically hosted in altered rocks like skarn, whereas 

distal veins are hosted in carbonates or calcareous sediments. Some visually unaltered wall rocks 

at ~1-2 km from mineralization have small (~mm scale) disseminated pyrite.  

Geochemically, whole rock and multi-element data of both veins and wall rocks show 

distal enrichment of Mn (>10,000 ppm) at distances of ~1-3 km from mineralization, with 

samples from faults showing the Mn maximum at more distal locations. LA-ICP-MS data from 

calcite in veins shows a similar trend of Mn enrichment (>10,000 ppm) at distances of ~1-3 km. 

Mn concentrations return to background (<1,275 ppm) at distances of ~5-6 km from 

mineralization. Other elements such as Zn and Pb have closer (~1-2 km) maximum 

concentrations in multi-element data.  

The δ18O of H2O in equilibrium with vein calcite decreases away from orebodies, from 

~13-2.5‰ 0-0.5 km close to orebodies to ~2.5 to -10‰ 4.5-8 km away from orebodies. δ13C 

values of CO2 in equilibrium with vein calcite also decrease away from orebodies, from ~1.5 to -

2‰ at ~0.5 km distance, to -8 to -4‰ at ~4.5 km. The decrease δ18O may be explained by the 

mixing of magmatic-hydrothermal fluids with isotopically lighter meteoric waters. Proximal 

elevated δ13C values coincide with that of the wall rock values (> -1.8‰) and likely resulted 

from wall rock dissolution by weakly acidic magmatic-hydrothermal fluids at more proximal 

location. This is supported by the depleted δ18O compositions of some proximal wall rocks. 

Depletion in δ18O of H2O in equilibrium with vein calcite below magmatic values (5‰) can be 

detected up to ~3.5 km from mineralization.  
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Strontium isotopes of calcite from veins have primitive igneous signatures (~0.704) at 

proximal locations. At distal locations, wall rocks have signatures typical of Phanerozoic open 

marine carbonates (~0.707). Veins from intermediate locations have mixed signatures (~0.704-

0.705). Intermediate vein signatures remain closer to primitive igneous values than 

corresponding wall rock at the same locations, suggesting decreasing amount of ore fluids and 

increasing proportion of wall rock dissolution at more proximal locations. Overall, isotopic data 

is consistent with mineralization by magmatic-hydrothermal fluids or hydrothermal fluids 

equilibrated with igneous rocks at high temperatures. Mineralizing fluids mixed with more and 

more meteoric waters in the late stages of mineralization and at distal locations.  

Shortwave ultraviolet fluorescence of calcite in veins and wall rock did not show any 

significant trends and was dominantly red in color, with a few samples having blue-white or 

green fluorescence. Red UVF is primarily due to the presence of Mn2+, along with other minor 

activators and sensitizers. Preliminary investigation of calcite veins from a barren location in 

Colorado revealed blue-white UVF, but there is not enough data to conclusively link UVF color 

to barren calcite or calcite related to mineralization. Manganese Fluorescence Index (MFI) is 

designed as a ratio of Mn times the sum of fluorescence activators and sensitizers to quenchers in 

calcite (MFI = Mn * (Sm + Eu + Tb + Dy + Pb +Ce) / (Fe + Co +Ni)) and was calculated based 

on LA-ICP-MS trace element data. MFI discriminates between red UVF and other colors. MFI 

also reveals a spatial trend with maximum values in vein calcite at ~3-4 km from ores along 

faults and ~1 km not along faults. Samples from orebodies have the lowest MFI score. This 

suggests that Mn in combination with certain REEs (activators/sensitizers) may be useful for 

geochemical vectoring using vein calcite mineral chemistry data.  

The results of this study indicate that distal carbonate wall rocks and veins contain 

important geological, geochemical, luminescence, and isotopic characteristics that may be useful 

for exploration. Geochemistry and mineral chemistry provide vectors (e.g., Mn in calcite) while 

C, O, and Sr isotopes provide for both vectoring and discrimination between barren carbonate 

veins and veins related to mineralization. UVF is less conclusive, and preliminary results 

indicate that red UVF in calcite veins is related to Mn enrichment. The MFI allows for 

discrimination of red UVF related to Mn and other colors. MFI also shows robust spatial trends 

and provides a useful vector.  
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11.2 – Future Work 

 Though this study presents a lot of new data on distal signatures in carbonate veins 

related to mineralization, there are still many different avenues of future work. The most pressing 

area where additional data is needed is the relationship between carbonate veins and their wall 

rock. Geochemical profiles between the wall rock and vein can better constrain the effect of fluid 

flow on wall rock, and to what distance wall rock may be affected by fluid flow in the veins. 

This work should also be completed at multiple scales, from meters (tens of meters?) in the field 

to centimeters and millimeters in the lab at the thin section scale. This work will also help to 

improve the model for how distal carbonate veins may form in hydrothermal systems and how 

hydrothermal fluids move through wall rocks to distal locations. Major questions include, is fluid 

flow only through fracture networks with minimal effects on the wall rock (only centimeters 

from the vein)? Or is some fluid movement controlled by rock permeability? Carefully estimated 

measurements of pre-mineralization and alteration rock permeability may be very useful for 

answering these questions.  

 Another area of future work is to better constrain the UVF color of calcite veins that are 

unrelated to mineralization. The question remains, do calcite veins in carbonate rocks that are 

presumably unrelated to mineralization have different UVF colors? Additionally, while red UVF 

has been tentatively associated with mineralization in other studies, this study demonstrates that 

the association may not be very robust. Additional UVF work at other deposits around the world 

in different settings must be undertaken to definitively answer this question. While it is 

demonstrated that Mn-rich carbonate veins occur near mineralization in carbonate, and that these 

veins may fluoresce red, the question remains: can distal veins or veins unrelated to 

mineralization also have the correct trace element concentrations and ratios to produce red UVF?  

 Like UVF, the application of Sr isotopes so far has been very limited at other deposits. 

Additional Sr isotope data from other deposits in other settings will help prove the techniques 

efficacy. Likewise, additional C-O isotope analysis of carbonate wall rocks (which is fairly well 

documented in the literature) and particularly carbonate veins can help make the technique more 

robust.  
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APPENDIX A 

ANALYTICAL METHODS 

 

A.1 – Multi-Element Geochemistry  

 
Select surface country rock (n=81) and vein (n=76) samples as well as 8 DDH samples 

were analyzed by Bureau Veritas Commodities in Vancouver, British Columbia, Canada for 71 

elements (including major and trace elements plus total S and total C) and LOI (Table H.1). 

Detection limits are listed with the data in the table. Samples were sent in four batches over 3 

months as vein samples required additional separation. Major oxides and lithophile elements 

were analyzed through lithium borate fusion using a Li-meta/tetraborate flux that was 

subsequently digested in dilute nitric acid. Inductively coupled plasma-emission spectrometry 

(ICP-ES) was used to determine major elements as oxides. The solution from the lithium borate 

fusion was also analyzed using inductively coupled plasma-mass spectrometry (ICP-MS) to 

determine trace and ultra-trace concentrations of lithophile elements including rare earth 

elements. Samples were also analyzed for trace elements by digesting a 30g split in a modified 

(hot bath) aqua regia solution. The solution was subsequently made to volume using dilute HCl 

and was analyzed using ICP-MS. A total Ni determination is made from a 0.5g sample split by 4-

acid digestion and ICP-ES. Finally, total carbon and total sulfur were determined using LECO. 

For some vein samples, there wasn’t enough material to run the total characterization process 

described here. Instead, these samples were analyzed via a slightly modified version of the aqua 

regia dissolution and ICP-MS analysis previously described that required less sample material. 

While this method allowed the analysis of trace elements in the carbonate vein samples, it did 

not provide major elements as oxides, total Ni characterization, total C and S, or precious metals 

analysis. This method had very similar detection limits as the method in the total 

characterization. All analyses were conducted in ISO standard (9001 and 17024) certified 

laboratories. Accuracy and precision of data were monitored using certified reference materials, 

pulp duplicates, and sample prep/analytical blanks.  
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A.2 - LA-ICP-MS trace element analysis of calcite  

Trace element concentrations in the samples were determined at the LA-ICP-MS lab of 

the Colorado School of Mines (Table H.1). The laser ablation (LA) instrument is a Resolution-

SE 193-nm ArF excimer laser system with a S-155 sample chamber. The inductively coupled 

plasma-mass spectrometry (ICP-MS) instrument is a triple quadrupole Agilent 8900 QQQ. The 

aerosol generated by the laser is carried by He gas and then mixed with Ar gas from the 

nebulizer port of the ICP-MS in the funnel above the sample chamber. The mixture goes through 

a Squid mixing system to smooth the signals and is then delivered to the ICP-MS. The He flow 

rate was set to be 370 ml/minute following the manufacturer recommendation, and the Ar flow 

rate was about 1 L/minute based on plasma tuning described below.  

The instruments were warmed up at the beginning of the day, then the plasma of the ICP-

MS was tuned to maximize the signal intensity of 7Li+, 89Y+ and 238U+ while keeping 

248ThO+/232Th+ <0.2% (minimal oxides) and 238U+/232Th+ between 0.95 and 1.05, using the NIST 

610 glass. The lenses of the ICP-MS were tuned using the instrument’s Autotune function using 

11B, 59Co and 205Tl of NIST 610. The tuning was under single quadrupole and not 

collision/reaction cell gas mode.  

The measurements were conducted on thin sections. The laser spot size was 30 microns 

for the samples and 50 microns for the external standard, NIST 610. The laser spots of the 

samples were pre-selected under a transmitted light microscope. The laser was run with a 

frequency of 5, and a fluence of 3 J/cm2. Two spots on the external standard were analyzed at the 

beginning and end of each session, and for every 16-32 analysis of sample spots, two external 

standard spot analyses were conducted. At the beginning of the session a smaller number of 

sample analysis (e.g., 16) were inserted between the standards, and the number of analyses 

increases in each interval over time when the instruments were more stable. Each analytical 

session was pre-programed then run automatically. For each spot analysis, a five second initial 

delay was programmed for the stabilization of the sample holder after it traveled to position. 

Then 30 seconds of gas blank signals were collected, followed by one cleaning shot and 15 

seconds of delay for the aerosol of this shot to pass through the system. Then the laser was 

started, and sample signals were collected for 40 seconds, although the calcite grains were 

typically drilled through in about 30 seconds. Afterwards another delay of 15 seconds was 
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programmed allowing the aerosol of this spot to pass, and for the data to be recorded on the hard 

drive of the controlling computer.  

The analyses were all done under single quadrupole and no collision/reaction call gas 

mode. For each spot, isotopes of 26Mg, 31P, 34S, 43Ca, 45Sc, 52Cr, 55Mn, 56Fe, 59Co, 60Ni, 65Cu, 

66Zn, 75As, 85Rb, 88Sr, 89Y, 95Mo, 107Ag, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 

159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 208Pb, 232Th, and 238U. 29Si was used to monitor 

for drilling into quartz or the glass base of thin sections and is not calculated for concentrations. 

The dwell or integration time was 20 milliseconds for each isotope.  

The data reduction was completed using the SILLS software from ETH Zurich. Spikes 

were eliminated, then integration intervals for each spot were selected avoiding inclusions. 

Calcium of stoichiometric concentration (40.04%) was used as the internal standard. The typical 

detection limits (10th and 90th percentile) are 2-3 ppm for Mg, 11-17 ppm for P,  200-300 ppm 

for S, 200-300 ppm for Si, 300-400 ppm for Ca, 0.2-0.4 ppm for Sc, 0.7-1 ppm for Cr, 0.2-0.3 

ppm for Mn, 3-4 ppm for Fe, 0.03-0.04 ppm for Co, 0.3-0.5 ppm for Ni, 0.2-0.3 ppm for Cu, 0.4-

0.7 ppm for Zn, 0.7-1 ppm for As, 0.09-0.1 ppm for Rb, 0.01-0.02 ppm for Sr, 0.01-0.02 ppm for 

Y, 0.06-0.1 for Mo, 0.1-0.2 ppm for Ag, 0.03-0.1 ppm for Ba, 0.003-0.1 ppm for REE, 0.07-0.1 

ppm for Pb, 0.004-0.01 ppm for Th, and 0.004-0.01 ppm for U. The relative standard deviations 

(RSD) are typically 2-7% (10th and 90th percentile) elements with concentrations well above 

detection limits. For example, for Mn and Sr the RSD is 2-7% (10th and 90th percentile). When 

the concentration is close to the detection limit, the uncertainties in terms of standard deviation 

go up. For example, for S the RSD is 21-65% (10th and 90th percentile) for low concentrations of 

200-300ppm. For elements with high RSD, most of the data is at or below detection limit. NIST 

612 was analyzed as an unknown sample. For most elements, the differences are less than 10%, 

except for Mg (13%) and Fe (11%).  

In total, 434 LA-ICP-MS spot analyses were performed. 138 were found to be invalid 

because of poor ablation signal, the spot being on the wrong mineral, or inclusions etc. After 

reduction, there were 296 valid analyses. Each sample had 20 spot analyses performed over 5 

circled locations on the thin section, with 10 spot analyses on calcite in wall rock, 5 spot analyses 

of calcite in vein rims, and 5 spot analyses of calcite in vein cores. These varied locations were 

used to provide sample coverage and to increase representativity.  
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A.3 - UV Fluorescence  

Ultraviolet fluorescence of carbonate veins was investigated for all applicable samples. 

Applicable samples were veins dominantly composed of calcite (as opposed to gypsum or 

weathered material etc.). Photographs of veins under shortwave (254nm) UV light were taken 

with a Nikon Coolpix P7800 camera fitted with a UV(C) filter. The UV light source was a 

Haotian Tech ZFB-668 handheld lamp. Photographs were taken in a dark room and samples 

were placed in a black photography box on black felt to minimize interference from other light 

sources. Samples were placed ~10cm from the UV light source, and 21.5cm from the camera. 

Larger samples required to camera to be repositioned and were placed at 30cm from the lens. 

The camera was left on the auto setting, but exposure compensation was turned to +3. Picture 

quality was set at fine and picture size was 12MP. UV response was recorded by noting the color 

and strength of the response. Strength was rated on a subjective scale from weak, moderate, to 

strong.  

 

A.4 – Calcite Sr Isotopes  

Calcite from select wall rock and veins samples was analyzed for 87Sr/86Sr ratios at New 

Mexico State University. The same sample powders that were used for C-O stable isotope 

analysis were used for the Sr analysis. 200-400 milligrams of rock powder was dissolved 

overnight using 4ml ~1 N HCl to ensure that only Sr in the calcite would be analyzed. This 

aimed to prevent contamination from Sr in other silicates, particularly in the wall rock samples. 

After dissolution, Sr was purified using cation exchange resin with 2.5N HCl. Sr was loaded onto 

pre-outgassed and clean rhenium filaments with phosphoric acid and tantalum oxide. Sr isotopes 

were analyzed using TIMS and five Faraday collectors in dynamic mode and 88Sr=3.0V. Sr 

isotopes were normalized to 86Sr/88Sr=01194 and corrected for any Rb present during the 

analysis. 

 

A.5 – Calcite C-O Stable Isotopes  

Calcite from both country rock and vein samples was analyzed for carbon-oxygen isotope 

composition. Large samples were subsampled using a standardized workflow and carbonate 

powders were prepared and sent to two different labs. Subsampling involved drilling out both 

rock and veins using a Dremel© tool with a diamond cutoff wheel and/or a diamond studded 
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drill bit. The bit(s) were cleaned in between subsampling using a sequence of dissolution by 10% 

HCl, washing with DI water, and finally immersion in clean ethanol to speed up the drying 

process in between samples. Powders produced by drilling were collected on a plain sheet of 

construction paper and were subsequently transferred to a sample container.  

A test batch (n=44, 21 vein and 23 whole rock) was first sent to the Advanced Analytical 

Centre (AAC) at James Cook University in Queensland, Australia. Samples were prepared using 

the aqueous method of acidification using 2N HCl - sample powder was placed in 50mL falcon 

tubes. The samples were saturated with 1N HCl prepared from concentrated HCl and allowed to 

react at room temperature for 5-10 min before rinsing in DI water and centrifuging several times 

in succession, followed by freeze drying overnight. Several acidifying/rinsing/ drying cycles 

were completed to ensure removal of all carbonates with the samples acidified until 

effervescence was not detected in two to three consecutive cycles.  δ13C, δ18O values and carbon 

weight percent were determined using a Costech Elemental Analyzer fitted with a zero-blank 

auto-sampler coupled via a ConFloIV to a ThermoFinnigan DeltaVPLUS using Continuous-

Flow Isotope Ratio Mass Spectrometry (EA-IRMS) at James Cook University’s Cairns 

Analytical Unit. Stable isotope results are reported as per mil (‰) deviations from the VPDB 

reference standard scale for δ13C values. Precisions (S.D.) on internal standards were better than 

±0.1‰ for carbon. 

 The rest of the samples (n=119) were sent to the Stable Isotope Laboratory at Virginia 

Polytechnic Institute in Blacksburg, VA, USA. Select samples (CDL19-023V, 023-W2, and 023-

W4) from the first batch were re-drilled and these duplicate (plus originals of the same) samples 

were sent for data verification. Sample powders were placed in a sealed, helium-purged glass 

vials, acidified with 100% ortho-phosphoric acid (H3PO4), and heated at 60°C for a minimum of 

2 hours to ensure the dissolution of carbonate mineral phases. Samples sit at temperature 

overnight to be sure all carbonate is dissolved. This analysis requires 2.5 to 3.5 μmol of 

carbonate, which translates to 250-350 μg of pure calcium carbonate mineral powder. The CO2 

evolved in the headspace of the vials was analyzed on a MultiFlowGeo online headspace sampler 

connected to an Isoprime 100 continuous-flow, gas-source isotope ratio mass spectrometer (CF-

GS-IRMS). The instrument was tuned daily and must pass two analytical tests before an 

analytical session can start: one that checks the instrument’s stability and the other checks the 

non-linearity effects in the instrument’s source. The latter is caused by ionization efficiency of 
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the instrument’s source and can lead to a dependency of the measured isotope composition on 

the amount of material analyzed. The instrument's stability was tested by analyzing 10 pulses of 

our CO2 reference gas and the reported δ13C and δ18O must have a standard deviation (1σ) of less 

than 0.06‰. Non-linearity was checked by analyzing 10 different sized pulses of CO2 reference 

gas and the change in isotope composition of across these pulses must be must 0.05‰ to pass 

this check. During analytical sessions, three international isotopic standards (IAEA CO-1, IAEA 

CO-9, and NBS-18) are spaced among the samples to monitor instrument drift and precision and 

to generate a linear regression used to convert the normalized instrumental δ13C and δ18O values 

into delta values (δ) relative to the Vienna Pee Dee Belemnite (VPDB) standard. A run of 48 

samples contains four replicates of each standard. The long-term (last 8 years) reproducibility of 

these isotopic standards is better than 0.1‰ for δ13C and 0.2‰ for δ18O. 
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APPENDIX B 

LIST OF SAMPLES ANALYZED 

Table B.1 – List of samples with field descriptions, locations, and analyses performed. 
      (PSAD56 UTM19S)       

Sample    Field Description Easting  Northing  
Elevation 

(m) 

Country 

Rock 

Lithology 

Dominant Vein 

Mineralogy  

Analytical 

Methods 

              

                  

CDL19-
001 

  
Calcareous meta-ss w/cm wide coarse calcite 
vein cutting through 

376624 6961284 555 
Calcareous 
Sandstone 

Calcite  
ME Geochem, C-O 
Isotopes, LA-ICP-

MS, UVF 
                  

CDL19-
002 

  
Set of samples of a possibly silicified, marble 
or calc ss. Has clusters of <1mm scale pyrite 
sulfide mineralization  

377687 6960812 624 Marble  Calcite  
ME Geochem, C-O 

Isotopes, UVF 

                  
CDL19-

003 
  

Coarse grained, poorly sorted green sandstone 
with angular clasts including magnetite clasts  

377687 6960812 624 Sandstone  NA ME Geochem  

                  

CDL19-
004 

  
Limestone w/veins (calcite and Mn-ox? Fe-
ox?, possibly silicified)  

378132 6960475 639 Limestone Calcite 
ME Geochem, C-O 
Isotopes, LA-ICP-

MS, UVF 
                  

CDL19-
005 

  Dark black limestone (likely high organic C) 378432 6959910 671 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  

CDL19-
006 

  

Dark limestone. Veins have gypsum, some are 
bedding parallel, some crosscut, some of the 
crosscut veins (the ones sampled) have Mn-ox 
coating  

379050 6959471 707 Limestone  Gypsum  
ME Geochem, C-O 

Isotopes, UVF 

                  

CDL19-
007 

  
Dark black limestone w/calcite, ~1cm wide 
veins.  

379644 6959334 713 Limestone  Calcite  
ME Geochem, C-O 
Isotopes, LA-ICP-

MS, UVF 
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Table B.1 continued.  
      (PSAD56 UTM19S)       

Sample    Field Description Easting  Northing  
Elevation 

(m) 

Country 

Rock 
Lithology 

Dominant 

Vein 
Mineralogy  

Analytical 

Methods 

              

                  

CDL19-
008 

  
Black limestone w/calcite and brown mineral 
(siderite?) veins.  

380146 6959251 748 Limestone  Calcite 

ME Geochem, 
C-O Isotopes, 
LA-ICP-MS, 

UVF 
                  

CDL19-
009 

  
Green, poorly sorted sandstone layer. Had large 
powdery white mineral filling in as alteration, 
kaolinite?  

380146 6959251 748 Sandstone  NA ME Geochem 

                  

CDL19-
010 

  

Huge 'megabreccia' with several cm to half meter scale 
clasts cemented in fine grained calcite matrix. 
Limestone clasts smell of sulfur? When broken. Other 
limestone in the area does the same. This outcrop was 
covered in pyrolusite? (possibly a different Mn 
mineral) (Mn-ox) in botryoidal habit.  

380242 6959222 756 
Limestone 

Breccia  
Calcite and 

Mn-ox 

ME Geochem, 
C-O Isotopes, 
LA-ICP-MS, 

UVF 

                  

CDL19-
011 

  Black limestone w/0.5cm calcite veins. 380935 6959223 793 Limestone  Calcite  

ME Geochem, 
C-O Isotopes, 
LA-ICP-MS, 

UVF 
                  

CDL19-
012 

  Large ~1cm calcite vein in limestone. 381398 6959354 819 Limestone  Calcite  
ME Geochem, 
C-O Isotopes, 

UVF 
                  

CDL19-
013 

  Calcite veins in black limestone  381942 6959491 847 Limestone  Calcite  
ME Geochem, 
C-O Isotopes, 

UVF 
                  

CDL19-
014 

  
Sample of oxidized vein in marble (amphibole? In 
matrix) 

373581 6955404 793 Marble  NA 
ME Geochem, 
C-O Isotopes, 

UVF 
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Table B.1 continued.  
      (PSAD56 UTM19S)       

Sample    Field Description Easting  Northing  
Elevation 

(m) 

Country Rock 

Lithology 

Dominant Vein 

Mineralogy  

Analytical 

Methods 
              

                  

CDL19-
015 

  
Limestone (probably marble) w/large calcite 
(cm) vein  

373723 6955446 772 Limestone  Calcite  
ME Geochem, 
C-O Isotopes, 

UVF 
                  

CDL19-
016 

  
Limestone w/gypsum vein with heavy iron 
oxide 

373853 6955413 748 Limestone  Gypsum 
ME Geochem, 
C-O Isotopes, 

UVF 
                  

CDL19-
017 

  Limestone w/limited small veins  373907 6955317 717 Limestone  Calcite  
ME Geochem, 
C-O Isotopes, 

UVF 
                  

CDL19-
018 

  
Mineralized skarn near waste dump w/visible 
calcite and mushketovite  

370888 6952165 882 Skarn 
Calcite and 

Mushketovite  

ME Geochem, 
C-O Isotopes, 

UVF 
                  

CDL19-
019 

  
Transitional skarn-limestone(marble) 
w/hematite. Moving from altered garnet skarn 
to limestone  

370916 6952101 904 Skarn/Hornfels NA 
ME Geochem, 
C-O Isotopes 

                  

CDL19-
020 

  

1.5-2m wide hydrothermal vein b/w Las 
Pintadas and Mina Costa Rica. Vein contains 
coarse calcite, local magnetite, and copper 
oxide after Cu-sulfide  

367086 6949476 865 NA 
Calcite, 

Magnetite, Cu-
oxides  

ME Geochem, 
C-O Isotopes, 

UVF 

                  

CDL19-
021 

  
Calcareous meta-ss w/large 1cm dark brown 
calcite vein near the road, about ~400m W of 
Falla San Gregorio  

370985 6950446 709 Sandstone  Calcite  
ME Geochem, 
C-O Isotopes, 

UVF 
                  
CDL19-

022 
  

Calc-ss w/epidote and calcite+specular 
hematite alteration (looks apple green) 

372744 6950176 704 
Calcareous 
Sandstone  

NA 
ME Geochem, 
C-O Isotopes 
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Table B.1 continued. 
      (PSAD56 UTM19S)       

Sample    Field Description Easting  Northing  
Elevation 

(m) 

Country 

Rock 
Lithology 

Dominant Vein 

Mineralogy  
Analytical Methods 

              

                  
CDL19-

023 
  Limestone w/calcite vein 376883 6961257 566 Limestone  Calcite  

ME Geochem, C-O 
Isotopes, UVF 

                  
CDL19-

024 
  Limestone w/calcite +Fe-ox vein 377328 6961185 584 Limestone  Calcite  

ME Geochem, C-O 
Isotopes, UVF 

                  

CDL19-
025 

  Limestone with 1cm wide dark calcite vein 382459 6959630 886 Limestone  Calcite  
ME Geochem, C-O 
Isotopes, LA-ICP-

MS, UVF 
                  
CDL19-

026 
  

Fe-ox vein in limestone atop hill on San 
Gregorio Fault  

370952 6951595 1088 Limestone  NA 
ME Geochem, C-O 

Isotopes 
                  

CDL19-
027 

  
Limestone w/calcite vein; close to 
mineralized (Cu-ox) rock along Falla San 
Gregorio  

371073 6950972 813 Limestone  Clacite  
ME Geochem, C-O 

Isotopes, UVF 

                  
CDL19-

028 
  

Limestone w/calcite veins (clear+brown, 
siderite?)  

371370 6950536 703 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  
CDL19-

029 
  

Limestone w/brown(siderite?)+white 
calcite adj. to vineyards 

371529 6950145 700 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  
CDL19-

030 
  

Limestone w/calcite+siderite? Vein (1 
sample, vein is in rock) 

371722 6949709 767 Limestone  Calcite 
ME Geochem, C-O 

Isotopes, UVF 
                  
CDL19-

031 
  

Calcite vein (~1cm) in limestone w/Cu-ox 
and Fe-ox  

371686 6949225 879 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  
CDL19-

032 
  Huge ~1ft calcite vein w/Cu-ox  371539 6948995 954 Limestone  Calcite 

ME Geochem, C-O 
Isotopes, UVF 
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Table B.1 continued.  
      (PSAD56 UTM19S)       

Sample    Field Description Easting  Northing  
Elevation 

(m) 

Country Rock 

Lithology 

Dominant Vein 

Mineralogy  

Analytical 

Methods 
              

                  
CDL19-

033 
  Calcite vein in limestone  371522 6948850 1001 Limestone  Calcite  

ME Geochem, C-O 
Isotopes, UVF 

                  
CDL19-

034 
  

Calcite vein in limestone; limestone has 
Fe-ox occupying cubic voids 

374314 6955205 590 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  
CDL19-

035 
  Limestone w/1cm calcite+siderite? vein  374643 6955524 539 Limestone Calcite  

ME Geochem, C-O 
Isotopes, UVF 

                  
CDL19-

036 
  

Dark black limestone w/3cm calcite vein 
**wash sample, near plant** 

377820 6950703 630 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  
CDL19-

037 
  

Limestone w/0.1-1cm calcite veins with 
dark, C-rich, (almost coal like) layers 

378269 6950653 667 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  
CDL19-

038 
  

Limestone w/shallow dipping x-cutting 
vein w/slickensides  

378806 6950678 644 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  
CDL19-

039 
  

Limestone w/calcite vein (slightly 
yellow) w/green Cu-ox? 

379417 6950649 654 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  
CDL19-

040 
  

Limestone w/weathered calcite vein +Fe-
ox 

380022 6950459 663 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  
CDL19-

041 
  Limestone w/calcite+siderite? vein  376230 6950351 601 Limestone  Calcite  

ME Geochem, C-O 
Isotopes, UVF 

                  
CDL19-

042 
  

Limestone w/coarse (0.5-1cm xtals) 
calcite vein (~2-3cm) 

376646 6950351 601 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
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Table B.1 continued. 
      (PSAD56 UTM19S)       

Sample    Field Description Easting  Northing  
Elevation 

(m) 

Country Rock 

Lithology 

Dominant Vein 

Mineralogy  
Analytical Methods 

              

                  
CDL19-

043 
  Limestone w/open 'vug' calcite vein 377179 6950356 606 Limestone  Calcite  

ME Geochem, C-O 
Isotopes, UVF 

                  

CDL19-
044 

  Large calcite vein in limestone  373388 6954036 690 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, LA-ICP-MS, 
UVF 

                  
CDL19-

045 
  

Limestone w/weathered calcite vein 
w/jarosite? Spots  

373118 6953039 631 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  
CDL19-

046 
  Limestone w/weathered calcite vein 373256 6952707 593 Limestone  Calcite  

ME Geochem, C-O 
Isotopes 

                  

CDL19-
047 

  Limestone w/1cm calcite vein 373700 6952439 589 
Calcareous 
Sandstone  

Calcite  
ME Geochem, C-O 

Isotopes, LA-ICP-MS, 
UVF 

                  
CDL19-

048 
  Limestone w/calcite vein 373987 6952209 593 

Calcareous 
Sandstone 

Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  

CDL19-
049 

  
Limestone w/dark calcite vein, might be 
difficult to process  

373950 6951779 605 
Calcareous 
Sandstone 

Calcite  
ME Geochem, C-O 

Isotopes, LA-ICP-MS, 
UVF 

                  

CDL19-
050 

  
Limestone w/calcite vein, nearby veins 
have some green coating, Cu-ox? 

373857 6951268 647 
Calcareous 
Sandstone 

Calcite  
ME Geochem, C-O 

Isotopes, LA-ICP-MS, 
UVF 

                  

CDL19-
051 

  
Limestone w/calcite+siderite? vein; 
local rocks have abundance of Mn-ox? 
dendrites  

374063 6950802 666 
Calcareous 
Sandstone 

Calcite  
ME Geochem, C-O 

Isotopes, UVF 
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Table B.1 continued.  
      (PSAD56 UTM19S)       

Sample    Field Description Easting  Northing  
Elevation 

(m) 

Country Rock 

Lithology 

Dominant Vein 

Mineralogy  
Analytical Methods 

              

                  

CDL19-
052 

  
Limestone w/calcite vein+slight 
green tint, Cu-ox? 

374062 6950304 718 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, LA-ICP-MS, 
UVF 

                  
CDL19-

053 
  Limestone w/planer calcite vein  373780 6949291 972 Limestone  Calcite  

ME Geochem, C-O 
Isotopes 

                  
CDL19-

054 
  

Limestone w/~2cm calcite vein 
w/Cu-ox (very close to 053) 

373699 6949284 974 Limestone  Calcite 
ME Geochem, C-O 

Isotopes, UVF 
                  
CDL19-

055 
  

Limestone w/calcite + siderite? vein 
(lots of Fe-ox) close to dike? 

373726 6948702 1054 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  

CDL19-
056 

  Limestone w/calcite vein 373835 6948131 1120 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, LA-ICP-MS, 
UVF 

                  

CDL19-
057 

  
Large, Fe-ox rich calcareous vein 
(2.5-3cm) w/lots of local Fe-ox on 
surface 

373821 6947725 1185 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 

                  

CDL19-
058 

  
Limestone w/cm calcite vein; nearby 
lots of Fe-ox altered rock 

373425 6947393 1227 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, LA-ICP-MS, 
UVF 

                  

CDL19-
059 

  Limestone w/1cm calcite vein  373754 6950110 823 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, LA-ICP-MS, 
UVF 

                  
CDL19-

060 
  

Large, fractured area with calcite 
vein  

371820 6948500 816 Unknown Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  

 
 



109 
 

Table B.1 continued. 
      (PSAD56 UTM19S)       

Sample    Field Description Easting  Northing  
Elevation 

(m) 

Country Rock 

Lithology 

Dominant 

Vein 
Mineralogy  

Analytical 

Methods 

              

                  

CDL19-
061 

  Limestone w/coarse, blueish calcite vein 375795 6952791 582 Limestone  Calcite  
ME Geochem, C-
O Isotopes, LA-
ICP-MS, UVF 

                  
CDL19-

062 
  

Dark limestone w/1cm calcite vein 
w/malachite? +Fe-ox after cpy?? 

376224 6952861 602 Limestone  Calcite  
ME Geochem, C-
O Isotopes, UVF 

                  

CDL19-
063 

  Limestone w/calcite vein 376679 6952881 649 Limestone  Calcite  
ME Geochem, C-
O Isotopes, LA-
ICP-MS, UVF 

                  
CDL19-

064 
  Limestone w/calcite +qtz? vein 377062 6953142 712 Limestone  Calcite 

ME Geochem, C-
O Isotopes, UVF 

                  

CDL19-
065 

  2-3cm calcite +qtz? vein  377626 6953326 762 Limestone  Calcite  
ME Geochem, C-
O Isotopes, LA-
ICP-MS, UVF 

                  

CDL19-
066 

  2cm calcite vein in limestone 378171 6953182 805 Limestone  Calcite  
ME Geochem, C-
O Isotopes, LA-
ICP-MS, UVF 

                  

CDL19-
067 

  Limestone w/fragmented calcite vein 378587 6953410 851 Limestone  Calcite  
ME Geochem, C-
O Isotopes, LA-
ICP-MS, UVF 

                  

CDL19-
068 

  

Heavily mineralized ~1m wide vein/altered 
fault zone? w/calcite + Cu-ox + Cu-sulfide? 
minerals in heavily altered limestone 
(hydrothermal endmember)  

367099 6949685 913 Skarn/Hornfels? 
Calcite, Quartz, 

and Cu-ox 
ME Geochem, C-
O Isotopes, UVF 
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Table B.1 continued. 
      (PSAD56 UTM19S)       

Sample    Field Description Easting  Northing  
Elevation 

(m) 

Country 

Rock 
Lithology 

Dominant 

Vein 
Mineralogy  

Analytical 

Methods 

              

                  

CDL19-
069 

  
Calcite vein in heavily mineralized area (same 
as 068); possible skarn, abundant magnetite 
(hydrothermal endmember)  

367125 6949777 881 Skarn? Calcite 
ME Geochem, C-O 

Isotopes, UVF 

                  

CDL19-
070 

  Fossiliferous? limestone w/1cm calcite vein 379576 6953477 980 Limestone Calcite  
ME Geochem, C-O 
Isotopes, LA-ICP-

MS, UVF 
                  
CDL19-

071 
  

Limestone w/calcite vein w/Fe-ox +slight green 
tint? 

379155 6953483 924 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
                  

CDL19-
072 

  

Massive, ~1-2m subvertical to vertical 
mineralized fault/vein w/coarse (4cm+) calcite 
and heavy Cu-ox staining hosted in skarn-
hornfels (hydrothermal endmember)  

374151 6960693 542 Skarn Calcite 
ME Geochem, C-O 
Isotopes, LA-ICP-

MS, UVF 

                  

CDL19-
073 

  

Same massive vein/fault as 072; massive, 1-2m 
wide calcite vein w/Cu-ox and secondary 
sulfide? Chalcocite? Cuprite? With heavily 
altered skarn/hornfels host  

374144 6960729 544 Skarn Calcite  
ME Geochem, C-O 

Isotopes, UVF 

                  
CDL19-

074 
  Calcite vein in limestone  370849 6949285 797 Limestone  Cakcite  

ME Geochem, C-O 
Isotopes, UVF 

                  
CDL19-

075 
  Limestone w/~2cm planar calcite vein 371185 6949016 888 Limestone  Calcite  

ME Geochem, C-O 
Isotopes, UVF 

                  
CDL19-

076 
  

Propylitically? altered intrusion. Appears was 
close to skarn 

370554 6947867 867 Felsic Dike  NA ME Geochem 

                  
CDL19-

077 
  

Limestone w/ ~3cm calcite vein with Cu-ox, 
possibly close (within 10m) of skarn 

370587 6947852 880 Limestone  Calcite  
ME Geochem, C-O 

Isotopes, UVF 
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Table B.1 continued. 
      (PSAD56 UTM19S)       

Sample    Field Description Easting  Northing  
Elevation 

(m) 

Country 

Rock 
Lithology 

Dominant 

Vein 
Mineralogy  

Analytical 

Methods 

              

                  

CDL19-
078 

  
Limestone w/calcite vein (near intrusion, likely 
unaltered variant of 076) 

370669 6947829 913 Limestone  Calcite  
ME Geochem, 
C-O Isotopes, 

UVF 
                  

CDL19-
079 

  
Dark brown (Fe-ox?) calcite vein in slightly 
recrystallized? limestone near (~2m) intrusion 
(dike?) 

370779 6947845 952 Limestone  Calcite  
ME Geochem, 
C-O Isotopes, 

UVF 
                  

CDL19-
080 

  
Limestone w/calcite vein w/Cu-mineral 
weathered to Cu-ox  

370883 6947883 1023 Limestone  Calcite  
ME Geochem, 
C-O Isotopes, 

UVF 
                  

SM1-7   

Calcite veins from the six mile fold area near 
Boulder, CO. Veins fill conjugate jointsets related 
to the fold. Veins are likely tectonic. They will be 
used to compare to "hydrothermal" veins at 
Candelaria  

475945.83 4439924.63 1708 Limestone  Calcite  
C-O Isotopes, 

UVF 
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APPENDIX C 

ADDITIONAL MULTI-ELEMENT GEOCHEMISTRY MAPS 

 
 
 
 
 

 
 

Figure C.1: Zn in rock samples from multi-element geochemistry.  
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Figure C.2: Zn in vein samples from multi-element geochemistry.  
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Figure C.3: Pb in rock samples from multi-element geochemistry.  
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Figure C.4: Pb in vein samples from multi-element geochemistry. Sample 010 (anomaly along 
the thrust fault in Traverse #1) is included here for completeness but is omitted from the main 
analysis in the text due to it not being a representative vein sample.  
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Figure C.5: Ag in rock samples from multi-element geochemistry.  
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Figure C.6: Ag in vein samples from multi-element geochemistry.  
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APPENDIX D 

CARBONATE UVF DATA 

Table D.1 Carbonate UVF Data 
Sample Primary Color Secondary Color Strength Comments 

          
CDL19-001 Red   Moderate    
CDL19-002 Red   Weak Rock only - weathered vein surface 
CDL19-003       NA 
CDL19-004 Red   Strong    
CDL19-005 Red   Weak Gypsum vein - rock only 
CDL19-006 Red   Moderate Poor picture - rock only 
CDL19-007 Red   Moderate   
CDL19-008 Green Red Strong  Red is weak, green is stronger+phosphorescent  
CDL19-009       NA 
CDL19-010 Red   Weak   
CDL19-011 Blue-white Red Strong  Weak red in matrix of rock  
CDL19-012 Red   Strong Green is organic material on surface 
CDL19-013 Red   Moderate Other calcite crystals have purple? UVF, also slightly white. Mainly red. 
CDL19-014 Red   Moderate   
CDL19-015 Red   Moderate   
CDL19-016 Red   Strong   
CDL19-017 Green Red Strong Phosphorescent - vein is somewhat weathered (porous) 
CDL19-018 Red   Moderate Green is likely organic material on surface 
CDL19-019       NA - weathered vein and difficult rock to photograph 
CDL19-020 Red   Strong   
CDL19-021 Red   Strong   
CDL19-022       NA - not carbonate rock 
CDL19-023 Red   Weak Vein is the top part of the rock on the surface 
CDL19-024 Red   Weak Rock only  
CDL19-025 Red White  Moderate Red is dominant but patchy  
CDL19-026       NA - weathered vein and weather/dirty rock 
CDL19-027 Red   Moderate Green is due to weathered/exposed surface 
CDL19-028 Red   Moderate Rock only due to veins being drilled extensively  
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Table D.1 continued  
Sample Primary Color Secondary Color Strength Comments 

          
CDL19-029 Red   Weak   
CDL19-030 Red   Weak Intense color on streak is saw blade mark, not vein 
CDL19-031 Red   Strong   
CDL19-032 Red   Moderate Green is surface level/weathering  
CDL19-033 Red   Moderate   
CDL19-034 White Red Strong Rock is reddish hue, vein is whiter 
CDL19-035 Red   Strong   
CDL19-036 Red   Moderate Green is surface level/weathering  
CDL19-037 Red   Strong   
CDL19-038 Red   Moderate Vein has slickensides - vein formed pre movement!  
CDL19-039 Red White Moderate Green is weathering related  
CDL19-040 Red   Moderate Green is weathering related  
CDL19-041 Red   Strong Patchy but strong response  
CDL19-042 Red   Moderate Green is weathering related  
CDL19-043 Red White Moderate Green is weathering related  
CDL19-044 Red   Weak   
CDL19-045 Red   Moderate Rock only due to weathered vein 
CDL19-046       NA - vein/rock too weathered 
CDL19-047 Red   Moderate   
CDL19-048 Red   Weak   
CDL19-049 Red   Weak   
CDL19-050 Red   Moderate   
CDL19-051 Red   Moderate   
CDL19-052 Red   Weak   
CDL19-053       Vein is crusted over (weathering)+sample is too big 
CDL19-054 Red   Strong   
CDL19-055 Red   Strong   
CDL19-056 Red   Moderate   
CDL19-057 Red   Moderate   
CDL19-058 Red   Weak   
CDL19-059 Red   Moderate   
CDL19-060 Red   Strong   

 



120 
 

Table D.1 continued  

Sample Primary Color Secondary Color Strength Comments 

          
CDL19-061 Red   Weak   
CDL19-062 Red   Moderate   
CDL19-063 Red   Moderate   
CDL19-064 Red   Weak   
CDL19-065 Red   Strong   
CDL19-066 Red Green Strong Green phosphorescence in some xtals  
CDL19-067 Red   Strong   
CDL19-068 Red   Strong   
CDL19-069 Red   Moderate   
CDL19-070 Red   Moderate    
CDL19-071 Red   Weak   
CDL19-072 Red   Weak Occasional in certain crystals  
CDL19-073 Red   Strong Very strong. Very proximal, not no response as previously thought  
CDL19-074 Red   Strong Vein is slightly sheared - post mineral, pre-tectonic? 
CDL19-075 Red White Weak   
CDL19-076       NA - not carbonate rock 
CDL19-077 Red   Weak   
CDL19-078 Red    Moderate   
CDL19-079 Red   Weak Only rock responded - vein was dark, maybe ankerite? 
CDL19-080 Red   Moderate    

SM1 Purple  Blue-white Strong Six mile samples; easily overexposes camera  
SM7 Blue-white   Strong   
SM2 Blue-white   Strong Mild orange on the weathered surface, likely not related to calcite  
SM4 Blue-white   Weak Some mild orange-red patches, very small  
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APPENDIX E 

STRONTIUM ISOTOPE DATA OF CALCITE FROM WALL ROCKS AND VEINS 

Table E.1 Strontium Isotope Data 

Sample Type 88Sr 87Sr/86Sr Error 

CDL19-001-V Vein 3.0 0.704913 0.000010 

CDL19-001-W2 Wallrock 3.0 0.705751 0.000010 

CDL19-004-V Vein 3.0 0.704992 0.000010 

CDL19-004-W2 Wallrock 3.0 0.706861 0.000008 

CDL19-008-V Vein 3.0 0.706824 0.000008 

CDL19-008-W2 Wallrock 3.0 0.707204 0.000008 

CDL19-012-V Vein 3.0 0.704981 0.000013 

CDL19-012-W2 Wallrock 3.0 0.707228 0.000011 

CDL19-025-V Vein 3.0 0.704695 0.000013 

CDL19-025-W4 Wallrock 3.0 0.704675 0.000010 

CDL19-072-V Vein 3.0 0.704254 0.000010 

CDL19-073-V Vein 3.0 0.704281 0.000008 

SMR Wallrock 3.0 0.707491 0.000011 

SMV Vein 3.0 0.707970 0.000013 
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APPENDIX F 

CARBON-OXYGEN STABLE ISOTOPE DATA OF CALCITE FROM VEINS AND WALL ROCK 

Table F.1 Calcite C-O Stable Isotope Data  

 

Sample Type δ13
C VPDB δ18

O VSMOW Sample Type δ13
C VPDB δ18

O VSMOW Sample Type δ13
C VPDB δ18

O VSMOW

CDL19-001-V Vein -1.9 13.4 CDL19-027-W Rock 0.29 15.3 CDL19-057-V Vein 1.59 19.1

CDL19-001-W2 Rock -1.1 15.9 CDL19-028-V Vein -2.57 15.2 CDL19-057-W Rock 1.93 23.8

CDL19-002-V Vein 1.4 16.8 CDL19-028-W Rock 0.64 15.4 CDL19-058-V Vein 2.22 22.1

CDL19-002-W2 Rock 1.2 17.0 CDL19-029-V Vein 1.86 24.5 CDL19-058-W Rock 2.06 25.0

CDL19-002-W4 Rock 1.1 17.0 CDL19-029-W Rock 1.15 23.6 CDL19-059-V Vein 1.84 20.5

CDL19-004-V Vein 1.4 11.6 CDL19-029-W2 Rock -1.32 23.0 CDL19-059-W Rock 1.54 25.4

CDL19-004-W2 Rock 1.9 22.9 CDL19-030-V Vein 0.71 21.3 CDL19-060-V Vein -4.05 16.3

CDL19-004-W4 Rock 1.7 23.1 CDL19-030-W Rock 0.84 19.5 CDL19-061-V Vein -0.27 16.4

CDL19-004-W6 Rock 1.7 22.4 CDL19-031-V Vein -0.06 16.0 CDL19-061-W Rock 0.73 20.1

CDL19-005-W Rock 1.8 22.2 CDL19-031-W Rock 0.27 19.8 CDL19-062-V Vein 1.82 20.1

CDL19-006-V Vein -2.8 21.4 CDL19-032-V Vein -3.02 14.0 CDL19-062-W Rock 1.98 23.1

CDL19-006-W Rock 1.2 24.3 CDL19-033-V Vein 0.67 16.1 CDL19-063-V Vein 1.70 10.1

CDL19-007-V Vein 1.1 16.0 CDL19-033-W Rock 0.73 16.1 CDL19-063-W Rock 1.94 24.3

CDL19-007-V2 Vein 1.0 17.2 CDL19-034-V Vein -0.31 19.1 CDL19-064-V Vein 1.20 10.5

CDL19-007-W2 Rock 1.5 23.0 CDL19-034-W Rock -0.40 22.5 CDL19-064-W Rock 1.28 20.6

CDL19-007-W4 Rock 1.4 22.9 CDL19-035-V Vein -5.33 19.2 CDL19-065-V Vein 1.18 10.5

CDL19-008-V Vein 0.8 24.1 CDL19-035-W Rock -4.98 21.6 CDL19-065-W Rock 1.65 23.6

CDL19-008-W2 Rock 0.8 24.5 CDL19-036-V Vein 0.74 20.8 CDL19-066-V Vein 1.69 22.2

CDL19-010-V Vein -2.4 23.1 CDL19-036-W Rock 1.26 24.1 CDL19-066-W Rock 1.51 23.8

CDL19-010-W Rock 1.6 25.9 CDL19-037-V Vein 0.78 12.7 CDL19-067-V Vein 0.03 16.6

CDL19-011-V Vein 0.6 21.7 CDL19-037-W Rock 0.73 21.9 CDL19-067-W Rock 0.73 23.6

CDL19-011-W2 Rock 0.2 26.4 CDL19-038-V Vein -0.09 23.3 CDL19-068-V Vein -6.6 14.8

CDL19-011-W4 Rock 0.1 26.7 CDL19-038-W Rock 0.77 24.9 CDL19-068-W Rock -6.33 17.8

CDL19-012-V Vein -2.0 16.0 CDL19-039-V Vein -0.46 21.6 CDL19-069-V Vein -6.8 12.2

CDL19-012-W2 Rock -0.8 22.4 CDL19-039-W Rock 0.11 24.8 CDL19-069-W Rock -7.16 15.4

CDL19-013-V Vein -0.1 13.8 CDL19-040-W Rock -0.77 23.0 CDL19-070-V Vein -1.12 19.8

CDL19-013-W2 Rock -0.4 21.9 CDL19-041-V Vein 0.92 12.4 CDL19-070-W Rock -3.17 24.5

CDL19-013-W4 Rock -0.8 22.6 CDL19-041-W Rock 0.02 19.9 CDL19-071-V Vein 1.74 15.3

CDL19-014-V Vein -1.95 19.6 CDL19-042-V Vein 0.42 20.3 CDL19-071-W Rock 1.82 22.4

CDL19-014-W Rock 0.49 24.1 CDL19-042-W Rock 1.52 21.6 CDL19-072-V Vein -5.6 12.1
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Table F.1 continued.  

 

 

 

 

 

 

 

Sample Type δ13
C VPDB δ18

O VSMOW Sample Type δ13
C VPDB δ18

O VSMOW Sample Type δ13
C VPDB δ18

O VSMOW

CDL19-015-V Vein 1.38 23.6 CDL19-043-V Vein 2.20 15.0 CDL19-072-W Rock -6.31 22.5

CDL19-015-W Rock 0.08 24.2 CDL19-043-W Rock 2.17 25.1 CDL19-073-V Vein -5.8 11.6

CDL19-016-V Vein -1.47 28.9 CDL19-044-V Vein 1.00 23.3 CDL19-074-V Vein -0.26 17.9

CDL19-016-W Rock -0.32 21.7 CDL19-044-W Rock 1.12 22.9 CDL19-074-W Rock -0.08 18.9

CDL19-017-V Vein 1.79 31.4 CDL19-045-W Rock 1.76 14.5 CDL19-075-V Vein -2.25 16.2

CDL19-017-W Rock 0.20 23.8 CDL19-046-W Rock 2.19 20.5 CDL19-075-W Rock -0.98 19.3

CDL19-018-V Vein -10.1 13.2 CDL19-047-V Vein 1.81 19.4 CDL19-077-V Vein -1.40 14.5

CDL19-019-V Vein 5.87 28.3 CDL19-047-W Rock 1.52 22.9 CDL19-077-W Rock 1.93 17.2

CDL19-019-W Rock 2.13 13.5 CDL19-048-V Vein 1.13 21.0 CDL19-078-W Rock -0.19 17.4

CDL19-020-V Vein -7.4 11.7 CDL19-048-W Rock 0.52 21.9 CDL19-079-V Vein -1.20 13.9

CDL19-021-V Vein -0.62 13.3 CDL19-049-V Vein -0.35 25.6 CDL19-079-W Rock -3.09 19.8

CDL19-021-W Rock -1.24 14.6 CDL19-049-W Rock 0.60 23.5 CDL19-080-V Vein -3.26 10.1

CDL19-022-W Rock -2.07 16.6 CDL19-050-W Rock 0.92 23.8 CDL19-080-W Rock 0.20 20.4

CDL19-023-W2 Rock -0.24 16.2 CDL19-051-V Vein 0.32 20.2 LEDO36-181-W Rock -3.36 13.9

CDL19-023-W2 Rock -0.7 16.9 CDL19-051-W Rock -1.72 21.8 LEDO36-184-W Rock -1.26 16.9

CDL19-023-W4 Rock -1.28 16.7 CDL19-052-W Rock 1.60 23.8 LEDO36-281-W Rock -1.53 12.7

CDL19-023-W4 Rock -1.0 16.1 CDL19-053-V Vein 1.49 22.8 LEDO36-333-W Rock -6.07 12.6

CDL19-024-W Rock 0.0 24.7 CDL19-053-W Rock 1.58 22.7 LEDO36-381-W Rock -1.77 14.9

CDL19-025-V Vein 2.7 17.4 CDL19-054-V Vein 1.76 18.9 LEDO36-429-W Rock -0.58 14.1

CDL19-025-W2 Rock -2.0 17.5 CDL19-054-W Rock 1.48 19.5 LEDO36-494-V Vein -0.12 14.8

CDL19-025-W4 Rock -1.9 17.3 CDL19-055-V Vein -0.66 20.5 LEDO36-494-W Rock -0.68 15.1

CDL19-025-W6 Rock -0.8 17.2 CDL19-055-W Rock 1.03 20.4 SMR Rock 1.29 22.8

CDL19-026-W Rock 0.30 17.4 CDL19-056-V Vein 1.42 13.0 SMV Vein 7.14 19.6

CDL19-027-V Vein 0.78 12.7 CDL19-056-W Rock 1.65 24.3
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APPENDIX G 

CARBON-OXYGEN ISOTOPE STANDARDS AND DUPLICATES FOR THE VIRGINIA 

TECH STABLE ISOTOPE LABORATORY 

Table G.1 C-O Sample Duplicates (VT Lab) 

Sample Date Analyzed δ13C δ18O 
CDL19-023-V 12/22/2020 2.55 -1.6 
CDL19-023-V 11/6/2020 2.46 -1.5 

  STDEV 0.06 0.07 
        
CDL19-023-W2 12/22/2020 -0.23 -14.1 
CDL19-023-W2 11/6/2020 -0.25 -14.4 

  STDEV 0.02 0.17 
        
REDO-023-W2   0.23 -12.4 
REDO-023-W2   0.44 -12.5 

  STDEV 0.15 0.08 
        
CDL19-052-V 3/21/2021 2.06 -19.2 
CDL19-052-V 3/21/2021 2.07 -19.2 

  STDEV 0.00 0.00 
        
CDL19-037-V 3/21/2021 0.78 -17.8 
CDL19-037-V 3/21/2021 0.79 -17.5 

  STDEV 0.01 0.19 
        
CDL19-025-V 3/21/2021 2.61 -11.9 
CDL19-025-V 3/21/2021 2.59 -11.4 

  STDEV 0.02 0.33 
        
CDL19-025-W 3/21/2021 -0.85 -14.4 
CDL19-025-W 3/21/2021 -1.06 -14.3 

  STDEV 0.14 0.08 
        
CDL19-073-V 3/21/2021 -5.97 -17.9 
CDL19-073-V 3/21/2021 -5.91 -17.9 

  STDEV 0.04 0.05 
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Table G.2 C-O Standards (VT Lab) 

Standard Date Analyzed δ13C δ18O 
IAEA  CO-1 11/6/2020 2.65 -2.2 
IAEA  CO-1 12/9/2020 2.26 -2.0 
IAEA  CO-1 12/9/2020 2.44 -2.1 
IAEA  CO-1 12/11/2020 2.49 -2.3 
IAEA  CO-1 12/11/2020 2.55 -2.3 
IAEA  CO-1 12/11/2020 2.61 -2.4 
IAEA  CO-1 12/11/2020 2.53 -2.5 
IAEA  CO-1 12/22/2020 2.41 -2.3 
IAEA  CO-1 12/22/2020 2.56 -2.3 
IAEA  CO-1 12/22/2020 2.49 -2.5 
IAEA  CO-1 3/21/2021 2.70 -2.4 
IAEA  CO-1 3/21/2021 2.71 -2.4 
        

  AVERAGE 2.53 -2.3 

  STDEV 0.13 0.1 
        

  Reported 2.49 -2.4 

  +/- 0.03 0.1 

        

Standard Date Analyzed δ13C   
IAEA  CO-9 12/9/2020 -47.38   
IAEA  CO-9 12/9/2020 -47.41   
IAEA  CO-9 12/9/2020 -47.36   
IAEA  CO-9 12/9/2020 -47.11   
IAEA  CO-9 12/11/2020 -47.37   
IAEA  CO-9 12/11/2020 -47.28   
IAEA  CO-9 12/11/2020 -47.40   
IAEA  CO-9 12/11/2020 -47.20   
IAEA  CO-9 12/22/2020 -47.30   
IAEA  CO-9 12/22/2020 -47.30   
IAEA  CO-9 12/22/2020 -47.34   
IAEA  CO-9 12/22/2020 -47.34   
IAEA  CO-9 3/21/2021 -47.23   
IAEA  CO-9 3/21/2021 -47.20   
IAEA  CO-9 3/21/2021 -47.42   
        

  AVERAGE -47.31   

  STDEV 0.09   
        

  Reported -47.32   

  +/- 0.06   
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Table G.2 continued 

Standard Date Analyzed δ13C δ18O 
NBS-18 11/6/2020 -5.07 -23.5 
NBS-18 12/9/2020 -4.93 -23.6 
NBS-18 12/9/2020 -5.31 -22.9 
NBS-18 12/9/2020 -4.99 -23.1 
NBS-18 12/9/2020 -4.96 -23.3 
NBS-18 12/11/2020 -5.09 -23.2 
NBS-18 12/11/2020 -5.03 -23.2 
NBS-18 12/11/2020 -5.11 -23.3 
NBS-18 12/11/2020 -5.07 -23.1 
NBS-18 12/22/2020 -5.04 -23.2 
NBS-18 12/22/2020 -4.97 -23.4 
NBS-18 12/22/2020 -5.08 -22.3 
NBS-18 12/22/2020 -5.04 -23.0 
NBS-18 3/21/2021 -5.39 -23.2 
NBS-18 3/21/2021 -5.13 -23.0 
NBS-18 3/21/2021 -5.23 -23.4 
        

  AVERAGE -5.09 -23.2 

  STDEV 0.13 0.3 
        

  Reported -5.01 -23.2 

  +/- 0.04 0.1 
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APPENDIX H 

SUPPLEMENTAL ELECTRONIC FILES 

 

 This appendix contains spreadsheets of the raw geochemical data collected in this study 

from multi-element and LA-ICP-MS analysis.  

 

Table H.1: Description of supplemental electronic files 

Content Description 

CandelariaWR_Combined_table4pub.xlsx Data from multi-element analysis of all 

samples including major, minor, and trace 

elements. Analysis completed by BV 

Commodities Canada (previously ACME 

labs).  

LA_combined data_table4pub.xlsx Trace element data of calcite in samples 

analyzed by LA-ICP-MS at the Colorado 

School of Mines.  

 


