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Abstract 

 The Pierina high-sulphidation epithermal Au-Ag deposit is located in the 

Cordillera Negra of north-central Perú, ~ 5km north of the coeval intermediate-

sulphidation Ag–base metal Santo Toribio deposit, and in rocks of the Calipuy 

Supergroup. The deposit contains ~ 8 M oz Au, hosted in non-refractory iron oxides and, 

with heap-leach extraction, is one of the lowest-cost Au producers in the world. 

 Stage Ia (15 Ma) and Ib (14.4 Ma) advanced-argillic alteration formed from 

mixed magmatic and meteoric waters. The main, 14.4 Ma event produced vuggy quartz 

alteration, focussed in a 16.9 Ma dacitic pumice-lithic tuff, and surrounded by quartz-

alunite, quartz-dickite, and illite-montmorillonite alteration zones, the product of 

increased meteoric water contributions towards the periphery of the deposit. 

 Stage II sulphide-barite mineralization introduced gold and silver, hosted 

submicroscopically in the disseminated high-sulphidation pyrite-enargite assemblage. 

Precipitation occurred from a low-to-medium - salinity magmatic fluid that mixed with 

meteoric waters at the site of ore deposition. 

 A 14.1 Ma 40Ar/39Ar age for supergene alunite records the rapid incursion of 

meteoric waters into the deposit. The resulting oxidation of sulphides to schwertmannite, 

goethite, and hematite was facilitated by microbes, recorded by the stable-isotopic 

compositions of supergene barite+acanthite. Schwertmannite is enriched in Au and Ag 

and is the main precious-metal host. 
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Regional pedimentation is inferred to have initiated retrograde boiling of the 

source magma chamber at 15 Ma, with renewed magma incursion triggering major 

alteration at 14.4 Ma. Both events involved the exsolution of an SO2-rich vapour and a 

more saline aqueous fluid. The latter migrated to Santo Toribio generating phyllic 

alteration and intermediate-sulphidation mineralization, whereas the SO2-rich vapours 

caused pyrite-bearing feldspar-destructive alteration along fluid pathways during ascent 

to Pierina. The subsequent single-phase, H2S-rich mineralizing fluid exsolved from the 

retracting magma at higher pressures. Vapour contraction during ascent along altered, 

unreactive pathways minimized the loss of S- and H+, optimizing the transport of Au as 

AuHS0. Watertable displacement resulting from pediment incision promoted the flow of 

groundwater into the epithermal environment where mixing with magmatic fluids 

precipitated gold. Supergene oxidation optimized conditions for microbial activity, a 

critical factor in the generation of economic mineralization. 
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Chapter 1 

INTRODUCTION 

1.1 High-Sulphidation Epithermal Systems 

 Descriptions of epithermal base- and precious-metal mineralization date back at 

least to 1907, when Ransome documented the occurrence of gold with alunite at 

Goldfield, Nevada. Epithermal mineralization was classified as a distinct deposit class by 

Lindgren (1922), who defined epithermal deposits as those that form within 1 km of 

Earth’s surface at temperatures generally below 350EC, criteria that are still acceptable. 

The two traditional end-members of this class, low- and high-sulphidation deposits, are 

represented by, respectively, the modern analogues of active geothermal systems and 

volcanic fumaroles. Thus, low-sulphidation systems record formation from near-neutral 

and reduced waters, dominated by meteoric water, and are characterized by minerals such 

as adularia, chalcedony, calcite, marcasite, Fe-rich sphalerite and arsenopyrite. 

Conversely, high-sulphidation systems have magmatic signatures, and are characterized 

by the presence of high-sulphidation state minerals such as enargite, luzonite, famatinite 

and covellite, and advanced-argillic alteration minerals that include alunite, dickite and 

pyrophyllite, commonly occurring peripherally to zones of residual vuggy quartz.  

 The documentation and evolving understanding of epithermal systems over the 

last century has resulted in multiple synonyms for the now widely accepted duo of high- 

and low-sulphidation deposits (Hedenquist, 1987). Thus, high-sulphidation systems have 

been variably described as of: Goldfield-type (Ransome, 1909); Au-alunite - type 



  2

(Lindgren, 1922); high-sulphur deposits (Bonham, 1986); acid-sulphate - type (Hayba et 

al., 1985; Heald et al., 1987); enargite-gold - type (Ashley, 1982); and alunite-kaolinite - 

type (Berger and Henley, 1989). Low-sulphidation system terminology comprises: hot-

spring type (Giles and Nelson, 1982); low-sulphur deposits (Bonham, 1986); and 

adularia-sericite - type (Heald et al., 1987; Berger and Henley, 1989). Intermediate-

sulphidation mineralization, first formally addressed by John et al. (1999), is now 

considered to be a distinct deposit subclass (Hedenquist et al., 2000) that encompasses 

most shallowly formed, Ag-base metal vein deposits, characterized by sericitic alteration, 

Mn-bearing minerals, and Ag-rich pyrite - ferroan sphalerite - galena - chalcopyrite 

assemblages. The relationship between sulphide mineral stabilities and low-, 

intermediate-, and high-sulphidation deposits, in the context of fS2, is discussed in detail 

by Einaudi et al. (2003). 

 High-sulphidation epithermal systems are widely recognized to be both spatially 

and genetically related to porphyry copper deposits (e.g., Sillitoe, 1993; Hedenquist et al., 

1998; Muntean and Einaudi, 2001). However, the precise nature of hydrothermal 

processes in consanguineous porphyry and epithermal systems is still the subject of 

debate, because many porphyry deposits underlie barren “lithocaps” (sensu Sillitoe, 

1995a), and some regions well-endowed with high-sulphidation deposits, such as north-

central and northern Perú, host few mineralized porphyries. Until recently, low-

sulphidation deposits were also considered to be genetically related to high-sulphidation 

systems (e.g., Sillitoe, 1995b), but many low-sulphidation systems, especially those 

occurring in arc-settings, are now better described as of intermediate-sulphidation type. It 

has since been recognized (e.g., John, 2001) that low-sulphidation systems typically 



  3

occur in rift environments, in association with reduced magmas, whereas high- and 

intermediate-sulphidation deposits are formed from shallowly emplaced, relatively 

oxidizing magmas, and occur in near-neutral or mildly extensional tectonic environments 

(Sillitoe and Hedenquist, 2003). 

 The past century saw only limited exploration for high-sulphidation deposits. 

They were not considered viable targets, possibly because the widespread occurrence of 

barren lithocaps (Sillitoe, 1995) associated with porphyry Cu deposits encouraged the 

dismissal of acid-sulphate assemblages as potential precious metal hosts. Moreover, even 

when acid-sulphate alteration assemblages do host mineralization, the precious metal 

hosts are not easily recognized, commonly occurring as very fine disseminations, or 

submicroscopically in minerals of hypogene as well as supergene origin. Indeed, several 

high-sulphidation deposits, including Pierina, remained unrecognized in regions where 

mining and exploration activities had been ongoing for several hundreds of years. 

However, the increased documentation of mineralized high-sulphidation deposits over the 

last three decades (e.g., Summitville, Stoffregen, 1987; Nansatsu District, Hedenquist et 

al., 1994; Julcani, Deen et al., 1994; Paradise Peak, Sillitoe and Lorson, 1994; El Indio, 

Jannas et al., 1999) has greatly advanced our understanding of high-sulphidation 

alteration and mineralization processes in the epithermal environment. This has included 

the recognition that near-pervasive oxidation is inherent to many high-sulphidation 

deposits, resulting in the sequestration of the precious metals in non-refractory iron-

oxides or oxyhydroxides amenable to low-cost heap-leach processing. Finally, the 

discovery of several world-class high-sulphidation deposits (e.g. Yanacocha, Perú; ~ 40 
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Moz Au; Pueblo Viejo, Dominican Republic; ~ 20 Moz Au) has predictably stimulated 

interest in exploration for high-sulphidation deposits. 

 

1.2 Ore-Genetic Models 

 High- and intermediate-sulphidation deposits form in subduction-related arc 

settings, typically associated with dacitic-to-rhyodacitic calc-alkaline rocks, ore 

deposition, in many cases closely following host-rock emplacement (Heald et al., 1987). 

Elsewhere, however, economic high-sulphidation mineralization occurs in much older 

units including granitic (e.g., Pascua: Chouinard et al., 2005b) and sedimentary rocks 

(e.g., Lagunas Norte: A. Montgomery, pers. commun., 2008). 

 There is wide agreement that acid-sulphate alteration results from the 

condensation of an SO2-rich magmatic vapour generated through phase separation of a 

more saline fluid, which itself had exsolved from a shallowly-emplaced magma. During 

ascent, the SO2-rich vapour cools and condenses, and can mix with meteoric water along 

fluid conduits, as well as in the epithermal environment. Below ~ 350EC, 

disproportionation reactions prevail and the fluid becomes increasingly acidic and 

oxidizing, producing feldspar-destructive alteration assemblages. Vuggy quartz records 

pH conditions of < 2, and the surrounding alteration zones, comprising variable amounts 

of alunite ± pyrophyllite ± dickite, eventually grading into argillic and, in some cases, 

propylitic assemblages, record the progressive cooling and neutralization of the fluids. 

The near-universal alunite ± pyrite assemblage provides a basis for determining the age 

of alteration through 40Ar/39Ar dating, and for identification of the source of sulphur and 
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the temperature of precipitation, using δ34S values. Further, alunite δ18O and δD values, 

together with those of coeval clay minerals, constrain the relative contributions of 

magmatic and meteoric waters during alteration. 

 In many documented deposits, precious-metal mineralization postdated alteration. 

In such cases, the precious-metal assemblage is typically hosted by the porosity 

developed during the preceding alteration event. In many such cases, however, the 

physical and chemical nature of the ore-forming fluids is not as well-constrained as that 

of the early alteration fluids, because the precious-metal assemblages generally comprise 

sulphides ± barite, lacking minerals suitable for dating and fluid inclusion analysis. The 

lack of hydrogen-bearing minerals also inhibits determination of the isotopic composition 

of mineralizing fluids. Moreover, the often pervasive oxidation of the sulphide 

assemblage further hinders the characterization of the fluids responsible for the 

introduction of Au and Ag. Broadly, based on the mineral assemblages that they produce, 

these post-alteration ore-forming fluids have generally been considered as less acidic and 

less oxidized than earlier acid-sulphate fluids. However, the recent documentation of 

structurally-bound gold in enargite and pyrite precipitated coevally with alunite shows 

that highly oxidized and acidic fluids are also capable of transporting and precipitating 

gold (e.g., Pascua: Chouinard et al., 2005b; Tambo: Deyell et al., 2005b). 

 There is ample evidence to support a magmatic origin for the ore-bearing fluids in 

these environments, but the relative importance of magmatic vapours and saline fluids in 

the transport and deposition of the precious metals, remains the focus of debate. The 

analysis of fluid and melt inclusions has shown that single-phase vapours are capable of 
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sequestering and transporting high concentrations of metals and metalloids, including Cu, 

Au and As (e.g., Heinrich et al., 1992; Shinohara, 1994; Audétat et al., 1998, Heinrich et 

al., 1999). This has important implications for high-sulphidation mineralization, given the 

greater mobility and mass flux of magmatic vapours compared to saline brines, rendering 

the former more capable of attaining the epithermal environment. Although the nature of 

these mineralizing fluids may vary from deposit to deposit, the isotherm-retraction 

vapour-contraction model proposed by Heinrich et al. (2004) and Heinrich (2005) 

identifies optimal conditions for the vapour transport of Au from a deep porphyry 

environment to epithermal levels. The model is based on the concept of a single-phase 

magmatic fluid ascending along specific P-T paths to the epithermal environment, such 

that it contracts instead of undergoing phase separation. The precious-metal budget of the 

fluid is thereby maintained, allowing for its deposition in the epithermal environment. 

 In addition to the role of fluids generated in the deeper porphyry-epithermal 

regime, that of surficial erosion has also been shown to affect hypogene mineralization 

processes in epithermal systems. Bissig et al. (2002) demonstrated that abrupt erosion 

through pediment incision during cordilleran uplift was a contributing factor for 

mineralization in Miocene epithermal systems in the El Indio district of Chile and 

Argentina. 

 

1.3 Scientific Contributions of this Study 

 This study provides an opportunity to rigorously characterize a world-class 

epithermal Au-Ag deposit in the broader context of evolving models for epithermal 
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systems. The middle Miocene Pierina deposit, discovered in 1994, in a metallogenetic 

sub-province not previously considered favourable for Au exploration, remains 

incompletely characterized, with conflicting interpretations of its genesis and formation 

(cf. Rainbow et al., 2000; Fifarek and Rye, 2000; Fifarek and Rye, 2005; this study).  

A comprehensive description of the hypogene and supergene evolution of the 

Pierina deposit is an important contribution to our understanding of high-sulphidation 

epithermal deposits. Further, the integration of petrographic, geochronological, stable-

isotopic and petrochemical studies, within the framework of a dynamic tectonic 

environment and in the broader context of current epithermal models (e.g., Bissig et al., 

2002; Heinrich, 2005), advances our understanding of epithermal processes worldwide. 

 Research on the Pierina deposit has resulted in several significant contributions, 

including: 

• the characterization and definition of the mineral paragenesis, clarifying how a 

major high-sulphidation system evolved, through hypogene to supergene 

processes, both of which are central to economic mineralization. 

 

• 40Ar/39Ar ages, together with stable-isotope data, outline a protracted and episodic 

alteration history that spanned at least 1.3 m.y. Two acid-sulphate alteration 

substages (Stage Ia and Ib), preceding hydrothermal mineralization are defined, 

and inferred to have enhanced subsequent precious-metal deposition through the 

preparation of fluid pathways by alteration to pyrite-bearing, feldspar-poor 

assemblages. 
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• the Pierina Au-Ag high-sulphidation and Santo Toribio Ag-base metal 

intermediate-sulphidation deposits are spatially related, occurring at the same 

elevation and separated by only 5 km . 40Ar/39Ar ages confirm a temporal link 

between the deposits, and provide evidence for a common magmatic fluid source. 

Because the high-sulphidation alteration at Pierina coincided temporally with 

intermediate-sulphidation mineralization at Santo Toribio, this study has 

elucidated fluid processes in cogenetic porphyry-epithermal environments. 

 

• the texture of alunite is widely accepted as being diagnostic of a specific 

environment of deposition in both epithermal and porphyry deposits. An 

integrated study of the paragenetic, stable-isotopic and petrographic 

characteristics of the texturally-diverse alunite at Pierina shows, however, that all 

are of magmatic-hydrothermal origin, and hence that specific textures can be 

generated through several processes. This has important implications for mineral 

exploration. 

 

• pervasive oxidation of sulphide minerals is a common attribute of high-

sulphidation systems, but supergene processes and assemblages in high-

sulphidation deposits have been neglected. This integrated study fully 

characterizes the mineralogy of the supergene assemblage at Pierina, and provides 

the first documentation of microbially-mediated supergene oxidation of a high-
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sulphidation deposit. The precious metal host in this assemblage is identified as 

schwertmannite (Fe3+
16O16(OH)12(SO4)2), whereas the more abundant goethite 

and hematite phases are shown to be only weakly mineralized. 

 

• the role of landscape evolution during active uplift and pedimentation is inferred 

to have facilitated the initial exsolution of magmatic fluids from a shallowly-

emplaced magma, resulting in hydrothermal alteration at both Pierina and Santo 

Toribio. Moreover, depression and tilting of the water-table through 

pedimentation increased the availability of meteoric water throughout the 

evolution of the deposit, which affected both hypogene mineralization as well as 

supergene oxidation and precious metal sequestration. 

 

 

1.4 Thesis Organization 

 This dissertation is constructed in a manuscript format, and fulfills the 

requirements of the Queen’s University School of Graduate Studies and Research. Three 

manuscripts form the body of this thesis, with Chapters 2 and 3 published in major peer-

reviewed international journals. Chapter 4 has been submitted for publication and is 

under review. 

The individual manuscripts, completed in 2003, 2005, and 2008, respectively, 

represent the ongoing collection, synthesis, and interpretation of data collected 

throughout the duration of this Ph. D thesis, and therefore may differ in their conclusions. 
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However, Chapter 4 presents all the data and interpretations for the entire study, and the 

conclusions presented therein represent the major conclusions of this Ph.D. thesis. 

 The titles and brief summaries of the manuscripts are as follows. 

 

Chapter 2: 

 Rainbow, A., Clark., A. H., Kyser, T. K., Gaboury, F., and Hodgson. C. J., 2005, 

The Pierina epithermal Au-Ag deposit, Ancash, Peru: paragenetic relationships, alunite 

textures, and stable-isotope geochemistry: Chemical Geology, v. 215, p. 235-252. 

 This paper investigates the mode of occurrence, morphology, stable isotopic and 

chemical compositions of texturally variable hypogene alunite at Pierina. The findings 

challenge the widely accepted models that interpret alunite texture as evidence for 

specific acid-sulphate environments of formation. 

 

Chapter 3: 

 Rainbow, A., Kyser, T. K., and Clark, A. H., 2006, Isotopic evidence for 

microbial activity during supergene oxidation of a high-sulphidation epithermal Au-Ag 

deposit: Geology, v. 34, p. 269-272. 

 This paper highlights the paragenetic context and stable-isotopic composition of 

barite at Pierina. Early hypogene and later supergene populations are identified, and the 

stable-isotope values of the latter interpreted as recording the microbial reduction of 
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aqueous sulphate. This is the first documentation of microbial involvement during 

supergene oxidation of a high-sulphidation deposit. 

 

Chapter 4: 

 Rainbow, A., Clark, A. H., Kyser, T. K., and Lee, J. K. W., Genesis of the Pierina 

high-sulphidation epithermal gold-silver deposit, Ancash, north-central Perú: submitted 

to the Economic Geology special volume on Latin American high-sulphidation 

Epithermal Deposits. 

 This manuscript comprehensively documents the evolution of the Pierina deposit 

from hypogene to supergene processes, synthesizing field, petrographic, 

geochronological, stable-isotopic and mineral chemistry studies. The results are discussed 

in relation to current ore deposit models, focusing on the thermodynamic relationships of 

magmatic fluids across the porphyry-epithermal transition, and the response of hypogene 

and supergene fluids to abrupt pediment erosion.  
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Chapter 2 

THE PIERINA EPITHERMAL AU-AG DEPOSIT, ANCASH, PERU: PARAGENETIC 

RELATIONSHIPS, ALUNITE TEXTURES, AND STABLE-ISOTOPE GEOCHEMISTRY 

 

2.1 Abstract 

 The Pierina high-sulphidation epithermal Au-Ag deposit (9E 26.5N S; 77E 35N W) 

was emplaced in the Middle Miocene into a hypabyssal-to-extrusive “pumice-tuff” and 

an underlying, older, dacitic flow-dome complex, both of which are cut by hydrothermal 

breccias and small dacitic domes. Stage I advanced-argillic alteration generated a core of 

vuggy quartz, focused in the tuff, and surrounded successively by zones of quartz-alunite, 

dickite " kaolinite " pyrophyllite, and illite-montmorillonite " kaolinite. Laser-ablation 

ICP-MS analysis of the sulphide minerals of the succeeding, Stage II, Cu (-Pb, Bi, Sb, 

Zn, As)-barite mineralization, largely confined to the vuggy-silica zone, reveals that both 

Au and Ag were introduced at that time. This assemblage was almost entirely obliterated 

during Stage III, when oxidation by low-temperature meteoric waters generated 

botryoidal hematite-goethite assemblages which are now the main precious-metal hosts. 

Stage IV barite-acanthite mineralization shows limited temporal overlap with Stage III, 

but dominantly overprints the hematite-goethite assemblage. 

 The deposit incorporates alunite exhibiting a wide range of modes of occurrence, 

grain size, and morphology. Disseminated alunite dominates Stage I alteration, which 

replaced phenocrysts and fragments, and locally hosts corroded, #40 :m alumino-

phosphate-sulphate (APS) inclusions. The alunite shows limited Na substitution [molar 
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Na / (Na+K) = <0.2], but alunite-natroalunite assemblages occur sporadically throughout 

the quartz-alunite alteration zone. Isotopic analysis yields *34S values of +16.6 to +31.0 

‰, consistent with a magmatic-hydrothermal origin. Rare occurrences of disseminated 

alunite and pyrite in textural equilibrium occur in unoxidized areas of the deposit, and 

yield )34Salu--py precipitation temperatures of 179EC to 250EC, with the majority below 

200EC. Disseminated alunite in shallower, oxidized portions of the deposit, where pyrite 

has been destroyed, yield *18OSO4 values of +6.3 to +14.4 ‰. The lighter compositions 

occur along the axis of the quartz-alunite alteration zone, and imply precipitation at 

higher temperatures, albeit with some meteoric water involvement. Porcelaneous alunite 

(10-100 :m), forms the matrix of breccias that cut Stage I alteration. Sodium contents are 

low [Na / (Na+K molar •0.1) and APS inclusions have not been identified. The *34S 

values of +21.8 to +27.1 ‰ are consistent with a magmatic-hydrothermal origin, but the 

*18OSO4 values of +11.4 to +14.6 ‰ indicate deposition under cooler temperatures and 

the involvement of meteoric water that interacted substantially with igneous country-

rocks. Coarse, open-space-filling alunite, which occurs as veins or coatings on breccia 

fragments, exhibits limited Na substitution, is not associated with natroalunite, and does 

not host APS inclusions. Its *34S and *18OSO4 values of +12.9 to +26.2 ‰ and +6.5 to 

+8.6 ‰, respectively, imply a magmatic-hydrothermal origin and deposition at higher 

temperatures. Dike-like bodies and mantos of friable alunite have distinctive *34S (+16.2 

to +19.3 ‰) and *18OSO4 (+7.6 to +9.2 ‰) values, and may record a steam-heated 

environment. However, these compositions may also indicate loss of H2S gas during 

oxidation, or overprinting of steam-heated alunite by magmatic-hydrothermal alunite (or 
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vice versa). All forms of alunite exhibit higher *18OSO4 values in the central part of the 

deposit, and the coherent isotopic chemistry casts doubt on the reliability of the widely 

accepted textural criteria for the origin of this mineral in hydrothermal systems. 

 

2.2 Introduction 

 The Pierina mine, located in the northern Central Andes at Lat. 9E 26.5N S; Long. 

77E35N W, exploits a Middle Miocene high-sulphidation epithermal Au-Ag deposit. 

Owned by Barrick Gold Corporation, this open-pit operation had initial (1998) reserves 

of 224 tonnes (7.2 M oz) of gold, and with heap-leach extraction of gold at $US 3.22 g-1 

($100 oz-1) (life-of-mine), is one of the lowest-cost producers in the world, a feature that 

directly reflects the paragenetic and textural relationships of the mineralization. The 

deposit, exhibits classic lithologically and structurally controlled advanced-argillic 

alteration, with a core of vuggy quartz successively surrounded by quartz-alunite and 

distal argillic alteration zones. Ore-grade Au-Ag mineralization is largely confined to the 

vuggy-silica (i.e., quartz) axial zone, but quartz-alunite alteration is more widespread, and 

incorporates a wide variety of alunite types with respect to mode of occurrence, grain 

size, and morphology. Such features allow the alunite to be subdivided into four 

categories, corresponding broadly to those described by Stoffregen and Alpers (1992). 

These are: disseminated, occurring as aggregates that replaced magmatic minerals and 

volcanic fragments; porcelaneous, which forms fine-grained breccia matrices; coarse, 

open-space-filling, i.e., veins and coatings of alunite on breccia fragments; and friable, 

intergrown with similarly incoherent quartz. 
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 These distinct alunite types have been widely accepted elsewhere to represent 

crystallization under specific acid-sulphate environments of formation. Thus, 

disseminated or “magmatic-hydrothermal” alunite (Rye et al., 1992) forms through 

hydrothermal alteration of rocks by sulphuric acid that is generated by the 

disproportionation of magma-derived SO2 in a rising and condensing vapour-plume. The 

coarse, open-space-filling alunite, variously termed “magmatic-steam alunite” (Rye et al., 

1992; Rye, 1993), “vein-type alunite” (Cunningham et al., 1984) or “coarse-vein alunite” 

(Stoffregen and Alpers, 1992), is inferred to have crystallized directly from a SO2-rich 

magmatic vapour that either ascended sufficiently rapidly to prevent reduction of SO2 to 

H2S, or in which all contained SO2 was oxidized by atmospheric oxygen during ascent. 

Porcelaneous or fine-grained alunite is generally attributed to supergene processes (e.g., 

Arribas et al., 1995), where it is a by-product of the atmospheric oxidation of precursor 

sulphides, although hypogene occurrences have also been reported (Stoffregen and 

Alpers, 1992). Powdery or friable mixtures of alunite with quartz are typically attributed 

to “steam-heated” alteration (Sillitoe, 1993), where alunite is generated by the oxidation 

of H2S gas rising from an underlying boiling hydrothermal system, at or above the 

watertable (Rye et al., 1992). 

 The occurrence of such a variety of alunite in a single hydrothermal system 

provides an excellent opportunity to investigate the relationships among alunite grain 

size, morphology, and mode of occurrence as they relate to acid-sulphate environments of 

formation, and, specifically, to determine whether these distinct alunite varieties have 

predictable stable-isotope values that are reflective of such environments. 



2.3 Geological Setting 

 The Pierina deposit (Figure 2-1) is in the Ancash Department of north-central 

Peru, 11 km northwest of the city of Huaraz, and ~5 km north of the coeval (Strusievicz 

et al., 2000) intermediate-sulphidation (sensu Hedenquist et al., 2000) Santo Toribio Ag-

base-metal epithermal deposit. Pierina lies at elevations of 3800-4200 m in the Cordillera 

Negra, on the oceanward margin of the NW-SE-trending Callejón de Huaylas, an actively 

subsiding inter-cordilleran basin bounded to the NE by the Cordillera Blanca Fault Zone 

and Cordillera Blanca batholith (McNulty and Farber, 1998).  

 

 

Figure 2-1. Generalized geological map of the Pierina deposit. Bold outline is the proposed open-
pit boundary. Grid is in UTM (Gaboury, 2000). 
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 “Basement” rocks in the area comprise moderately folded and locally hornfelsic 

sedimentary rocks of the Cretaceous Carhuaz and Santa formations (Wilson et al., 1967). 

These are unconformably overlain by a thick succession of Tertiary subaerial volcanic 

rocks with associated hypabyssal units. The Tertiary rocks were formerly assigned to the 

Calipuy Group, but remapping by O. R. Strusievicz and F. Gaboury, coupled with Ar-Ar 

dating and petrochemical studies by the former, has resulted in a reclassification as the 

Calipuy Supergroup. The pyroclastic breccias and tuffs of the 46.2-35.3 Ma Chururo 

Group are unconformably overlain by the Oligocene-Miocene Huaraz Group (29.3-14.8 

Ma) (Strusievicz et al., 2000; Strusievicz, pers. commun., 2000), comprising crystal tuffs 

and andesite rubble flows, overlain by andesites and tuffs and intruded by late dacitic-to-

granodioritic stocks. 

 Laser 40Ar-39Ar incremental heating of several alunite samples from Pierina (O. 

R. Strusievicz, pers. commun., 2000) yielded ages ranging from 14.20 "0.25 (2F) to 

14.66 "0.13 (2F) Ma. Because alteration in high-sulphidation epithermal deposits 

typically occurs within 0.5 m.y. of associated volcanic host-rock emplacement (Heald et 

al., 1987), these ages imply that the rocks that host the Pierina deposit represent the 

terminal volcanic stage in the evolution of the Huaraz Group. 

 Alteration and mineralization at Pierina are developed predominantly in a 

hypabyssal-to-extrusive “pumice-tuff” and, to a lesser extent, in a largely underlying 

dacitic flow-dome complex, which itself lies with possible conformity on a variably 

altered andesite (Figure 2-1). The pervasively altered tuff unit is characterized by quartz 

phenocrysts and ubiquitous flattened fragments. The fragments are inferred to represent 

replaced, partly welded pumice (Volkert et al., 1998), although pumiceous textures have 
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not been recognized. In some areas, the fragments are preferentially oriented, but the 

orientations range from horizontal to vertical. The latter disposition is prevalent at the 

southern boundary of the orebody, and is interpreted to represent a vent complex from 

which the tuffs were extruded (Gaboury, 2000). The underlying, older dacites are 

characterized by phenocrysts of largely clay-altered plagioclase, partly oxidized 

hornblende and biotite, and various amounts of quartz, in a matrix rich in alkali feldspar. 

Both the tuff and dome complex are cut by numerous bodies of hydrothermal breccia that 

have a wide variety of fragments and matrices. Small, flow-banded, dacitic or rhyodacitic 

domes, characterized by large quartz phenocrysts and smaller phenocrysts of variably 

altered feldspar and biotite, represent the final stage of magmatism at Pierina. 

 

2.4 Analytical Techniques 

 Analyses were performed on specimens collected from outcrop, drill core, and the 

initial open pit, and on an additional sample suite provided by F. Gaboury. Mineral 

identification was through standard petrographic analysis of polished thin sections using 

both reflected- and transmitted-light microscopy and X-ray diffraction (XRD). Laser-

ablation ICP-MS analysis aided in clarifying the distribution of Au (entirely 

submicroscopic) and Ag, permitting revision of the paragenetic sequences proposed by 

Noble et al. (1997) and Volkert et al. (1998). Analyses were done in the Department of 

Geological Sciences and Geological Engineering at Queen’s University, except for 

scanning electron microscopy (SEM) imaging, which was done at the Department of 

Chemistry and Chemical Engineering, Royal Military College, Kingston. 
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 Alunite and natroalunite exhibit complete solid solution, and yield similar X-ray 

patterns. However, the c axis contracts linearly with Na substitution (Vegard’s rule: 

Pabst, 1976), which is reflected in the migration of the (006) reflection from 30.96E to 

32.17E 22 (CuK" radiation) (Parker, 1962; Stoffregen and Alpers, 1992). The (006) peak 

positions of alunite and natroalunite were measured at “full-width, half-maximum”, from 

which the c axis length was calculated. The m ole fraction of Na for each peak measured 

was estimated using the formula XNa = (17.331 - c) / 0.635 (Stoffregen and Alpers, 1992). 

Substitution of H3O+ probably does not occur in hypogene alunite (Stoffregen and 

Alpers, 1992), and was therefore not considered in these calculations. 

Alunite XRD data were supported by semi-quantitative electron-probe 

microanalysis (EPMA) using a rastered beam to minimize loss of alkali elements, and 

were corrected using an alunite standard from Marysvale, Utah, provided by R. E 

Stoffregen. SEM imaging was carried out on whole-rock specimens using a Philips XL30 

CP Scanning Electron Microscope, operating in both secondary electron and 

backscattered-electron modes. 

 Minerals from paragenetic Stages I, II, III, and IV (Rainbow et al., 2000) were 

analyzed with laser ablation, employing a UV laser with a wavelength of 266 nm, and 

HR-ICP-MS (high-resolution inductively coupled mass spectrometry). The laser energy 

was 1.5 mJ, with a firing repetition rate of 2 Hz, which drilled a single hole into the 

sample, ablating volumes of ~10 to 20 :m in diameter and 50 to 70 :m in depth. 

Detection limits were as follows: Ti 20 ppm; Cu 15 ppm; Cr, Mn, Fe, Zn, Mo, Cd #10 

ppm; Au, Ag 1 ppm; and Pb 0.2 ppm. Accuracy, assessed using standard NIST- 612, was 

7% for Au and 10% for all other elements. 
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 The *34S and *18OSO4 values were determined for each category of alunite, and for 

Stage II and IV barite, using a method modified from Wasserman et al. (1992) and 

Arehart et al. (1992). The *34S values were obtained for Stage I sulphides, including 

pyrite, sphalerite, and galena, Stage II sulphides, including pyrite, enargite, bismuthinite-

stibnite, galena, and sphalerite, and for Stage III covellite and native sulphur. 

 Sulphur was extracted online with continuous-flow technology, using a Finnigan 

MAT 252 isotope-ratio mass spectrometer. Sulphate oxygen was extracted using the 

technique of Clayton and Mayeda (1963). All values are reported in units of per mil (l), 

and were corrected using NIST standards 8556 for sulphur, and 8557 for sulphur and 

oxygen. Sulphur is reported relative to Canyon Diablo Troilite (CDT), and oxygen 

relative to Vienna Standard Mean Ocean Water (V-SMOW). Analytical precision for 

both *34S and *18OSO4 values is ± 0.3 ‰. 

 

2.5 Hydrothermal Alteration 

 In plan, Pierina exhibits a zoned pattern characteristic of advanced-argillic 

alteration, in which a core of vuggy-silica (i.e., vuggy quartz) alteration is surrounded 

successively by zones of quartz-alunite " pyrite, alunite-dickite " pyrite, dickite " 

kaolinite " pyrophyllite " pyrite, and illite-montmorillonite " kaolinite " pyrite (Figure 

2-2). The alteration is both structurally and lithologically controlled, with vuggy-silica 

development focused along faults in the permeable pumice-tuff unit, but extending at the 

same altitude into the dacitic dome complex and andesite. The resulting elongate core of 

vuggy quartz originally cropped out at the northern extremity of the deposit. In this zone, 



lithic and other fragments and all phenocrysts except quartz are entirely leached, whereas 

the groundmass has been replaced by fine-grained anhedral quartz (Figure 2-3). 

 

 

Figure 2-2. Generalized alteration map of the Pierina deposit. Boundaries between alteration 
zones are gradational and irregular. Bold outline is the proposed open-pit boundary. Grid is in 
UTM. (Gaboury, 2000). 

 

The quartz-alunite alteration zone is similarly hosted mainly by the pumice-tuff 

unit, but affects all lithologies. Altered rocks are commonly white, buff, or pale pink, and 

many show complete megascopic textural preservation. Pumice fragments and feldspar 

phenocrysts are entirely altered to alunite, with some volume loss. The groundmass of all 

rocks is largely replaced by fine-grained quartz, with local alunite. Alunite-pyrite 

assemblages are observed only at depths greater than 190 m below the pre-mine surface, 
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and only in domains unaffected by oxidation. Alunite also occurs in this alteration zone 

as fine-grained breccia matrices, as coarse open-space fillings, and as friable, vertically 

oriented bodies with quartz. 

 

 

Figure 2-3. Unoxidized pumice-tuff altered by vuggy quartz. Vugs (black) record the locations of 
leached pumice fragments. Dark areas indicate fine-grained Stage I pyrite intergrown with quartz. 
Native sulphur (S) occurs locally in vugs. Location: DDH 600S - 400EA, 136 m. 

 

 Dickite " kaolinite " pyrophyllite " pyrite alteration surrounds the quartz-alunite 

alteration zone, and is hosted primarily by the dacitic flow-dome complex, the andesite, 

and late dacitic domes. The pumice-tuff unit hosts only local dickite alteration in the open 

pit, but is extensively converted to dickite south of the ore zone. Dickite " kaolinite 

alteration is characterized by locally friable, gray-to-mauve associations exhibiting partial 

replacement of alunite, or complete replacement of primary fragments and feldspar 

phenocrysts by dickite " kaolinite. The groundmass is replaced by fine-grained quartz.  

 Illite-montmorillonite " kaolinite (“argillic”) alteration occurs locally in the open-

pit area, but is laterally extensive to the south and east. Argillic alteration in the open pit 

typically shows complete replacement of primary phenocrysts and fragments by illite " 

montmorillonite " kaolinite, and replacement of groundmass by illite or montmorillonite 

" kaolinite and fine-grained quartz, whereas more distal occurrences show feldspar grains 
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and primary fragments partly to completely altered by illite or montmorillonite " 

kaolinite, and only partial replacement of groundmass. Textural preservation is highly 

variable in this alteration zone. 

 

2.6 Paragenetic Relationships 

The paragenetic sequence (Figure 2-4) and, hence, ore-genetic model developed 

in this paper for the Pierina deposit, differ significantly from those advanced by Noble et 

al. (1997) and Volkert et al. (1998). More detailed mineral assemblages for paragenetic 

stages I, II, and III are presented herein, and the relative timing of precipitation of 

covellite, enargite, and native sulphur is established. Also, this study has demonstrated 

that Au and Ag were introduced during Stage II sulphide mineralization, and were 

subsequently remobilized during Stage III oxidation by relatively low-temperature fluids 

dominated by meteoric water. The refined paragenetic sequence and ore-genetic model 

are based largely on the identification of a mineral suite inferred to represent the sulphide 

stage of mineralization, the textural relationships of these and other minerals, ICP-MS 

analyses of sulphide and oxide minerals, and stable-isotope analyses of Stage I, II, III, 

and IV minerals. With the exception of alunite and quartz, most minerals in the ore 

generally occur as extremely fine grains, requiring microscopic petrographic study. As 

noted above, gold is entirely submicroscopic, and its detailed deportment is herein 

defined for the first time. 



 

Figure 2-4. Paragenetic sequence for the Pierina Au–Ag deposit. Gold was introduced with Stage 
II pyrite and enargite, and reprecipitated in Stage III hematite and goethite. Silver was largely 
introduced with Stage II enargite, galena, sphalerite and less importantly with pyrite and 
bismuthinite–stibnite. Stage III hematite and goethite are now the dominant hosts of Au and Ag, 
but Stage IV acanthite is an important Ag carrier, and is also enriched in Au. Line thickness 
represents the relative importance of each mineral (Noble et al., 1997; Volkert et al., 1998; 
Rainbow et al., 2000). 

 

2.6.1 Stage I: hydrothermal alteration 

 Stage I is characterized by intense acid-leaching and resultant vuggy-silica 

alteration of the pumice-tuff and, more locally, the dacitic flow-dome complex and basal 

andesite. The successively enveloping quartz-alunite " pyrite, dickite " kaolinite " 

pyrophyllite " pyrite, and illite-montmorillonite " kaolinite alteration zones are inferred 

to have formed penecontemporaneously with vuggy-silica alteration. Pyrite precipitated 

during this stage, and is locally associated with rutile, as pseudomorphous replacements 

of mafic minerals in the vuggy-silica alteration zone, and with local sphalerite and galena 

as fine-grained disseminations in the argillic alteration zone. Rare and restricted areas of 

unoxidized quartz-alunite alteration at depths greater than 190 m show alunite with 
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coeval, coarse-grained euhedral pyrite, but occurrences of micrometer-scale inclusions of 

euhedral pyrite in alunite throughout the quartz-alunite alteration zone indicate that early 

pyrite crystallization was a deposit-wide event. Additionally, diaspore occurs intergrown 

with pyrophyllite and alunite, and is observed in vugs within the vuggy-silica alteration 

zone, implying that it formed late in this alteration stage. 

 

2.6.2 Stage II: polymetallic sulphide and barite mineralization 

 The Stage II assemblage comprises pyrite, bismuthinite-stibnite, enargite and 

barite, and, at depth, galena and sphalerite. The occurrence of pyrite overgrowths on early 

pyrite grains confirms that crystallization of this mineral continued after Stage I. This 

mineral assemblage is commonly very fine-grained and occurs mainly in vugs of the 

vuggy-silica alteration zone, but also includes veins of coarse-grained galena and 

sphalerite, rare enargite-pyrite-sphalerite breccia cements, and coarse-grained barite as 

vug-fillings and fracture coatings. Rare alabandite [MnS] occurs with pyrite in deep 

unoxidized areas of the quartz-alunite alteration zone. 

 Laser-ablation ICP-MS analysis of Stage II sulphide minerals shows 

concentrations of Au in enargite and pyrite of up to 534 ppm and 132 ppm, respectively. 

The Ag is hosted by enargite (#40057 ppm), pyrite (352-785 ppm), sphalerite (#6223 

ppm) and galena (654-649 ppm). Although both enargite and pyrite are enriched in the 

precious metals, the similarity of the Au:Ag ratio of the much more abundant pyrite to 

that of the deposit as a whole implies that pyrite was the major initial host for both Au 

and Ag. We infer that much of the Au and Ag were introduced into the deposit at this 

time as auriferous and argentian pyrite. 
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2.6.3 Stage III: low-temperature oxidation  

 Stage III is characterized by the deposit-wide oxidation of the Stage II sulphide 

assemblage, and its almost pervasive replacement by hematite and goethite. Masses of 

botryoidal Fe oxide and oxyhydroxides, ~100 :m to several millimeters in diameter, 

encrust the walls of vugs in the vuggy-silica alteration zone (Figure 2-5a) restricted 

coatings of botryoidal hematite and goethite on alunite are common throughout the 

quartz-alunite alteration zone. In addition, oxides occur as stains and locally restricted 

domains of “earthy” hematite and goethite in the argillic alteration zone. 

 Formation of the sulphide “kernels” (Noble et al., 1997) occurred at this stage. 

These occur only in the vuggy-silica alteration zone, are characterized by dark cores 

containing relict Stage II sulphides and local vug-filling native sulphur, and are 

surrounded by covellite-rich shells (Figure 2-5b), with local replacement of digenite by 

covellite. These “shells” are inferred to represent the paleo-oxidation front, where fluids 

became saturated with respect to Cu and S. Native sulphur precipitated entirely after 

covellite deposition, and fills vugs lined by covellite.  

 Much of the gold in the deposit is hosted by the hematite-goethite botryoids in the 

vuggy-silica alteration zone, and laser-ablation ICP-MS analysis shows that most of these 

bodies are enriched in both Au and Ag (Figure 2-6). Additionally, Stage III hematite and 

goethite exhibit high concentrations of Pb. Copper and Zn are also enriched, but show a 

wider range of concentrations. 

 



 

Figure 2-5. (a) Stage III hematite–goethite botryoids in pumice-tuff altered by vuggy quartz (~31 
ppm Au and ~100 ppm Ag). Sample PRN-556. (b) Sulphide kernel developed in partly oxidized 
vuggy-silica-altered pumice-tuff. Hematite–goethite botryoids fill vugs in the oxidized portion of 
the sample (dark areas in paler matrix). The covellite-rich rim (dark boundary) represents the 
paleo-oxidation front, whereas the dark gray core hosts the unoxidized Stage II sulphide 
assemblage, with Stage III vug-filling native sulphur. (c) Photomicrograph (transmitted light, 
crossed polarizers) of coarse-grained, disseminated alunite that replaced a fragment in quartz–
alunite-altered pumice-tuff. (d) Photomicrograph (transmitted light, crossed polarizers) of fine-
grained disseminated alunite that replaced a feldspar phenocryst in late dacite. 
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Figure 2-6. Laser-ablation ICP-MS data for selected Stage III hematite-goethite assemblages. 
Black: Au (ppm); gray: Ag (ppm). See appendices A and B for sample locations. 

 

 This Pb, Zn, and Cu enrichment, together with the elevated concentrations of Au 

and Ag, lends strong support to a model in which Stage III hematite and goethite formed 

through the destruction of the similarly polymetallic Stage II sulphide assemblage, but 

does not identify the provenance of the oxidizing fluids. However, goethite *D and *18O 

values of -191 to -155 ‰ and -8.2 to -2.0 ‰, respectively, and the similar low *18O 

values of hematite (-8.8 to -4.9 ‰) indicate formation temperatures of ~50 EC, from 

fluids that plot parallel to the meteoric water line (Yapp, 1987; Yapp, 1990; Yapp and 

Pedley, 1985). 

 The relative volumes of hematite-goethite, pyrite, and enargite, and their Au and 

Ag contents, confirm that hematite-goethite precipitation controlled the main Au-fixing 

event in the Pierina deposit in its ultimate form. However, the Au:Ag ratio for this 

assemblage, ~0.54, is almost four times that of the deposit, ~0.14. This implies that Stage 

III oxidation involved remobilization and reprecipitation, in a less refractory form, of Au 

originally introduced in Stage II, whereas Ag may have been remobilized, and was 

possibly deposited later during Stage IV as acanthite. 
  28
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2.6.4 Stage IV: precipitation of barite and acanthite 

 Stage IV, characterized by the crystallization of barite and acanthite, overlapped 

to a limited extent with Stage III oxidation, as some vug-fillings record local alternation 

between barite and hematite-goethite precipitation. Barite largely occurs as clear, 

euhedral crystals that lie on the surfaces of botryoidal hematite and goethite, or as 

intimate intergrowths with acanthite in vugs. 

 

2.6.5 Stage V: supergene processes 

 Stage V saw the local formation of Fe oxides and oxyhydroxides, much as 

staining along fractures throughout the deposit. Veins of cryptomelane 

[K(Mn4+,Mn2+)8O16] cut argillically altered and oxidized zones at the southern limit of the 

deposit. 

 

2.6.6 Alunite occurrences of uncertain paragenesis 

 Alunite occurring as fine-grained breccia matrices, as coarse, open-space fillings, 

and as friable bodies with quartz, appear to cross-cut Stage I quartz-alunite alteration, but 

may have been emplaced at any time in this alteration event. Given the paucity of cross-

cutting relationships between these bodies and the Stage II, III, IV, and V mineral 

assemblages, their paragenetic context remains uncertain, pending further Ar-Ar 

geochronology. 
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2.7 Descriptions of Alunite Types 

2.7.1 Disseminated alunite 

 Disseminated alunite is the most common type at Pierina, and occurs as a 

replacement product of primary minerals or fragments in the felsic hypabyssal-to-

intrusive units, as well as of breccia fragments. Alunite completely replaces feldspar 

grains and inferred pumice fragments, with some volume loss, and also occurs intergrown 

with quartz throughout the groundmass of quartz-alunite altered rocks. Rocks with 

disseminated alunite typically consist of ~20% alunite and 80% quartz, and are white, 

buff, or various shades of pink and orange.  

 XRD studies coupled with EPMA analysis of disseminated alunite indicate that 

the majority of grains approach the end-member composition, but that limited Na 

substitution occurs throughout the quartz-alunite alteration zone. Molar ratios  

[Na / (Na+K)] in alunite range as high as ~0.5, but are more commonly <0.2. 

Natroalunite [Na / (Na+K) = >0.5] occurs locally in the quartz-alunite alteration zone, but 

is invariably subordinate to alunite. Molar Na contents for natroalunite range from ~0.6 

to 0.8, with most approaching the latter value.  

 Disseminated alunite displays a wide variety of grain sizes, ranging from 

cryptocrystalline masses to clusters of hexagonal plates as large as several millimeters in 

diameter. This alunite type exhibits interference colours that range from first-order gray 

to second-order green, but are commonly second-order yellow to blue. These variations 

in birefringence are independent of grain size and Na content (Figure 2-5c, d). 

 Euhedral, pseudocubic, zoned APS inclusions, ~10 to 40 :m in diameter, have 

been identified in the centres of some grains of disseminated alunite (Figure 2-7a). The 
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microscopic size of the inclusions precludes the quantitative identification of each zone, 

but EPMA analysis and SEM imaging record strongly corroded Ca-P-S-bearing cores and 

Sr-Ba-S-rich rims, and they are tentatively identified as woodhouseite-walthierite-

svanbergite members of the alunite supergroup (Figure 2-7b). Such inclusions are 

common in high-sulphidation epithermal systems, and similar occurrences have been 

documented from the Nansatsu district, Japan (Hedenquist et al., 1994), Summitville, 

Colorado (Stoffregen and Alpers, 1987), and Rodalquilar, Spain (Arribas et al., 1995). At 

Pierina, these inclusions are most abundant in fragments of inferred altered pumice of the 

pumice-tuff unit and, because the inclusions represent the earliest mineral of the alunite 

supergroup in this alteration zone, we infer that the hydrothermal fluids attacked these 

easily altered bodies before the primary phenocrysts and groundmasses of the host rocks. 

There is no evidence that the APS minerals record direct replacement of, e.g., plagioclase 

or apatite. 

2.7.2 Porcelaneous alunite 

 Porcelaneous alunite is white, buff, or various shades of pink, and occurs as hard, 

cryptocrystalline breccia matrices (Figure 2-7c). Although similar microscopically to 

fine-grained disseminated alunite, it occurs in massive domains, and does not replace 

primary minerals or fragments. The grains exhibit a limited range of size, from 10 to 100 

:m, and occur either as cryptocrystalline masses or felted aggregates of platy crystals 

(Figure 2-7d). Hand specimens appear monomineralic, but XRD and petrographic 

analyses coupled with SEM imaging show that porcelaneous alunite is intergrown with 

variable amounts of quartz. 



 

Figure 2-7. (a) Photomicrograph (transmitted light, uncrossed polarizers) of APS inclusion (as 
indicated) in Stage I disseminated alunite-altered pumice fragment. (b) SEM image of APS 
inclusion, different from that in (a), showing a corroded Ca–P-bearing core and Sr–Ba-bearing 
rim in zoned Na-rich alunite (Na), with (q) quartz. (c) Porcelaneous alunite, finely intergrown 
with quartz, as hydrothermal breccia matrix. (d) SEM image showing felted aggregate of platy, 
porcelaneous alunite, in a breccia matrix. (e) Vein of coarse, open-space-filling alunite (paler), 
that cuts oxidized Stage I quartz–alunite alteration. (f) Photomicrograph (transmitted light, 
crossed polarizers) of coarse open-space-filling alunite. 
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Birefringence is generally low (first-order gray to yellow) due to the small grain size, but 

attains second-order blue in coarser specimens. XRD investigations of porcelaneous 

alunite reveal limited Na substitution [Na / (Na+K) = ~0.1]. Natroalunite has not been 

identified. The fine grain size of porcelaneous alunite precludes the identification of APS 

inclusions. 

 

2.7.3 Coarse, open-space-filling alunite 

 Coarse-grained alunite, rare at Pierina, consists of crystals ~3-15 mm in length 

that occur as monomineralic, buff to pale pink veins and coatings on breccia fragments 

(Figure 2-7e). Unlike the disseminated form, coarse-grained alunite does not replace 

primary minerals or inferred pumice fragments, but occurs as open-space fillings. Clear 

and colourless in thin section, grain forms are locally rhombohedral with parallel 

extinction, but are typically “plumose” and show radial extinction (Figure 2-7f). 

Birefringence is highly variable, from first-order gray to second-order green, but is 

commonly second-order pink to blue. XRD analysis indicates that Na substitution is 

similar in extent to that in disseminated alunite, ranging from molar (Na / (Na+K) = ~0.1 

to as high as ~0.4. However, natroalunite has not been identified as a distinct phase. Rare 

euhedral pyrite inclusions have been observed in some grains, but coarse, open-space-

filling alunite is free of APS inclusions. 

 

2.7.4 Friable alunite 

 Friable bodies of alunite and quartz are uncommon in much of the Pierina deposit. 



They characteristically form vertically oriented bodies up to several meters in width and 

have ambiguous paragenetic relationships to the surrounding, Stage I quartz-alunite and 

vuggy-silica alteration. Locally, as on the 4150 m level at the south-western margin of the 

deposit, these bodies merge upwards to form discontinuous mantos immediately beneath 

argillized hanging-wall rocks. 

 The friable and fine-grained nature of this alunite precludes optical microscopic 

analysis, but SEM imaging shows that its grain-size ranges from ~10 to 50 :m, and that 

both hexagonal plates and pseudocubic grains are represented. Associated quartz crystals 

are commonly euhedral, and locally display conchoidal fractures (Figure 2-8). XRD 

analysis shows highly variably quartz:alunite ratios, and identifies accessory hematite, 

rutile and, in one sample, zircon. Alunite exhibits only limited Na substitution, wherein 

Na / (Na+K) = ~0.2 moles, but natroalunite occurs as a distinct phase in all friable 

specimens, with compositions of ~0.7-0.8, similar to those of alunite of the disseminated 

variety. APS inclusions have not, however, been identified. 

 

 

Figure 2-8. SEM image of friable alunite with quartz, showing euhedral quartz grains (q) and 
small hexagonal plates of alunite (al). 
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2.8 Stable-Isotope Compositions 

 As part of an ongoing investigation, values of *34S and *18OSO4 were determined 

for each type of alunite, viz., disseminated, porcelaneous, coarse, open-space filling, and 

friable mixtures with quartz (Table 2-1), to provide information on the source of S for the 

various types of alunite, their relative temperatures of precipitation, and the processes by 

which each formed. The *34S values and )34Salu-py precipitation temperatures were also 

determined for disseminated alunite and pyrite occurring in textural equilibrium (Table 

2-2), an assemblage found only in rare and restricted unoxidized zones of the deposit. 

The *34S and *18OSO4 values were also determined for Stage II and IV barite, and *34S 

values were obtained for Stage I and II sulphides and Stage III covellite and native 

sulphur. 

2.8.1 Stage II sulphides, barite and Stage III native sulphur 

 The *34S values (Figure 2-9) of Stage I pyrite (-2.8 to +2.9 ‰), sphalerite  

(+1.8 ‰) and galena (-1.5 ‰), and Stage II pyrite (-2.3 to +3.2 ‰), sphalerite (+1.8 to 

+2.6 ‰), galena (-1.3 to -0.5 ‰), bismuthinite-stibnite (-2.9 ‰), enargite (-1.1 to  

+0.2 ‰) and barite (+23.6 to +27.4 ‰) are consistent with a magmatic source for S 

(Ohmoto and Rye, 1979). Minerals inferred to have precipitated during the subsequent 

oxidation stage, and that exist only at the paleo-oxidation front represented by the 

margins of the “sulphide kernels”, have similar values, respectively -0.6 to +1.9 ‰ for 

covellite and -1.5 to +2.6 ‰ for native sulphur (Figure 2-9). 

 



 

Table 2-1. Summary of isotopic data for Pierina alunite. 

 

These values are also consistent with a magmatic source, and support the existence of a 

closed system, with no addition of “external” S by the oxidizing fluids. 

2.8.2 Disseminated alunite 

 Disseminated alunite is the most common type at Pierina, and represents 

processes that dominated the early stages of the hydrothermal system. Disseminated 

alunite exhibits a wide range of *34S values, from +16.6 to +31.0 ‰, with most 

exceeding +24 ‰. The *18OSO4 values are also highly variable, ranging from +6.3 to 

+14.4 ‰ (Figure 2-10). 
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Figure 2-9. Histogram of δ34S values of sulphides and sulphates in the Pierina deposit. Alunite 
samples are grouped as follows: diss. I, disseminated, type I (see text); diss. II, disseminated, type 
II; diss., disseminated alunite occurring with coeval pyrite; c. o. s. f.: coarse, open-space filling. 

 

These data are comparable to those reported for alunite in broadly similar deposits, such 

as Summitville, Colorado (Rye et al., 1990, 1992) and Rodalquilar, Spain (Rye et al., 

1992; Arribas et al., 1995), and are generally consistent with formation of alunite from 

sulphate that equilibrated with H2S during SO2 disproportionation in a rising, condensing 

vapour-plume, supporting a magmatic-hydrothermal origin. Precipitation temperatures 

determined from rare alunite-pyrite pairs range from 179EC to 250EC (Table 2-2), with 

the majority below 200EC. These samples occur over a range in depth of ~200 m, show 

no vertical or lateral zonation in T, and indicate a limited spread of precipitation 

temperatures in the quartz-alunite alteration zone. However, precipitation temperatures 

for much of the alunite at Pierina cannot be determined using this method because almost 

all sulphide minerals have been oxidized to depths of up to 190 m below surface. Further, 

given the 6 ‰ range of Stage I pyrite, an average value for pyrite cannot reliably be used 
  37



to calculate precipitation temperatures for the remaining alunite, as errors would be up to 

100EC. Therefore, *18OSO4 data are used to investigate the alunite precipitation 

temperatures and the meteoric water interaction during Stage I, in what is now the 

oxidized zone. 

 

Figure 2-10.  Relation between δ34S and δ18OSO4 for alunite and barite in the Pierina deposit. 
Symbols are: open circles: disseminated alunite; closed squares: porcelaneous alunite; closed 
triangles: coarse, open-space-filling alunite; closed circles: friable alunite; gray diamonds: Stage 
II barite; open diamonds: Stage IV barite. 

 

 We interpret our data for disseminated alunite as falling into two groups with 

respect to *18OSO4 values and location in the deposit. Group I, with low *18OSO4 values of 

+6.3 to +9.3 l, occurs in the centre of the quartz-alunite alteration zone. Group II 

disseminated alunite, located closer to the interface between the quartz-alunite and 

quartz-alunite-dickite alteration zones, has higher *18OSO4 values, ranging from +12.1 to 

+14.4 ‰ (Figure 2-10). If the hydrothermal fluid that formed both groups had a 

consistent *18O value, the >8 ‰ range in *18OSO4 values would require that precipitation 

of alunite occurred over a temperature range of about 250EC, perhaps exceeding 450EC 

(Stoffregen et al., 1994). A similar temperature range would be required to explain the 
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spread of *34S values (Ohmoto and Lasaga, 1982). Given the identical habit of the alunite 

in the two groups, the limited extent of the quartz-alunite alteration zone, and the 

relatively small )34Salu-py-determined temperature range of 71EC, such a spread of 

precipitation temperatures would be geologically improbable if a single fluid-flow 

episode is represented. Conversely, if precipitation temperatures of alunite remained 

relatively constant, the spread of *18OSO4 values would require the oxygen isotopic 

composition of the fluid to vary by 8 ‰, and this is also considered unlikely. We 

therefore propose that the Group I alunite isotopic compositions, located along the axis of 

the quartz-alunite alteration zone, indicate precipitation at higher temperatures, with some 

meteoric water interaction, whereas the peripherally located Group II alunite, with its 

higher *18OSO4 values, indicates precipitation at lower temperatures but with a similar 

meteoric water contribution. Additionally, as hydrothermal systems of this type are 

normally the result of magmatic waters mixing with meteoric waters (Arribas, 1995), the 

high *18OSO4 values for all disseminated alunite suggest that the meteoric waters involved 

at this stage had interacted substantially with igneous country rocks, resulting in 

increased *18OSO4 values for the alunite-precipitating fluids. 

 

Table 2-2. Summary of isotopic data for coexisting alunite-pyrite pairs. 
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2.8.3 Porcelaneous alunite 

 The occurrence of porcelaneous alunite as the matrix in matrix-supported 

hydrothermal breccias strongly suggests a hypogene origin, and this conclusion is 

supported by the stable-isotope chemistry. Porcelaneous alunite exhibits limited ranges of 

*34S and *18OSO4 values, from +21.8 to +27.1 ‰ and +11.4 to +14.6 ‰, respectively 

(Figure 2-10). These overlap extensively with those of Group II disseminated alunite, and 

are consistent with a magmatic-hydrothermal origin, whereby alunite formed from 

sulphate that equilibrated with H2S during SO2 disproportionation in a rising, condensing 

vapour-plume. These *18OSO4 values are among the highest determined at Pierina and 

suggest lower depositional temperatures, similar to those of the isotopically similar 

disseminated alunite of Group II with which they are spatially associated, close to the 

outer boundary of the quartz-alunite alteration zone (Figure 2-11). However, higher 

*18OSO4 values could also indicate a larger degree of magmatic water involvement. These 

data show that porcelaneous alunite is not necessarily supergene, and may be magmatic-

hydrothermal in origin. 

2.8.4 Coarse, open-space-filling alunite 

 Coarse, open-space-filling alunite exhibits the widest spread of *34S values of all 

of the types represented at Pierina, extending from +12.9 to +26.2 ‰, but shows a very 

limited range of relatively low *18OSO4 values, from +6.5 to +8.6 ‰. Both sets overlap 

extensively with the data for Group I disseminated alunite (Figure 2-10). 



 

Figure 2-11. Map showing distribution of alunite types. Solid gray line is the proposed open-pit 
boundary, dashed bold line shows proposed division between the Group I (low δ18OSO4) and 
Group II (high δ18OSO4) disseminated alunite (see text). Symbols are: open circles: disseminated 
alunite; closed squares: porcelaneous alunite; closed triangles: coarse, open-space-filling alunite; 
closed circles: friable alunite. 

 

Although the low *18OSO4 values are consistent with the relatively high temperatures of 

Group I, these data were unexpected, in that coarse, monomineralic alunite is generally 

attributed to deposition from magmatic vapour, as at Marysvale, Utah (Cunningham et 

al., 1984). Ideally, “magmatic-steam” alunite should have *34S values close to that of the 

bulk S content of the parental magma (i.e., ~0 l: Ohmoto and Rye, 1979) because such 
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alunite forms from the complete oxidation of SO2 gas, or requires that no reduction of S 

occurred during ascent (Rye et al., 1992; Rye, 1993). Moreover, the Pierina sample with 

the highest *34S value (26.2 l) is characterized by plumose grains >1 cm in length 

(Figure 2-7e), closely resembling coarse vein alunite from Marysvale. However, the *34S 

value does not differ significantly from those of the disseminated alunite. This implies 

that the precipitation of the coarse, open-space-filling and disseminated alunite types at 

Pierina was probably the result of the disproportionation of SO2 to H2S and H2SO4 in a 

rising and condensing vapour-plume. 

 The *18OSO4 values cannot be used to differentiate between magmatic-

hydrothermal and magmatic-steam alunite because sulphate oxygen equilibrates with 

oxygen in the vapour plume in both systems. However, the consistency of the *18OSO4 

values from all samples of coarse open-space-filling alunite implies a common fluid 

source, and suggests deposition at higher temperatures. Additionally, this type of alunite 

is spatially associated with Group I disseminated alunite of similar isotopic composition, 

inferred to have precipitated at comparably higher temperatures (Figure 2-11).  

 

2.8.5 Friable alunite 

 Friable alunite at Pierina has *34S and *18OSO4 values ranging from +16.2 to 

 +19.3 ‰ and +7.6 to +9.2 ‰, respectively. The *18OSO4 values are similar to those for 

Group I disseminated alunite and for the coarse, open-space-filling alunite. The *34S 

values, although generally lower than those for disseminated alunite, overlap the Group I 

field (Figure 2-10). Such friable textures are widely accepted to represent “acid leaching” 
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(Sillitoe, 1993), wherein alunite forms through the complete oxidation of magma-derived 

H2S gas, at or above the watertable. Thus, steam-heated alunite caps epithermal systems 

(Sillitoe, 1993), and ideally has *34S values of ~0 ‰ (Rye et al., 1992). At Pierina, much 

of the friable alunite-quartz occurs as dike-like bodies that may represent “steam-heated” 

veins extending downward from either a poorly formed, or largely eroded acid-leached 

blanket. However, all known friable alunite bodies at Pierina occur ~50 m below the 

uppermost extent of preserved disseminated quartz-alunite alteration, which must have 

formed below the watertable. However, the *34S values are significantly higher than is 

usual for this type of alteration. The location of the friable alunite at Pierina suggests that 

the position of the watertable changed significantly during the lifetime of the deposit, and 

if a steam-heated environment is recorded by the friable alunite, the anomalous *34S 

values may be due either to the overprinting of early steam-heated alunite (*34S = ~0 ‰) 

by later disseminated alunite (*34S = ~ +24 ‰) if the watertable ascended during 

alteration, or to the overprinting of disseminated alunite by later, steam-heated fluids. 

Conversely, such high *34S values could be the result of loss of significant amounts of 

H2S gas from the system during steam-heated alteration. It is also possible that the friable 

alunite is magmatic-hydrothermal in origin, and that the *34S values simply record higher 

deposition temperatures. Indeed, the friable alunite is spatially associated with 

disseminated alunite of similar isotopic composition (Figure 2-11). 

 The *18OSO4 values are less diagnostic of a steam-heated environment because 

they are affected by oxidation temperature, the source of oxygen (air vs. water), and the 

degree of exchange of aqueous sulphate with the surrounding fluids. The values therefore 
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encompass a wide range, overlapping those for magmatic-hydrothermal alunite (Rye et 

al., 1992). 

 

2.8.6 Stage IV barite 

 The *34S and the *18OSO4 values for Stage IV barite fall between +1.1 and  

+14.1 ‰ and -2.8 and +4.9 ‰ respectively (Figure 2-10) and indicate a supergene origin 

with sulphate derived from the oxidation of relict Stage I and II sulphides. These data 

imply that there was no major change in the source of S throughout the fluid activity at 

Pierina and that Stage IV barite precipitated from relatively unexchanged meteoric 

waters. 

 

2.9 Conclusions 

 The Stage I sulphides have isotopic compositions similar to those of Stage II, both 

exhibiting *34S values close to 0 ‰, indicating a common magmatic-hydrothermal origin. 

Stage II sulphide mineralization introduced Au and Ag into the deposit, but during Stage 

III oxidation by cool meteoric waters, Au and Ag were mobilized and subsequently 

reprecipitated in bodies of hematite-goethite. However, much of the Ag may have been 

subsequently remobilized, only to reprecipitate during Stage IV as acanthite. The *34S 

values of Stage III covellite and native sulphur, forming only at the paleo-oxidation front 

represented by sulphide-kernel boundaries, are similar to those for Stage II sulphides, and 

indicate that little addition of external S occurred during incursion of Stage III oxidizing 

fluids. 
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 The *34S and *18OSO4 values for all alunite types (disseminated; porcelaneous; 

coarse, open-space filling; and friable), range from +12.9 to +31.0 ‰ and +6.3 to  

+14.6 ‰, respectively. Alunite-pyrite pairs from local unoxidized zones at depth yield a 

limited temperature range of 179 EC to 250 EC, with the majority below 200 EC. Alunite 

with *18OSO4 values less than 10 ‰, regardless of mode of occurrence and grain size, 

developed in the core of the alunite alteration zone, and represents deposition at higher 

temperatures with a moderate contribution of meteoric water. These axial alunite types 

include Group I disseminated, coarse, open-space-filling, and friable forms. Conversely, 

alunite with *18OSO4 values exceeding 10 ‰ is restricted to the outer part of the quartz-

alunite alteration zone, the values indicating precipitation at cooler temperatures, but with 

similar exchanged meteoric water involvement. These alunite types include the Group II 

disseminated and the porcelaneous varieties. Additionally, *18OSO4 values for all alunite 

indicate that meteoric waters interacted substantially with the igneous host rocks, whereas 

*18OSO4 values for Stage IV barite record a less-exchanged meteoric water.  
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Chapter 3 

ISOTOPIC EVIDENCE FOR MICROBIAL ACTIVITY DURING SUPERGENE 

OXIDATION OF A HIGH-SULPHIDATION EPITHERMAL AU-AG DEPOSIT 

3.1 Abstract 

The light stable isotope chemistry of barite and acanthite in the Pierina Au-Ag 

deposit, Perú, provides strong support for microbial involvement at the economically 

critical supergene oxidation stage. Early hypogene barite yields δ34S values of +23.6 to 

+28.5 ‰ and δ18O values of +5.8 to +10.9 ‰, and precipitated with the original precious 

metal-enriched sulphide assemblage. In contrast, late barite, deposited during formation 

of supergene goethite and hematite, the main ore-hosts, yields δ34S and δ18O values of 

+1.4 to +14.2 ‰ and -2.8 to +4.7 ‰, correlated mutually and with the δ34S values of 

coprecipitated acanthite (δ34S = +0.4 to +3.9 ‰). Low δ34S values of barite and acanthite 

record sulphide mineral oxidation by meteoric waters. Increasing δ34S and δ 18O values of 

barite and δ34S values of acanthite indicate enrichment of the sulphate reservoir in 34S and 

18O, reflecting the preferential utilization of light isotopes by microbes during aqueous 

sulphate reduction. Continued sulphate reduction locally reduced supergene fluids, 

remobilizing iron and locally destroying the goethite-hematite assemblage. Precious 

metals were released but reacted with sulphide in the reduced waters to form Au-rich 

acanthite. 
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3.2 Introduction 

 High-sulphidation epithermal Au-Ag deposits are major exploration targets, both 

because of their great size potential and their susceptibility to supergene oxidation 

(Cooke and Simmons, 2000), which converts metallurgically refractory aurian and 

argentian sulphides to oxides amenable to low-cost cyanide lixiviation. Factors that 

influence the rate and efficiency of oxidation in these deposits include their shallow 

emplacement and widespread porous and permeable vuggy-quartz alteration, abetting the 

early incursion of oxidized meteoric water. In addition, it is recognized that the oxidation 

of sulphides at Earth’s surface is, in part, a microbially mediated process (e.g., Nordstrom 

and Southam, 1997; Rawlings, 2002; Johnson and Hallberg, 2003). It is therefore 

probable that the oxidation of sulphide deposits and the subsequent development of 

supergene ore minerals are similarly microbially assisted. Physical and geochemical 

evidence for this involvement is, however, scarce: microbes are rarely unambiguously 

fossilized (Sillitoe et al., 1996) and the stable isotopic compositions of most supergene 

minerals reflect concomitant, and presumably dominant, abiotic oxidation processes. 

Thus, although several studies have postulated microbial involvement during the 

supergene alteration of Cu-bearing deposits (e.g. Melchiorre and Williams, 2001; 

Melchiorre and Enders, 2003), the role of microbes in supergene ore deposit development 

remains largely unexplored, even in superficial epithermal environments. We herein 

document light stable isotope data from a major epithermal Au-Ag deposit which we 

interpret to record the presence of microbes during the formation of the goethite–hematite 

hosted supergene ore. 



3.3 Geologic Setting 

The Pierina high-sulphidation Au-Ag deposit, (Figure 3-1), located at 9° 26.5N S; 

77° 35N W and at 3800-4200 m a.s.l. in Ancash Department, Perú, is one of the least 

refractory Au producers in the world, with a precious metal extraction cost of $106/oz Au 

(Barrick, 2004). Au-Ag mineralization followed a 1.2 Ma history of advanced-argillic 

alteration (15.29 ± 0.20 to 14.10 ± 0.14 (2σ) Ma: alunite 40Ar/39Ar incremental-heating 

data, this study) at or close to the crest of the Middle Miocene Central Andean western 

cordillera during major uplift and pediment erosion under semi-arid conditions. 

Alteration and mineralization were focused in a permeable tuffaceous unit and, to a lesser 

extent, in an underlying dacitic flow-dome complex, both assigned to the subaerial 

Huaraz Group (Strusievicz et al., 2000). 

 

 

Figure 3-1.  Location map and schematic north-south cross-section along easting 216250 of the 
Pierina deposit showing alteration zones. Enlarged area shows approximate sample locations. 
Closed circles are Stage II barite, open circles are Stage III barite. All Stage III samples contain 
acanthite except A3 and 93. Grey circles indicate samples with both Stage II and Stage III barite. 
Heavy dashed lines are faults. Grid is in UTM; elevation is in meters above sea level. 

 

3.4 Alteration and Mineralization 

 A schematic longitudinal section of the Pierina deposit is shown in Figure 3-1 and 

its evolution is summarized in Figure 3-2. Initial, Stage I, intense, fault-controlled, 
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alteration resulted in a core of vuggy-quartz alteration surrounded successively by zones 

of quartz-alunite, alunite-dickite, dickite-kaolinite ± pyrophyllite, and illite-

montmorillonite ± kaolinite ( Rainbow et al., 2005). The resultant porous and permeable 

medium allowed the infiltration of both hypogene and later oxidizing supergene fluids. 

 

 

Figure 3-2. Simplified paragenetic sequence for the Pierina deposit. Line thickness represents the 
relative importance of each mineral (Noble et al., 1997; Volkert et al., 1998; Rainbow et al., 
2005; cf. Fifarek and Rye, 2005). 

 

Precious metals were introduced during Stage II, hosted almost entirely in the vuggy-

quartz zone, and comprising disseminated pyrite, enargite, bismuthinite-stibnite, galena 

and sphalerite, with coarse-grained, translucent barite (Figure 3-2). Laser-ablation ICP-

MS analysis shows that pyrite and enargite are enriched in both Au and Ag although 

bismuthinite-stibnite, galena and sphalerite were also important Ag carriers. The light 

stable isotope chemistry of both Stage I and Stage II assemblages predicates a magmatic-

hydrothermal origin (Rainbow et al., 2005; Fifarek and Rye, 2005). The sulphide mineral 
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assemblage was almost completely destroyed during Stage III oxidation, but paleo-

oxidation fronts (Noble et al., 1997; Volkert et al., 1998) are preserved throughout the 

vuggy-quartz zone as decimeter-scale bodies in which “shells” of vug-filling covellite 

surround cores of unoxidized Stage II sulphides and barite. Iron from dissolved sulphides 

was reprecipitated as micron-to-millimeter–sized, composite, botryoidal bodies of 

goethite and hematite. LA-ICP-MS analysis shows that the earlier-deposited and more 

abundant goethite is erratically highly enriched in Au, Ag, Bi, Sb, Pb, Hg, Sn, As and Cu, 

representing the main precious-metal host in the deposit.  

 Stage III barite and Au-bearing–acanthite mineralization was confined to the 

northern part of the vuggy-quartz zone, overlapping temporally with Fe-oxide deposition 

(Figure 3-2), which was originally attributed to oxidation by late hypogene fluids (Noble 

et al., 1997; Rainbow et al., 2000). However, Fifarek and Rye (2005) reported goethite 

δ18O values of -11.8 to +0.2 ‰, and advocated the involvement of meteoric water with 

δ18O and δD values of -19 ± 2 ‰ and -140 ± 15 ‰, respectively, a composition 

determined by projecting a “best-fit” line through earlier magmatic-hydrothermal alunite 

fluids to the meteoric water line (MWL). Thus, they suggested that goethite δ18O values 

represent exchange with andesitic volcanic rocks. Rainbow et al. (2005; this study) 

determined similar δ18O values for goethite (-8.2 to -2.0 ‰) and hematite (-8.8 to  

-4.4 ‰), but also reported δD values for goethite of -191 to -155 ‰. Goethite values 

parallel the MWL and strongly support a low temperature (≤50EC), supergene origin 

from unexchanged meteoric waters with δ18O and δD values of -10 ± 2 ‰ and  

-70 ± 15 ‰, respectively. The oxygen and sulphur isotopic compositions of the Stage III 
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barite-acanthite assemblage differ significantly from those of Stage II barite and 

sulphides, and are the focus of the present discussion. 

3.5 Barite Morphology and Paragenesis 

Although Fifarek and Rye (2005) identify only one, late-stage barite population, 

detailed petrography (Rainbow et al. (2005; this study) defines two distinct populations 

(Figure 3-2). Early, Stage II barite occurs as large (≤ 1 cm), cloudy-to-translucent, white-

to-colourless crystals with dominantly prismatic crystal forms. Crystals enclose pyrite 

euhedra, and occur in vugs, as clusters on fracture surfaces, and as 5-10 cm wide veins. 

Early barite occurs as a minor constituent throughout the orebody, almost entirely in the 

vuggy-quartz zone. The leaching of inferred barite overgrown by goethite-hematite 

botryoids formed negative orthorhombic molds, and boxwork-textured crystals occur 

throughout the deposit. Stage III goethite and hematite locally overgrew both unleached 

and partially leached barite (Figure 3-3). 

Late, Stage III (Figure 3-2) barite, also a minor constituent, differs from early 

barite in crystal habit and size, occurring primarily as micron-to-millimeter sized, 

euhedral, clear and colourless crystals with prismatic and bipyramidal forms (Figure 

3-3b). Occurrences of Stage III barite overgrowing the goethite-hematite assemblage are 

common, as are late barite-acanthite intergrowths (Rainbow et al., 2005). However, the 

latter associations have not been observed in contact with the goethite-hematite 

assemblage. Barite-acanthite intergrowths instead occur in vugs in decimeter- scale 

bleached zones in which the oxides have been destroyed (Noble et al. 1997; Fifarek and 

Rye, 2005). 



 

Figure 3-3. (a) Photomicrograph of Stage II barite overgrown by Stage III goethite-hematite 
(plane-polarized reflected light). (b) Photograph of euhedral Stage III barite crystals overgrowing 
Stage III goethite-hematite in vug. This relationship was observed in 20 samples over a vertical 
distance of ~80 m. 

 

3.6 Barite and Acanthite Stable Isotope Geochemistry 

 Sulphur and oxygen isotopic compositions of barite from the two petrographically 

defined groups differ markedly. The δ34S and δ18O values of Stage II barite (Figure 3-2), 

23.6 to 28.5 ‰ and 5.8 to 10.9 ‰, respectively, (Figure 3-4), are indistinguishable from 

those of Stage I alunite (Rainbow et al., 2005) and, in keeping with their pre-oxidation 

paragenetic context, indicate a magmatic-hydrothermal origin involving 

disproportionation of magmatic SO2 to H2S and SO4 (Rye et al., 1992). Such barite is 

common in high-sulphidation epithermal deposits (Cooke and Simmons, 2000). 
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Figure 3-4. Relation between δ34S and δ18O values (‰) for Stage II and Stage III barite. Values 
for the single barite stage of Fifarek and Rye (2005) are also plotted. δ34S values (‰) of acanthite 
are shown next to the associated barite, and increasing bleaching is indicated by the arrow. The 
range of δ34S values for Stage I and II sulphides is shown, as is the δ18O value of Stage III 
meteoric water (Rainbow et al., 2005). 

 

 In contrast, late barite (Figure 3-2) has lower and more variable δ18O (-2.8 to  

+4.7 ‰) and δ34S (+1.4 to +14.2 ‰) values (Figure 3-4), which are positively correlated. 

Acanthite in textural equilibrium with late barite also yields variable δ34S values of +0.4 

to +3.9 ‰, again broadly correlated with those of the associated barite. Further, increases 

in the δ34S and δ18O values of the late barite and acanthite are associated with the 

intensity of iron mobilization, and with increased grain-size and abundance of the 

assemblage. Thus, the highest δ34Sbarite (+14.1 ‰), δ34Sacanthite (+3.9 ‰) and δ18Obarite 

(+4.7 ‰) values are from the coarsest and most abundant barite-acanthite assemblage in a 

sample that exhibits the most intense and extensive degree of bleaching. 
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3.7 Origin of Late-Stage Barite and Acanthite 

 It has been proposed (Fifarek and Rye, 2005; Rye, 2005; Bethke et al., 2005) that, 

at Pierina, as in other high-sulphidation epithermal deposits, barite isotopic values record 

mixing of magmatic-hydrothermal and steam-heated (sensu Sillitoe, 1993) fluids. 

However, recognition of the two paragenetically distinct populations shows that there 

was an hiatus in barite precipitation at Pierina, strongly suggesting that Stage II and III 

barite precipitated from separate and distinct fluids. Further, the geological and 

geochemical evidence for steam-heated activity at Pierina is unconvincing. Thus, friable 

alunite such as is considered characteristic of the steam-heated environment yields high-

quality 40Ar/39Ar plateau ages of 15.29 ± 0.20 to 15.22 ± 0.15 Ma, recording the earliest 

hydrothermal alteration, preceding the major Stage I alteration which persisted until at 

least 14.10 ± 0.14 (2σ) Ma (Figure 3-2). Moreover, such alunite at Pierina has δ34S values 

of +16.2 to +19.3 ‰ (Rainbow et al., 2005), much higher than those indicative of a 

steam-heated origin, i.e., ~0 ‰ (Rye et al., 1992). Contrasted models proposed for the 

origin of these elevated values include the loss of H2S from the system (Rainbow et al., 

2005) and isotopic exchange between H2S and aqueous sulphate (Fifarek and Rye, 2005). 

Both models predicate the enrichment of sulphate in 34S and thus exclude this sulphate as 

the requisite isotopically light (δ34S = ~ 0 ‰) end-member reservoir. In contrast, 

supergene processes can readily explain the lowest barite δ34S and δ18O values, sulphur 

and oxygen being derived from the almost complete oxidation of the early sulphide 

assemblages. The resultant aqueous sulphate would have δ34S values of ~ +1 ± 3 ‰, 

reflecting the compositional range of Stage I and II sulphide minerals (Figure 3-4). Local 

meteoric waters at the time of supergene oxidation had δ18O values of ~ -12 to -8 ‰ 
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(Rainbow et al., 2005), and therefore the δ18O values of supergene sulphate would be 

~ -5 ‰, if abiotic oxidation of the pyrite-dominated sulphide assemblage by atmospheric 

oxygen is assumed (Taylor et al., 1984a). Such values are in agreement with the lowest 

δ18O values of the late barite assemblage (Figure 3-4). 

 It is unlikely that the high and variable δ34S and δ18O values of late barite record 

hypogene conditions because the δ18O and δD values of the largely preceding goethite-

hematite assemblage indicate precipitation from an unexchanged meteoric water 

(Rainbow et al., 2005 and this study; cf. Fifarek and Rye, 2005). Although local 

dissolution of early magmatic-hydrothermal barite and, possibly, alunite would yield 

isotopically similar sulphate, the small amount of sulphate produced through this process 

would be overwhelmed by that generated from sulphide mineral oxidation. Finally, barite 

and acanthite yield impossible isotopic equilibration temperatures of over 500EC.  

3.8 Evidence for Microbial Activity 

 The mixing of two sulphate sources therefore fails to explain either the δ34S and 

δ18O values of the Stage III barite-acanthite assemblage or the association of increasing 

values with more intense iron mobilization. Rather, these data imply the existence of a 

single, sulphate-bearing fluid that evolved geochemically during barite-acanthite 

precipitation, aqueous sulphate becoming progressively enriched in 34S and 18O, coupled 

with local fluid reduction which led to iron mobilization and hence the local destruction 

of the goethite-hematite assemblage. These observations can, we propose, be explained 

through the microbial reduction of aqueous sulphate, a process recorded by both the δ34S 
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and δ18O values of the Stage III barite-acanthite assemblage, and the associated bleaching 

of the host rocks. 

 The supergene paragenetic context of this assemblage strongly suggests that 

microbes were active during its formation, and contributed to the oxidation of sulphides. 

The presence of important iron-oxidizing organisms previously referred to as T. 

ferrooxidans (Kelly and Wood, 2000) has been shown to increase significantly the δ18O 

value of aqueous sulphate formed during oxidation, while δ34S values reflect the sulphur 

isotopic composition of the original sulphide assemblage (Taylor et al., 1984a; Taylor et 

al., 1984b). However, Stage III barite and acanthite show correlated enrichment trends in 

δ34S and δ18O, indicating that the process recorded by the isotopes was not the oxidation 

of the sulphide assemblage. The potentially diverse nature of microbial fauna in oxidizing 

systems (Johnson and Hallberg, 2003) renders it highly probable that sulphate-reducing 

bacteria were locally active in the deposit during sulphide mineral oxidation. Because 

microbes preferentially utilize the light stable isotopes 32S and 16O during aqueous 

sulphate reduction, the residual sulphate reservoir became progressively enriched in both 

34S and 18O (Mizutani and Rafter, 1973). Barite and acanthite precipitating from a fluid 

during this process would have progressively higher δ34S and δ18O values, such as those 

documented at Creede, Colorado, where bacteriogenic reduction of aqueous sulphate 

resulted in barite with δ34S values of ca. +4 to +35 ‰ and δ18O values of ca. +1 to +17 ‰ 

(Rye, 2005). Further plausible evidence for microbial reduction of sulphate are the 

boxwork-textured barite crystals and the negative orthorhombic molds of now completely 

dissolved Stage II barite. Barium is mobile only at very low pH, and the absence of 

jarosite at Pierina suggests that pH levels remained above ~2 and within the barite 
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stability field during supergene oxidation. The microbial dissolution of barite is a well 

established process (Bolze et al., 1974; McCready and Krouse, 1980) and the destruction 

of barite in the supergene environment strongly suggests that sulphate-reducing microbes 

were locally active at Pierina. Additionally, this process mobilized Ba2+ which was 

subsequently reprecipitated as the Stage III barite population, the low solubility of barite 

probably causing rapid precipitation, explaining the close spatial association of Stage III 

barite with the Stage II barite. 

 It is proposed that aqueous sulphate reduction also resulted in the production of 

H2S, which locally reduced the supergene fluids. The absence of pyrite, goethite and 

hematite in the vugs of bleached areas indicates that Fe2+ locally became stable, resulting 

in iron mobilization and the destruction of the ore-bearing goethite-hematite assemblage. 

Mobilized precious metals combined with sulphide in the reduced waters to precipitate 

Au-bearing acanthite, and the absence of this mineral in unbleached areas strongly 

suggests that dissolution of goethite and hematite was required in order to release the 

precious metals necessary for its formation. 

 The highest Ag grades at Pierina coincide with the distribution of the Stage III 

barite-acanthite assemblage. The close spatial relation of this assemblage to Stage II 

barite, coupled with the association of Au-bearing acanthite with iron mobilization, 

implies that Stage III barite and Au-bearing acanthite were reprecipitated close to the 

sites of Ba, Au and Ag dissolution, a process involving only minor and local enrichment 

of precious metals.  



  58

3.9 Conclusions 

 The almost completely oxidized Pierina deposit hosts two distinct barite 

populations. Early barite is hypogene in origin and yields δ34S and δ18O values of +23.6 

to +28.5 ‰ and +5.8 to +10.9 ‰, respectively. Late barite precipitated during supergene 

activity and yields variable and correlated δ34S (+1.4 to +14.2 ‰) and δ18O (-2.8 to  

+4.7 ‰) values that cannot be explained through the involvement of magmatic-

hydrothermal and steam-heated sulphate reservoirs (cf. Fifarek and Rye, 2005). Rather, 

increasing values record the enrichment of 34S and 18O in supergene aqueous sulphate as 

a result of the preferential utilization of light isotopes by microbes during aqueous 

sulphate reduction. To our knowledge, this is the first documented evidence of microbial 

activity during the supergene oxidation of a high-sulphidation epithermal deposit. We 

consider it probable that microbes were also involved in the economically important 

oxidation of the original precious metal sulphide assemblage, and thus contributed to the 

formation of a world-class deposit. 
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Chapter 4 

GENESIS OF THE PIERINA HIGH-SULPHIDATION EPITHERMAL GOLD-SILVER 

DEPOSIT, ANCASH, NORTH-CENTRAL PERÚ 

4.1 Abstract 

The middle Miocene Pierina high-sulphidation epithermal Au-Ag deposit, located 

in the Cordillera Negra of north-central Perú (9E 26.5΄ S; 77E 35΄ W), contains ~ 8 Moz 

Au, hosted almost entirely in a non-refractory supergene Fe-oxide assemblage with 

mineralization largely confined to a 16.9 Ma dacitic pumice-lithic tuff. Pyritic, but 

barren, precursor advanced-argillic alteration (Stage I) occurred at 15 Ma and 14.4 Ma. 

The former, Stage Ia, was confined to deeper levels of the deposit, but the latter (Ib) 

produced a near-surface, subhorizontal, tabular zone of vuggy quartz, surrounded 

successively by quartz-alunite, quartz-dickite, and illite-montmorillonite alteration. Both 

alteration events were coeval with phyllic and argillic alteration at the 4 km-distant Santo 

Toribio deposit (9E 29΄ S; 77E 35΄ W), where intermediate-sulphidation Ag-Pb-Zn (-Cu, 

As) veins formed at 14.4 Ma, during small-scale, andesitic volcanism (14.5 Ma), 

representing the terminal magmatism of the Calipuy Supergroup. 

 Stable-isotope values show that all advanced-argillic alteration at Pierina was 

generated by mixed magmatic and meteoric fluids. Stage Ia alunite precipitated at 285-

335EC from fluids with δD and δ18O values of -56 to -45 ‰ and +0.6 to +5.3 ‰, 

respectively. The main, 14.4 Ma, alteration event involved a greater component of 

exchanged meteoric waters, with alunite precipitating dominantly below 250EC from 

fluids with δ18O -4.0 to + 6.3 ‰ and δD values of -65 to -26 ‰. Peripheral clay minerals 
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are in equilibrium with variably exchanged meteoric waters that mixed with lesser 

amounts of magmatic waters, and give δ18O and δD values of -4.3 to +4.2 ‰ and -79 to -

56 ‰, respectively. The spatial distribution of all Stage I δDfluid values indicate an abrupt 

mixing interface between magmatic and meteoric fluids in the epithermal environment. 

 Disseminated and veinlet, high-sulphidation, sulphide-barite mineralization (Stage 

II) entirely postdated hydrothermal alteration, and introduced precious metals into the 

deposit, with Au and Ag structurally bound in pyrite and enargite. The nature of Stage II 

mineralization is consistent with precipitation at ~ 200EC from an inferred low-to-

medium salinity magmatic fluid, and with gold transportation as HS- complexes. 

 A ca. 14.1 Ma 40Ar/39Ar age for supergene alunite records the rapid onset of Stage 

III supergene activity, which occurred through the incursion of unexchanged local 

meteoric waters (δ18O= -10 ± 2 ‰; δD= -70 ± 15 ‰), as determined from supergene 

goethite and hematite. This resulted in the near-total destruction of the hypogene sulphide 

assemblage, enargite being replaced by spionkopite/yarrowite prior to the precipitation of 

covellite and native sulphur, and then to schwertmannite, goethite, and hematite. 

Supergene processes were facilitated by microbial activity, recorded by the stable-

isotopic compositions of supergene barite and acanthite. Schwertmannite is enriched in 

Au, Ag, Bi, Sb, As, Sn, Pb, Cu and S, and effectively adsorbed metals released from the 

oxidizing sulphides, prior to goethite and hematite precipitation. 

The Pierina deposit formed in a dynamic environment of uplift and 

pedimentation, which are inferred to have initiated the retrograde boiling of a subjacent 

parental magma chamber (Stage Ia) with renewed magma incursion triggering the 
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second, Stage Ib, alteration event. Both fluid exsolution events occurred within the two-

phase stability field for the system H2O-NaCl. Saline fluids migrated to Santo Toribio 

and formed intermediate-sulphidation alteration and mineralization. The ascent of the two 

aliquots of SO2-rich vapours, at 15 Ma and 14.4 Ma, effectively altered the fluid 

pathways beneath Pierina to pyrite-bearing argillic and advanced-argillic - assemblages. 

The subsequent single-phase, H2S-rich mineralizing fluid exsolved from a retracting 

crystallization front at higher temperatures and pressures, and rose to the epithermal 

environment without undergoing phase separation. Its passage through the previously 

altered rocks minimized the loss of S- and H+ to the wallrocks, optimizing the transport of 

Au as AuHS0. The abrupt displacement of the watertable through pediment incision 

promoted the lateral flow of fresh groundwaters into the epithermal environment, where 

they mixed with AuHS0-bearing solutions and precipitated gold. Meteoric waters also 

optimized conditions for microbial activity in the supergene environment, and played a 

central role in the generation of economic mineralization. 

4.2 Introduction 

 The Pierina gold-silver deposit, with a resource of ~ 7 M oz Au, is located at 

Latitude 9E 26.5΄ S, Longitude 77E 35΄ W, 10 km northwest of the city of Huaraz in 

central Ancash Department (Figure 4-1A). With an average cash operating cost of less 

than US $100 per ounce, resulting from quasi-pervasive oxidation, this world-class high-

sulphidation epithermal deposit cropped out at 3850-4150 m a.s.l. on the NE slope of the 

5200 m Cordillera Negra, a segment of the Cordillera Occidental (Figure 4-2). 

Hydrothermal activity in the middle Miocene long predated the development of the 



  62

glaciated Cordillera Blanca (Figure 4-2), with 33 peaks exceeding 6000 m in elevation 

recording abrupt, but localized, uplift in the footwall of a crustal-scale normal fault 

during the Plio-Quaternary (Wise and Noble, 2003; Cobbing et al., 1981). Bedrock 

mining for precious metals in this area commenced in Spanish colonial times and, by the 

mid-20th Century, was focused on mid-Miocene, predominantly intermediate-

sulphidation, epithermal silver-polymetallic vein swarms in the Cordillera Negra 

(Bodenlos and Ericksen, 1955; Bodenlos and Straczek, 1957), including those of the 

Santo Toribio (Jecanca) camp (Figure 4-2). However, strictly high-sulphidation Au-Ag 

mineralization was not identified in this region until the recognition of the significance of 

the vuggy quartz alteration at Pierina in 1994 (Lowell, 1997). With the discovery of the ~ 

10 M oz Lagunas Norte deposit in La Libertad Department in 2001 (Figure 4-1A), the 

Pierina deposit ostensibly defines the southern boundary of a coherent middle Miocene 

gold-copper province extending north to the > 50 M oz Yanacocha cluster, Cajamarca 

Department (Figure 4-1A), and providing a mirror image of the broadly coeval El Indio-

Pascua-Maricunga-Alumbrera Au-Cu subprovince of north-central Chile and adjoining 

Argentina, south of the Bolivian orocline (Figure 4-1B).  

 The Pierina deposit conforms in many salient respects to widely accepted models 

for high-sulphidation epithermal mineralization, particularly in its alteration facies and 

their areal pattern (e.g., Sillitoe, 1993; Arribas, 1995; Cooke and Simmons, 2000). 

However, several geological features of the deposit are germane to ongoing controversies 

regarding the origin of such deposits. 

 



 

 

 

 

 

Figure 4-1: A. Location map of important high-sulphidation epithermal Au-Ag occurrences in 
Perú. Square black outline indicates extent of regional map (Figure 4-2). B. Distribution of 
Andean Au-Cu and Cu-dominated transects in the central Andes, showing a broad bilateral 
symmetry relative to the Bolivian orocline (simplified from Sasso and Clark, 1998). 
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Figure 4-2: Regional geologic map of central Ancash Department, north-central Peru, showing 
the locations of the Pierina and Santo Toribio deposits. Geology compiled and modified after 
Wilson et al. (1967; 1995) and Cobbing et al. (1996). 
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These include the paragenetic disposition and sulphidation state of precious metals (e.g., 

Einaudi et al., 2003; Heinrich et al., 2005); the formation environment and, hence, 

exploration significance of the diverse textural habits of hydrothermal alunite (e.g., Rye 

et al., 1992; Sillitoe, 1993); the relative contributions of magmatic and meteoric fluids to 

Au mineralization (e.g., Deyell et al., 2005a); the spatial, temporal and genetic 

relationships to intermediate-sulphidation epithermal and Cu-Au porphyry mineralization 

(e.g., Gustafson et al., 2005); the longevity of the epithermal activity (e.g., Marsh et al., 

1997; Bendezú et al., 2008); the controls on the economically critical oxidative 

destruction of the auriferous hypogene sulphides (e.g., Ebert and Rye, 1997); and the role 

of contemporaneous erosional landforms in the focusing and stimulation of 

mineralization (Bissig et al., 2002). 

 This contribution extends our previous research (Rainbow et al., 2005; 2006), to 

focus on field relationships, documented during initial deposit stripping in 1996-1998, 

petrography, geochronology and stable-isotope chemistry. Our interpretation of the 

evolution of the Pierina deposit, and particularly the economically-critical oxidation 

environment, differs significantly from those proposed, by Noble et al. (1997) and 

Volkert et al. (1998), shortly after its discovery. Our paragenetic model also differs in 

numerous salient respects from that of Fifarek and Rye (2005), necessitating a critical 

discussion of stable-isotope data and their genetic implications. 
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4.3 Regional Geological Relationships 

 The Pierina and Santo Toribio deposits are located in the Quiruvilca–Pierina belt 

(Noble and McKee, 1999) of the central Andean Cordillera Negra, and in the modern 

amagmatic flat-slab transect of north-central Perú. The Cordillera Negra forms the 

western margin of the Callejón de Huaylas, a tectonically active graben in the hanging 

wall of the Cordillera Blanca fault (Figure 4-2; Wise and Noble, 2003). The Pierina and 

Santo Toribio deposits, on the eastern flank of the Cordillera Negra, are hosted in the 

Calipuy Supergroup, a regionally extensive succession of subaerial volcanic rocks. 

Recent reclassification (Strusievicz et al., 2000) assigns the former lower Calipuy 

members to the 45.1–35.2 Ma, folded, basaltic-to-rhyolitic Chururo Group, which 

unconformably underlies the 32.3–14.1 Ma, latest Eocene to middle Miocene, largely 

undeformed, andesitic-to-dacitic Huaraz Group (previously upper Calipuy; Cobbing et 

al., 1981). Magmatism younger than 14.1 Ma is assigned to the rhyodacitic Yungay 

Formation Volcanics and the granodioritic Cordillera Blanca batholith (Figure 4-2). 

Magmatism ceased at ca. 3 Ma, coinciding with the transition to flat-slab subduction. 

The Chururo and Huaraz Group units unconformably overlie a regionally-

extensive ca. 42 Ma erosional surface that truncates strongly-folded Valanginian-to-

Aptian clastic and calcareous strata of the Goyllarisquizga Group (Figure 4-2; Benavides, 

1956; Wilson, 1967; Wilson et al., 1995). The Aymará orogenic event at ca. 26 Ma 

(Sébrier et al., 1988) occurred when the convergence rate of the Nazca and South 

America Plates increased (Pardo-Casas and Molnar, 1987). The convergence rate has 

remained consistent since that time (Pardo-Casas and Molnar, 1987), but major Andean 
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uplift in the northern Peruvian Andes did not occur until ca. 18 Ma (Montario et al., 

2005), and then only during discrete, episodic compressional events largely identified by 

regionally correlatable unconformities (see e.g. McKee and Noble. 1982; Sébrier et al., 

1988; Sébrier and Soler, 1991; Sandeman et al., 1995). This episodic uplift resulted in the 

development of pediments or, in extenso, pediplains, such as those documented in the 

Andes of northern Chile (e.g. Hollingworth, 1964; Clark et al., 1967) and southern Perú 

(e.g. Myers, 1976, Quang et al., 2005). 

The higher slopes of the Cordillera Negra to the west and southwest of the 

mineralized area are dominated by Chururo Group andesites, but the oldest host-rocks of 

the Pierina deposit itself are thinly bedded, 20.4-22.2 Ma andesites of the Huaraz Group 

(Park-Li, 2005; this study Figure 4-3A; Table 4-1). This lower andesite (mine 

terminology) is the youngest member of a succession of andesitic and dacitic flows and 

volcanosedimentary units which underlies much of the western slope of the Callejón de 

Huaylas. These strata are exposed for ~ 15 km northwest and southeast of Huaraz, and 

form a tongue extending northwards from the main NW-trending axis of the Calipuy 

Supergroup arc (Figure 4-2). Areally restricted ca. 15 Ma andesites preserved in the 

Callejón de Huaylas immediately north of Huaraz (Table 4-1) indicate that the Huaraz 

Group arc originally extended eastwards, albeit with diminished volume, into the area 

now occupied by the Cordillera Blanca batholith. 

 



 

  69



  70

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3: A. Simplified geology of the Pierina and Santo Toribio deposits showing the locations 
of dated magmatic and selected hydrothermal minerals (Table 4-1). The 7.15 Ma sanidine age is 
from a small remnant of partially welded ash-flow tuff (Wise and Noble, 2003; D. C. Noble, pers. 
commun., 2008). Modified from Rainbow et al. (2005) and Chamarro (1984). B. Schematic three-
dimensional section of the host-rocks of the Pierina deposit. 

  

 

 

 

 

 

 

 

 

 

 

 

 



Table 4-1: 40Ar/39Ar age determinations for magmatic, hydrothermal and supergene minerals of the contiguous Pierina and Santo Toribio deposits.
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Although the Cordillera Blanca and Callejón de Huaylas dominate the modern 

landscape, at the time of mineralization the Cordillera Negra and Huaraz Group volcanic 

arc would have overlooked the subdued topography of the Amazonian foothills to the 

east (Wise and Noble, 2003), underlain by eroded and strongly folded and thrusted 

Mesozoic strata. Emplacement of the Cordillera Blanca batholith occurred at 8 Ma, and 

major uplift of the Cordillera Blanca, attaining rates as high as 3 km/m.y. (Perry and 

Garver, 2004) did not take place until ca. 5 Ma, when movement along the ca. 200 km 

long NNW-SSE - trending Cordillera Blanca range-front normal fault was already 

underway. 

4.4 Geology of the Pierina-Santo Toribio Mining District 

4.4.1 Pierina host-rocks 

 The lower Miocene lower andesite flows at Pierina are overlain successively 

(Figure 4-3) by: lavas of the upper andesite (mine terminology); a cluster of dacitic flow-

domes or sills; and the main ore-host, the pumice-lithic tuff (mine terminology). All of 

these crudely tabular, flat-lying, units are cut by a polyphase hydrothermal breccia 

complex at the southern boundary of the deposit (Figure 4-3A), and by rhyodacitic-to-

dacitic dikes and domes. The three-dimensional configuration of the host-rocks is 

schematically shown in Figure 4-3B. The 16.9 Ma pumice-lithic tuff (Table 4-1), the 

main ore host, ranges in thickness from a few meters at the northern extremity of the 

open pit to at least 300 m south of the deposit, where it has an E-W width of ~ 2 km 

(Figure 4-3A). The dominant lithology comprises 0.5-3 cm-diameter, crudely-tabular 
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fragments, entirely altered or leached, and therefore of uncertain origin, in a fine-grained 

matrix of sub- to euhedral, strongly or entirely altered grains of plagioclase and biotite 

and 1-2 mm quartz phenocrysts. This facies locally grades into one with subangular-to-

rounded, unambiguously lithic clasts, but the two show mutually crosscutting features at 

all scales indicative of multiple episodes of emplacement. Although both types of 

fragment widely define a crudely planar fabric, this ranges from horizontal to vertical 

throughout the deposit. Moreover, many exposures display a random clast orientation 

(Figure 4-4A). Only at the southern boundary of the deposit do consistent vertical 

orientations suggest the existence of a “feeder structure” (Figure 4-3A). Facies dominated 

by lithic clasts commonly show a graded size distribution of fragments, but, in numerous 

exposures, this is either reversed or in a horizontal plane. The nature of the dominant 

fragments is disguised by both alteration and subsequent oxidation, but rare, relict 

internal textures consistent with tube-pumice (Figure 4-4B), and external surfaces 

displaying wispy, “flame-like” projections (Figure 4-4C) are consistent with fiamme. A 

pumiceous origin is therefore favoured. Conversely, rare outcrops of weakly-altered 

pumice-lithic tuff ~1 km south of the open pit exhibit oriented fragments with altered 

plagioclase, biotite and hornblende phenocrysts in a very fine-grained, altered and 

possibly devitrified matrix (Figure 4-4D), suggesting an unvesiculated vitric fragment 

origin. Whereas Park-Li (2005) and Fifarek and Rye (2005) describe this unit as an ash-

flow tuff, no relics of glass shards have been observed in the matrix of weakly-altered 

samples south of the mine, and textures attributable to the welding of fiamme are absent. 

Similarly, laminations indicative of an air-fall pyroclastic origin are not preserved. An 

origin as a clast-charged, vesiculating melt, probably of dacitic or rhyodacitic 
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composition, is herein proposed. Further, although the flat-lying, tabular form of the 

northern part of the unit (Figure 4-3) is suggestive of an extrusive setting, an intrusive 

origin is supported by the local development of subhorizontal to steeply-dipping, 

crenulated laminations of alternating coarse- and fine-grained lithologies, interpreted to 

represent altered feldspar and quartz (Figure 4-4E). These bands are now replaced by, 

respectively, coarse alunite and cryptocrystalline quartz, but the textural relationships are 

similar to those of “brain rock” and comparable laminated unidirectional solidification 

associations developed at the margins of water-saturated intrusive silicic bodies (e.g., 

Kirkham and Sinclair, 1985). This facies is developed in the lithic tuff at an altitude of 

~4150 m a.s.l., possibly close to an original upper contact, and it is germane that the lithic 

clasts abruptly decrease in size towards the laminated zone. 

 Whatever its origin, the present configuration of the pumice-lithic tuff unit 

(Figure 4-3A) reflects both structurally controlled emplacement and post-depositional 

faulting. A low-angle, possibly listric fault oriented approximately at 315E/25E NE 

defines the lower contact of both the unit and the orebody in the northern part of the 

deposit. Wilson et al. (1995) record two faults with this orientation cutting the volcanic 

succession to the north of the deposit (Figure 4-2). The eastern and western contacts of 

the pumice-lithic-tuff and orebody are defined by a set of conjugate, steeply-dipping, N-S 

normal faults which cut the low-angle basal fault, delimiting a N-S trending structural 

channel or graben. Later normal faults with minor lateral movement, oriented at ~ 245E 

and dipping at 60-70E south-east, segment this unit into five major NE-SW elongated 

blocks.  
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 The dacitic flow-dome or sill complex underlies the pumice-lithic tuff, locally 

gradationally or with mutual intercalation. It crops out along the eastern margin of the 

open pit, and is characterized by phenocrysts of argillized plagioclase, partially oxidized 

biotite and hornblende, and erratic quartz. Emplacement of this unit was accompanied by 

the local formation of “carapace” and “crackle” breccias along the outer margins of 

domes and of small, locally polymictic pebble breccia dykes. Both dacites and pumice-

lithic tuff are underlain by the upper andesite, a massive to flow-banded, purple-to-gray 

unit with variably altered phenocrysts of plagioclase, hornblende and minor biotite. All 

exposed upper/lower andesite contacts are faulted.  

 The youngest middle Miocene magmatism in the immediate area of the Pierina 

deposit is represented by small, hypabyssal-to-extrusive, strongly flow-banded dacitic to 

rhyodacitic domes, with large bipyramidal quartz and variably altered plagioclase and 

biotite phenocrysts. The domes are locally associated with hydrothermal breccias 

characterized by aggregates of skeletal quartz crystals probably recording magma 

undercooling during rapid ascent (Swanson and Fenn, 1986). Both domes and breccias 

cut the pumice-lithic tuff, but are almost pervasively altered to clay, quartz-alunite or 

vuggy quartz assemblages, indicating emplacement before the main hydrothermal 

alteration. Similar coarse-grained dacite domes occur both to the north and south of the 

open pit, defining a N-S trend that may reflect a structural control which subsequently 

influenced the incursion of hydrothermal fluids. 

Wise and Noble (2003) and Park-Li (2005) report concordant total-fusion 

40Ar/39Ar dates of 7.15 ± 0.03 Ma (Table 4-1) for phenocrystic sanidine from a small 



erosional remnant of a rhyodacitic ash-flow tuff previously exposed immediately west of  

the current open-pit (D. C. Noble, pers. commun., 2008).  

 

Figure 4-4:  A. Quartz-alunite altered pumice-lithic tuff, showing randomly oriented pumice 
fragments. Dark colouration of pumice fragments is from Stage III goethite-hematite coatings on 
alunite crystals (see Figure 4-10G) B. Quartz-alunite - altered pumice-lithic tuff with relict 
silicified tube pumice. C. Quartz-alunite altered pumice tuff with alunitized pumice fragments 
exhibiting typical fiamme morphology. Red colouration is from Stage III Fe-oxide/oxyhydroxide 
coatings on alunite crystals (see Figure 4-10G). D. Weak argillic alteration in “fresh” pumice-
lithic tuff. Elongated, pale bodies are preferentially aligned and contain clay-altered plagioclase 
(white) and oxidized hornblende (orange), and have an external morphology similar to the 
proposed pumice fragments. E. Quartz-alunite altered pumice-lithic tuff exhibiting possible 
unidirectional solidification (“brain rock”) texture. 
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Wise and Noble (2003) argue that this occurrence of a Yungay Formation flow ~ 600 m 

below the crest of the Cordillera Negra indicates that a deep depression already existed 

between the Cordilleras Negra and Blanca in the late Miocene. 

Hydrothermal breccias: Breccia bodies with variable fragment and matrix 

compositions occur throughout the deposit, but are best represented in a large intrusive 

complex exposed at the south-eastern limit of the open pit. This is largely comprised of 

unsorted, matrix-supported, angular to well-rounded, ellipsoidal, fragments, with both 

heterolithic and monolithic zones, and records multiple episodes of brecciation. The 

matrix includes various combinations of porcelaneous alunite (Figure 4-5A), rock-flour, 

and plagioclase-phyric juvenile igneous material. The last is typical of a large zone of 

breccia comprising irregularly-shaped, decimeter-scale, porphyritic andesitic-to-dacitic 

fragments, some as rounded “pebbles”. Heterolithic breccia domains are locally 

rebrecciated and everywhere cut by small, mm-wide, finely laminated breccia stringers 

(Figure 4-5B). The matrix of the heterolithic breccias also locally incorporates elongate 

wispy juvenile fragments, similar in size and morphology to those in the pumice-lithic 

tuff (Figure 4-5B). Both heterolithic and monolithic breccias locally display “hypogene 

exfoliation” (Farmin, 1937; Figure 4-5C). The compositions and textures of the breccias 

strongly suggest that some were emplaced coevally with the formation of the pumice-

lithic tuff, but that there was also temporal overlap of breccia emplacement and 

hydrothermal alteration. A widespread facies, in which the majority of clasts are of vuggy 

quartz with characteristic tabular voids after plagioclase phenocrysts (Figure 4-5D) but 

the breccia margins are of “jigsaw-type” host-rocks, strongly implies the transport of 

material from a deeper, earlier alteration zone. Exposures of a finely-laminated lithology 
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(Figure 4-5E) with alternating “ash” and coarser “tuff” horizons, was interpreted by mine 

personnel as evidence that the breccia complex represents a diatreme that, at least 

ephemerally, breached the surface to deposit lacustrine sediments. However, we question 

the existence of a maar overlying the hydrothermal system because in numerous 

outcrops, such laminated rocks form narrow, sinuous-to-planar, dikes cutting coarser 

breccias. Further, a single occurrence of a sub-vertical laminated dike up to 12 cm in 

width was observed, and these rocks are therefore interpreted as phreatic, hydrothermal 

breccias.  pervasively silicified or altered to quartz-alunite. These bodies, which resemble 

modern slope talus, occur largely along the western margin of the orebody and clearly 

postdated both hydrothermal alteration (Stage I: see below) and Stage II sulphide-barite 

mineralization. Clasts are partially mantled by earthy-to-crudely botryoidal goethite. 

Several of these bodies, particularly in the northern part of the deposit, are extremely Au-

rich (50 g/t).  

Further evidence has been documented for structural control of the emplacement 

of the pumice-lithic tuff body and its feeders, the late dacite domes, and the composite 

breccia complex. An early set of conjugate normal dip-slip faults, oriented at 290/70EN 

and 110/50ES, at least partially controlled the emplacement of these units. The faults also 

channeled later hydrothermal activity and are loci of silicification and local 

pyrophyllitization, vuggy quartz and quartz-alunite alteration (Figure 4-3A and Figure 

4-6A). Late dacite dome emplacement, breccia formation and initial hydrothermal 

alteration probably overlapped temporally. An alunite sample that gave one of the oldest 

40Ar/39Ar ages determined in this study was taken from a matrix in the large breccia 



complex, further indicating that hydrothermal alteration was locally focused along these 

structures and was at least partially contemporaneous with breccia emplacement. 
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Figure 4-5:  A. Porcelaneous alunite matrix (pale pink) in hydrothermal breccia. B. Microbreccia 
“stringer” cutting a quartz-alunite altered heterolithic, matrix-supported hydrothermal breccia. 
Left-hand side of image shows a possible juvenile igneous component similar in morphology to 
proposed pumice fragments (see Figure 4-4A-D). C. Outcrop of monolithic breccia displaying 
hypogene exfoliation texture. D. Quartz-alunite altered heterolithic hydrothermal breccia with 
vuggy quartz altered fragments. E. Laminated and silicified hydrothermal breccia. F. Collapse 
breccia in quartz-alunite alteration zone with Stage III iron-oxides/oxyhydroxides. 
 

 

 

 

 

 

 

 

 



  81

4.4.2  Poorly-consolidated breccias (Figure 4-5F), termed “collapse breccias” by mine 

personnel, form centimeter- to meter-wide bodies with dominantly angular fragments 

Santo Toribio Host Rocks 

 A sketch map of the geology of the Santo Toribio mine area prepared by Barrick 

geologists differs in numerous respects from that of Bodenlos and Straczek (1957), a 

conflict only partially reconciled in Figure 4-3A on the basis of new 40Ar/39Ar data. Thus, 

whereas Bodenlos and Straczek (1957) delimited two bodies of intrusive andesite, one of 

which was inferred to be of trachyandesitic composition and to grade into quartz-phyric 

rhyodacite, subhorizontal bedding is visible locally in both units, and vesicular 

hornblende andesites cropping out SW and WNW of the vein system (Figure 4-3A) 

unambiguously represent a thin sequence of lava flows. Although Pierina mine geological 

maps indicate that the lower andesite extends southwards to become the partial host of 

the Santo Toribio vein system, separates of unaltered phenocrystic hornblende from two 

widely separated samples of these rocks give 40Ar/39Ar plateau dates of 14.10 ± 1.33 and 

14.99 ± 0.50 Ma (Table 4-1; Figure 4-3A). These Santo Toribio andesites (Figure 4-3A), 

constituting the terminal eruptions of the Calipuy Supergroup, are apparently not exposed 

in the immediate Pierina mine area. However, remnants of lithologically identical, 

slightly older (15.98 ± 0.64 Ma) andesites crop out at ~3100-3200 m a.s.l., immediately 

above the Río Santa downslope from Santo Toribio. No east-dipping normal faults have 

been identified along the western slope of the Callejón de Huaylas in this area (Wilson et 

al., 1995; Wise and Noble, 2003), and we therefore tentatively infer that a steep slope 

existed east of Santo Toribio at ca. 14-16 Ma. The Santo Toribio andesites are interpreted 

as the remnants of a small lava field, fed by local plugs, which may have extended 
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northwards to cover the surviving host-rocks at Pierina. As will be shown below, this 

volcanic event overlapped temporally with hydrothermal activity at both Santo Toribio 

and Pierina. Finally, a 10.32 ± 0.24 Ma plateau age for hydrothermal biotite in the 

vicinity of Uyrome (Figure 4-3A; Table 4-1) has been tentatively interpreted as evidence 

for late Miocene hydrothermal activity. 

4.5 Paragenetic Relationships of the Pierina Deposit 

 The paragenesis presented in Figure 4-7, modified from that in Rainbow et al., 

(2005; 2006), incorporates 40Ar/39Ar alunite geochronology and stable-isotope 

geochemistry. Microscopic identification of the fine-grained mineral assemblages, largely 

adhering to the walls of vugs, was supported by X-ray single-crystal and powder 

diffractometry and electron-probe microanalysis. Because all gold and much of the silver 

is submicroscopic, laser-ablation inductively-coupled plasma mass spectrometry (LA-

ICP-MS) was applied, together with semi-quantitative EPMA, back-scattered electron 

imaging and X-ray mapping, to investigate the precious metal distribution, and to 

elucidate the trace element composition of the major phases of the sulphide and oxide-

oxyhydroxide assemblages.  

 We propose that the evolution of the Pierina Deposit comprised three main events 

(Figure 4-7): Stage I hydrothermal alteration, itself comprising two major and, probably, 

two minor substages, as defined by 40Ar/39Ar alunite dating; Stage II hypogene pyrite- 

and enargite-dominated sulphide-barite Au-Ag mineralization, largely disseminated but 

with subordinate veins; and Stage III supergene oxidation. 
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Figure 4-6: A. Simplified alteration mineralogy for the Pierina deposit. Locations of dated 
hydrothermal and supergene minerals are shown. B. Oblique view of the Pierina open pit (ca. 
2000), looking SW, showing the relationships of the vuggy quartz, quartz-alunite, and illite-
montmorillonite alteration zones (Photo: François Gaboury). 
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Examination of the margins of sulphide- and barite-rich veins shows that little or no 

hydrothermal alteration occurred during Stage II. In contrast, Fifarek and Rye (2005) 

advocated six distinct paragenetic stages, concluding that alunite formation overlapped 

temporally with that of enargite and that the main stage of sulphide deposition was 

followed successively by the development of plumose “magmatic steam” and friable 

“steam-heated” alunite. The origins of these two later stages of alunite formation were, 

however, predicated entirely on their megascopic textural habits which, in turn, provided 

the basis for interpretation of their stable-isotope chemistry. Although we concur that the 

rare, coarse-grained, in part plumose, alunite is restricted to veinlets and breccia matrices, 

and locally cuts domains with disseminated alunite, we have observed no evidence that it 

postdated hypogene sulphide deposition. Further, we have not encountered textural 

relationships supporting the occurrence of Fifarek and Rye’s (2005) Stage 2B alunite 

(white) ± clays ± pyrite ± enargite veins. The Stage 4 friable alunite bodies ascribed to 

late-stage steam-heated activity by Fifarek and Rye (2005) indeed locally cut zones of 

disseminated alunite, but our 40Ar/39Ar dating shows that they incorporate the oldest 

alunite in the deposit. 

4.5.1 Stage I: hydrothermal alteration 

 Stage I hydrothermal fluids generated a zoned alteration assemblage, typical of 

high-sulphidation epithermal systems, comprising a core of vuggy quartz surrounded 

successively by locally intergradational zones of quartz-alunite, alunite-dickite, dickite-

kaolinite ± pyrophyllite and illite-montmorillonite ± kaolinite (Figure 4-6A).  

 



 

Figure 4-7: Paragenetic sequence for the Pierina Au-Ag deposit. Line thickness represents the 
relative importance of each phase. Au and Ag were introduced into the deposit in the Stage II 
high-sulphidation assemblage, mainly in pyrite and enargite. Stage III Fe-oxide/oxyhydroxides 
are the current precious metal hosts. Cryptomelane precipitated at ~ 5 Ma, and is not considered 
part of Stage III. 

 

 Alteration was both lithologically and structurally controlled, with much of the 

vuggy quartz alteration occurring in the pumice-lithic tuff, but locally affecting the 

underlying dacitic flow-dome complex and upper andesite. Two NNW-trending 

structures focused fluids, merging to the north to form an elongate core of alteration 

(Figure 4-6A, B) within the tuff. Additionally, the system of early, moderately-dipping 

conjugate faults which are inferred to have controlled the emplacement of the pumice-
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lithic tuff and breccia complex also acted as conduits for altering hydrothermal fluids, 

resulting in narrow NW-SE oriented ribs of vuggy quartz, quartz-alunite, dickite, and 

pyrophyllite-bearing alteration that crop out south and east of the open pit (Figure 4-6A).  

 Vuggy quartz alteration (Figure 4-8A) leached all pumice and lithic fragments in 

the pumice-lithic tuff, and all phenocrysts except quartz, while the groundmass was 

replaced by very fine-grained quartz. Some biotite and hornblende phenocrysts are 

pseudomorphed by pyrite and minor rutile. Textural preservation, however, is extremely 

high in this alteration zone. Quartz-alunite alteration, the most extensive facies in the 

open pit, surrounds the vuggy quartz (Figure 4-6B), almost everywhere with an abrupt 

contact. This zone extends to the east, and has a vertical extent exceeding 600 m, 

cropping out at elevations as low as ~3600 m (Figure 4-6A). Disseminated and less 

abundant friable, porcelaneous and coarse, open-space – filling, in part plumose alunite 

habits are represented in this zone (Stoffregen and Alpers, 1992; Rainbow et al., 2005). 

As noted above, Fifarek and Rye (2005) concluded that some alunite coprecipitated with 

enargite but, we argue that, in contrast to the Pascua (Chouinard et al., 2005b) and 

Tambo (Deyell et al., 2005b) deposits, the precious metal-enriched sulphide deposition 

event at Pierina postdated alunitic alteration. Similarly, we did not observe enargite as a 

constituent of this dispersed Stage 1 alunitic alteration. 
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Figure 4-8: A. Weathered outcrop of vuggy quartz-altered pumice-lithic tuff. All pumice and 
some lithic fragments have been entirely leached and are represented by cm-scale voids. B White 
alunite preferentially replacing pumice fragments in quartz-alunite - altered pumice-lithic tuff. C. 
Dike-like body of friable quartz + alunite showing abrupt upper termination below argillically 
altered wallrock. D. Strong illite-montmorillonite alteration of upper andesite showing excellent 
textural preservation. E. Road-cut through illite-altered pumice-lithic tuff. Exposure is 
approximately 1 m high.  

 

 

 

 

 

 

 

 

 



  90

 

The main alteration zone is dominated by disseminated, mm-scale, bladed alunite 

crystals, ranging in colour from white to pink in individual hand-samples, that replace 

pumice fragments and feldspar phenocrysts in a quartz-alunite matrix (Figure 4-8B). The 

alunite hosts micron-scale, zoned, pseudocubic, alumino-phosphate-sulphate (APS) 

inclusions, comprising Ca-P-S - enriched cores and Sr-Ba-S - rich rims, indicative of 

solid-solutions involving the woodhouseite, walthierite and svanbergite members of the 

alunite supergroup (Jambor, 1999). Such inclusions are typical, if not diagnostic, of 

magmatic-hydrothermal alunite (Hedenquist et al., 1994; Stoffregen and Alpers, 1987). 

They are most abundant in replaced pumice fragments, implying that these permeable 

and probably originally glassy bodies were more easily altered than the feldspar 

phenocrysts and groundmass of the host-rocks. 

 This deposit-wide disseminated alunitic alteration zone encloses isolated bodies 

(Figure 4-8C) of white, incoherent material, interpreted by mine personnel as of “steam-

heated” origin (sensu Sillitoe, 1993). These powdery aggregates are dominated by quartz 

(≥ 90%), with only ~ 10 to 15 percent fine-grained alunite, in addition to minor hematite 

and rutile and rare zircon. Scanning electron microscope (SEM) imaging shows that such 

“friable alunite” occurs as both platy and pseudocubic crystals, ~10 to 50 μm in diameter, 

juxtaposed with euhedral but locally fractured quartz crystals. The presence of supergene 

hematite suggests that the friable bodies originally incorporated minor pyrite, but they 

contain negligible gold or silver. The origin of these friable aggregates is problematic. 

They form meter-scale, vertically-oriented bodies which locally merge upwards to form 

discontinuous blankets, locally directly beneath argillized wallrock. Others, however, 
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have upward-tapering dike-like forms with abrupt tops within pervasive quartz-alunite 

alteration zones (Figure 4-8C). Although the friable bodies cut zones of disseminated 

alunite, 40Ar/39Ar age data show that the alunite they contain formed ca. 400,000 years 

before the latter (this study). 

 Porcelaneous alunite, not recorded by Fifarek and Rye (2005), occurs commonly 

as microcrystalline intergrowths with quartz. It widely forms the matrix of hydrothermal 

breccias (Figure 4-5A), possibly replacing rock-flour, implying a temporal link between 

hydrothermal brecciation and Stage I alteration. The final alunite habit at Pierina, viz., 

coarse, open-space - filling, in part crudely plumose, is extremely rare, occurring as small 

veinlets and as overgrowths on breccia fragments. It does not appear to have replaced 

fragments or phenocrysts. 

 Both paragenetic and incremental-heating 40Ar/39Ar dating of alunites from 

Pierina reveals that alunitization was a protracted process, with two major and, probably, 

two minor episodes. We distinguish Stages Ia and Ib (Figure 4-7), the former being 

dominated by friable and porcelaneous alunite habits, whereas the latter represents the 

major stage of disseminated alunite formation. The sparse coarse open-space - filling 

alunite began to form in Stage Ib but became more important later in this stage. APS 

inclusions are restricted to early Stage Ib disseminated alunite (Figure 4-7).  

 The main, disseminated quartz-alunite alteration domain grades laterally and with 

depth into the quartz-dickite zone (Figure 4-6A and Figure 4-7). Dickite selectively 

replaced feldspar phenocrysts and pumice fragments and is locally observed replacing 

disseminated alunite laths. Dickitic alteration is itself gradational with a very extensive 
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intermediate argillic alteration zone dominated by quasi-pervasive illite and 

montmorillonite (Figure 4-8D and E), but with rare kaolinite and chlorite. Much of the 

kaolinite occurs along fractures or fills cavities, in both the quartz-alunite and argillic 

zones. Zones of pyrophyllite-dominated alteration occur at depth and flank the quartz-

alunite zone laterally. Diaspore occurs intergrown with pyrophyllite, with or without 

disseminated alunite, and also forms clear, yellow euhedral crystals in cavities in the 

vuggy quartz zone, suggesting that it formed late in Stage I. 

 Propylitic alteration (not shown in Figure 4-6A) occurs distally, primarily 

affecting the lower andesite and outlying volcanic sediments (Figure 4-3A). Plagioclase 

is altered variably to calcite ± illite ± epidote, while hornblende and biotite are partially 

chloritized. It should be emphasized that the propylitic halo around the deposit has not 

been delimited relative to a more regional, NW-trending, argillic/chloritic, K-feldspar - 

destructive, alteration which affects Huaraz Group volcanic rocks on both flanks of the 

Callejón de Huaylas for a distance of over 20 km south of Pierina. Sericitic alteration, in 

which the mica is muscovite, affects extensive areas both N and SE of Pierina (Figure 

4-6A). This is also the dominant alteration facies at Santo Toribio and is considered to be 

related to the hydrothermal fluids distinct from those that generated alteration at Pierina. 

The sericitic zone NW of Pierina (Figure 4-6A) envelops the small Santa Fe 

intermediate-sulphidation Zn-Ag prospect (Figure 4-3A). 

  Pyrite precipitated in all alteration zones at Pierina (Figure 4-7), forming 

anhedral grains and grain-aggregates intergrown with the vuggy quartz matrix, small, 

euhedral inclusions in disseminated alunite, coarser pyrite-alunite intergrowths, and fine 
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euhedral crystals disseminated in argillically-altered rocks. Rare yellow sphalerite and 

galena were also deposited at this stage (Figure 4-7) as fine disseminations in quartz-

dickite - altered pumice-lithic tuff.  

 LA-ICP-MS analysis of Stage Ib pyrite from the vuggy quartz zone yielded very 

low Au (4 ppm) and Ag (15 ppm) values. The sphalerite is extremely enriched in 

cadmium (≤ 3 wt. %), but is virtually iron- and manganese-free (< 1222 ppm; < 234 

ppm). It contains up to 170 ppm silver, but Stage I hydrothermal alteration did not 

contribute significantly to the precious-metal budget of the deposit. 

4.5.2 Stage II: polymetallic sulphide–barite mineralization 

 Stage II saw the precipitation of further pyrite and Fe-poor sphalerite, and, in 

order of relict abundance, barite, bismuthinite–stibnite, enargite, galena, tennantite, 

alabandite and boulangerite (Figure 4-7). In addition, Fifarek and Rye (2005) report 

greenockite (CdS), kësterite (Cu2(Zn, Fe)SnS4), cassiterite and possible jordanite 

(Pb14(As, Sb)6S23). They assign some acanthite, but not barite, to this stage. This 

polymetallic assemblage was entirely confined to the vuggy quartz alteration zone, where 

sulphides occur mainly as very fine-grained crystals in vugs, with rare, coarser-grained 

occurrences at depth. Large (≤ 1cm), opaque-to-translucent, white-to-colourless barite 

crystals also occur in vugs, form cm-scale veins, and locally enclose pyrite euhedra, and 

precipitated late during this stage. 

 Stage II pyrite occurs as overgrowths on Stage I pyrite, and as euhedral crystals in 

vugs, locally in textural equilibrium with enargite and bismuthinite-stibnite (Figure 

4-9A). Solitary or clustered dark-gray prismatic needles of the latter are overgrown by 
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vug-filling native sulphur. Back-scattered electron imaging reveals that the acicular 

crystals are Sb-rich bismuthinite with the approximate composition Bi1.6Sb0.4S3, but they 

incorporate distinct areas close to “horobetsuite” (BiSbS3) in composition (Figure 4-9B). 

Enargite crystals are intergrown with pyrite and locally enclose euhedral bismuthinite-

stibnite inclusions (Figure 4-9A). A coarse-grained enargite-sphalerite-pyrite breccia-

matrix has been intersected at ~3500 m a.s.l., below the main deposit in the area of the 

“feeder system”.   

Stage II galena (Figure 4-7) occurs as rare micron-scale grains with zones 

enriched in Sb, tentatively identified as galena-boulangerite intergrowths. Coarser-

grained veins comprising galena ± sphalerite, the former with tennantite exsolution blebs 

(Figure 4-9C), cut vuggy quartz and quartz-dickite alteration in unoxidized zones at 

~3900 m a.s.l. Stage II sphalerite occurs mainly in the deeper parts of the deposit at 

depths of more than 150 m below surface. LA-ICP-MS analysis shows that, like that of 

Stage I, it is enriched in Cd (2864 - 66,951 ppm) and impoverished in Fe and Mn (< 185 

ppm), reflected by the clear, yellow-to-red crystals, and similarly consistent with a high 

sulphur fugacity (Barton and Toulmin, 1966). Alabandite occurs in apparent textural 

equilibrium with pyrite in thin, discontinuous veinlets that cut argillically altered units 

(Figure 4-9D). The stabilization of alabandite relative to rhodochrosite is consistent with 

a high sulphur fugacity (Barton and Skinner, 1979; Maynard, 2003), but this is the first 

reported occurrence of this mineral in a strictly high-sulphidation deposit. 

 Fifarek and Rye (2005) report a “Stage 2D” assemblage comprising “clay veins” 

with coexisting enargite, chalcocite and covellite, although its timing relative to other 



sulphide episodes was uncertain. We observed no copper sulphides in textural 

equilibrium with enargite, and would not assign clay minerals to assemblages 

incorporating enargite. 

 

Figure 4-9: A. Reflected-light photomicrograph (oil immersion, uncrossed-polarizers) of Stage II 
enargite (en), bismuthinite-stibnite (bi-st), and pyrite (py) equilibrium assemblage. B. False-
colour back-scattered electron image of a portion of a bismuthinite-stibnite crystal. Dark areas 
(labeled Sb) are enriched in antimony (~BiSbS3) relative to the surrounding bismuthinite 
(~Bi1.6Sb0.4S3). C. Reflected-light photomicrograph (oil immersion, uncrossed polarizers) of 
galena (ga) with irregular tennantite exsolution blebs (tn). D. Reflected-light photomicrograph 
(oil immersion, uncrossed polarizers) of pyrite (py) and alabandite (al) –bearing veinlet in 
argillically - altered lower andesite (a. a.).  

 

 The Stage II sulphide mineralization event was critical because gold and silver 

were introduced into the deposit at this time. EPMA analysis of enargite yields silver 

concentrations as high as 8 wt. %, with values of up to 4 wt. % determined by LA-ICP-

MS analysis (Rainbow et al., 2005; this study). Sphalerite (≤ 6223 ppm Ag), galena (654-
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1649 ppm Ag) and bismuthinite–stibnite (≤ 0.4 wt. % Ag; determined by EPMA) were 

also important silver carriers. The enargite is also extremely enriched in gold, LA-ICP-

MS analyses showing concentrations as high as 534 ppm. Although the precious metal 

concentrations (Au ≤ 132 ppm; Ag 90 to 785 ppm) in Stage II pyrite are lower than those 

in enargite, the abundance of pyrite in the Stage II assemblage indicates that, as at Pascua 

(Chouinard et al., 2005a; 2005b), the bulk of the gold and silver at Pierina was introduced 

as auriferous and argentian pyrite. 

 All sulphide minerals at Pierina are geochemically distinct from those in the Santo 

Toribio deposit. Whereas sphalerite at Pierina is Cd-enriched and virtually Fe-free, black 

sphalerite in two samples from the Toro vein system in Santo Toribio is highly enriched 

in both Mn (0.86 and 15.7 wt. %) and Fe (18.3 and 25.4 wt. %). The high Fe contents 

indicate a lower fS2 for the precipitating fluids than at Pierina (Barton and Toulmin, 

1966), and are consistent with an intermediate-sulphidation environment for this deposit 

(sensu Einaudi et al., 2003). Galena from Santo Toribio is considerably enriched in Ag 

(~2900 ppm) relative to that from Pierina, whereas pyrite from Santo Toribio is relatively 

depleted in both Au (below detection to 37 ppm; n = 5) and Ag (< 709 ppm; n = 5). The 

occurrence of alabandite, stannite, and miargyrite (Olivo and Gibbs, 2003) describes 

mineralization from the more southern Boliche Vein system (Bodenlos and Straczek, 

1957), and therefore has not been included in this study. 
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4.5.3 Stage III: Supergene Oxidation 

 Although Noble et al. (1997), Volkert et al. (1998), Park-Li (2005) and Rainbow 

et al., (2000) favoured a hypogene origin for the Stage III oxidation which destroyed all 

but a small remnant of the Stage II sulphide assemblage, stable-isotopic relationships 

(Rainbow et al., 2006) predicate a supergene environment. Fifarek and Rye (2005, p. 

254), however, ascribe the “low temperature” oxidation to “a transition from magmatic 

condensate to dominantly meteoric water in steam-heated fluids during cooling and 

collapse of the hydrothermal system.” Their conclusion that the oxide orebody was a 

product of steam-heated oxidation, rather than weathering, is based largely on their 

interpretation of the origin of the friable alunite, but 40Ar/39Ar dating done in this study 

shows it crystallized well before the onset of oxidation. 

 Gold and silver released through oxidation were reprecipitated in non-refractory 

Fe-oxide/oxyhydroxide/oxyhydroxysulphate hosts. Goethite-hematite associations now 

dominate the deposit (Figure 4-10A-H), occurring mainly as composite botryoidal bodies 

of earlier, more abundant goethite overgrown by later hematite (Figure 4-10E-H). 

Lepidocrocite deposition locally preceded that of goethite and hematite (Figure 4-7). The 

goethite–hematite assemblage lines cavities and fractures in the vuggy quartz zone 

(Figure 4-10A-D) and coats alunite crystals in the quartz-alunite alteration zone (Figure 

4-10G). Earthy goethite–hematite assemblages pseudomorph pyrite and form red-to-

orange domains in argillically altered rocks, as well as the matrix of “collapse breccias” 

(Figure 4-5F). 
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 Although the Stages Ib and II sulphide minerals were almost entirely oxidized, 

relict hypogene domains are preserved throughout the deposit. Stage I pyrite intergrown 

with vuggy quartz locally survived oxidation, together with pyrite inclusions in Stage Ib 

alunite and Stage II barite (Figure 4-7), as did irregular zones of Stage I pyrite in both 

argillized and quartz-alunite - altered rocks at depth. The Cu (–As, Bi, Sb, Ag, Au ± Pb ± 

Zn) Stage II sulphide assemblage is preserved in the vuggy quartz alteration zone as 

“sulphide kernels” (Noble et al., 1997; Park-Li, 2005; Rainbow et al., 2005; Figure 

4-11A). These comprise dark-blue shells of vug-lining covellite, representing paleo-

oxidation fronts enclosing dark-gray, irregularly-shaped, vuggy quartz cores. Fifarek and 

Rye (2005) divorce the development of the Fe-oxide/oxyhydroxide assemblages (their 

Stage 6) from that of the covellite rimming the kernels (Stage 2D), postulating the 

intervening precipitation of “magmatic steam” (Stage 3) and “steam-heated” (Stage 4) 

alunites. In contrast, we consider (Rainbow et al., 2005) the covellite-dominated Cu-

sulphide associations to represent an early stage in the oxidation of Stage II pyrite and 

enargite (e.g., Sillitoe and Clark, 1969), a process which culminated in the Stage III 

goethite-hematite associations. We further depart from the paragenetic model of Fifarek 

and Rye (2005) in assigning the acanthite-barite assemblage, a major Ag-host, to the 

Stage III oxidation event, rather than to a distinct “Stage 5” largely preceding the 

goethite-hematite stage. This distinction between Stages II and III barites is central in the 

arguments by Rainbow et al. (2006). 

Native sulphur occurs primarily in vugs within sulphide kernels, overgrowing 

both the Stage II assemblages and Stage III vug-lining covellite (Figure 4-11A), evidence 

that it was not, as proposed by Fifarek and Rye (2005), related to earlier hydrothermal 
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alteration or mineralization. Sulphur locally fills vugs in the oxide zone, invariably in 

close proximity to sulphide kernel boundaries, strongly suggesting that its precipitation 

was related to these transient, supergene oxidation fronts. Although the sulphur 

commonly exhibits irregular morphologies, many clear, platy crystals were recognized in 

this study (Figure 4-11B), suggesting that at least some precipitated from an aqueous 

solution, calling into question the involvement of immiscible liquid sulphur from 

magmatic acid-sulphate fluids (Fifarek and Rye, 2005). Our interpretation of the origin of 

much of the native sulphur in the Pierina deposit differs from that of Sillitoe and Lorson 

(1994), and represents the first record of the formation of this mineral through the 

supergene oxidation of enargite (see Lattanzi et al., 2008). This model is, however, 

supported by the experimental studies of Dutrizac and Macdonald (1974), who 

demonstrated that native sulphur can be produced through the oxidation of enargite by 

low-temperature sulphuric acid/ferric sulphate solutions. 

  Anilite (Figure 4-11C), stable only below 75 ± 3EC (Potter, 1977), formed widely 

in Stage III, before the (local) development of covellite and allied phases. We infer that, 

prior to oxidation, supergene Cu sulphide enrichment occurred immediately beneath a 

falling watertable (cf. Clark and Moraga, 1969). We have not observed the “chalcocite-

digenite” reported by Park-Li (2005) or the “chalcocite” assigned by Fifarek and Rye 

(2005) to their Stage 2D, but these would similarly record an ephemeral enrichment event 

under relatively reduced conditions.  At least two distinct covellite-like phases occur at 

Pierina (Figure 4-7). That in sulphide kernel shells replaces anilite (Figure 4-11C), and, in 

oil immersion under reflected light, exhibits the strong blue-violet-red bireflectance 

characteristic of covellite. We propose that this precipitated from supergene fluids that 
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became locally saturated with respect to Cu and S during migration of the paleo-

oxidation fronts. A second population, commonly intergrown with acanthite and directly 

replacing enargite (Figure 4-11D), occurs in oxidized zones of vuggy quartz-altered rocks 

outside, but within a few centimeters of sulphide kernel rims. Such occurrences exhibit 

the medium-blue to deep-blue bireflectance in oil immersion, characteristic of both 

spionkopite (Cu39S28) and yarrowite (Cu9S8: Goble, 1980). We infer that the 

spionkopite/yarrowite assemblage formed earlier than the more S-rich covellite, a 

sequence recording the progressive imposition of more oxidizing conditions (e.g., Sillitoe 

and Clark, 1969). 

 Silver was redistributed through the destruction of the argentian enargite. Thus, 

the spionkopite/yarrowite assemblage is locally highly enriched in silver (~3.5 and 21.5 

wt. %) relative to the covellite in the kernel shells (≤ 0.7 wt. %), and the associated 

acanthite (Figure 4-11D) contains considerable copper. Craig et al. (2002) document a 

similar assemblage of Ag-rich (≤ 11 wt. %) covellite and Cu-rich (≤ 8 wt. %) acanthite 

formed through the corrosion of coinage, presumably reflecting metastable conditions, 

and the similar supergene oxidation of silver sulphides and sulphosalts to covellite-

acanthite assemblages has been reported at, e.g., Pongkor, Indonesia, and Nazareño, Perú 

(Greffié et al., 2002). 
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Figure 4-10: Selected macroscopic and microscopic occurrences of the Stage III Fe-
oxide/oxyhydroxide assemblage. A. Fe-oxide/oxyhydroxide crusts and vug-linings (Fe-ox) in 
vuggy quartz altered pumice-lithic tuff from an exploration adit at the northern extent of the 
deposit. B. Earthy goethite-hematite coating fracture surfaces in quartz-alunite altered pumice-
lithic tuff. C. Thick goethite-beudantite ± hematite coating (gt-beu-hm) on quartz-alunite altered 
pumice-lithic tuff. D. Botryoidal goethite with iridescent hematite, lining the vugs of vuggy 
quartz altered pumice-lithic tuff. E. Composite Fe-oxide/oxyhydroxide botryoids, lining a vug in 
vuggy quartz altered pumice tuff. F. Small hematite botryoids in vugs of vuggy-quartz altered 
pumice-lithic tuff. G. Reflected-light photomicrograph (in air, uncrossed polarizers) of goethite 
(gt) and hematite (hm) overgrowing Stage I disseminated alunite (alu) that has replaced a feldspar 
phenocryst, in quartz (qtz)-alunite altered pumice-lithic tuff. H. Reflected-light photomicrograph 
(in air, uncrossed polarizers) of vug-lining composite Fe-oxide/oxyhydroxide botryoids in vuggy 
quartz altered pumice tuff. The precipitation of the earlier and more abundant goethite (gt) was 
preceded by schwertmannite (schw), which displays red internal reflections, and is highly 
enriched in Au, Ag, Bi, Sb, Pb, Sn, As, Cu and Hg. Hematite (hm) was the last Fe mineral to 
precipitate.  

 

 

 

 

 



 

Figure 4-11: A. Cut slab of vuggy quartz altered pumice tuff, showing sulphide kernels (dark grey 
surrounded by darker covellite rims). Native sulphur (S) fills vugs primarily within sulphide 
kernels, but also occurs locally in oxidized zones, and fills vugs lined with Stage III supergene 
covellite (cv; inset). B. Sulphur crystals in vug, in vuggy quartz altered pumice tuff. Dark areas 
are Stage III covellite. C. Reflected-light photomicrograph (oil immersion, uncrossed polarizers) 
of Stage III anilite (an) being replaced by Stage III covellite (cv), in the covellite rim of a 
sulphide kernel in vuggy quartz altered pumice tuff. D. Reflected-light photomicrograph (oil 
immersion, uncrossed polarizers) showing spionkopite/yarrowite (sp/y) intergrown with greenish 
acanthite (ac). Bright areas (x) cannot be explained by the optics of any copper sulphide or of 
acanthite, and may represent a metastable Cu-Ag alteration phase. 

 

 Supergene sulphate minerals are uncommon, but include barite, alunite and 

beudantite and schwertmannite. A single occurrence of supergene alunite intergrown with 

supergene barite as a fine-grained vug-fill has been confirmed from the vuggy quartz 

alteration zone. Beudantite is slightly more abundant than supergene alunite, occurring 

largely as green-to-yellow, fine-grained fracture-coatings that either preceded, or 
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overlapped with goethite precipitation, but also as a constituent of a discontinuous, 

decimeter-scale fault gouge. 

 The occurrence and significance of Stage III barite are described in detail by 

Rainbow et al. 2006). Although rare, it is the most common supergene sulphate at 

Pierina. It is recognized only in the northern part of the vuggy quartz zone where it is 

locally intergrown with acanthite. The micron-to-millimeter scale, clear and colourless 

crystals are distinct from their Stage II hypogene counterparts, and are either intergrown 

with or, more commonly, overgrow the goethite-hematite assemblage. The assemblage 

barite + acanthite is recognized only in centimeter-to-decimeter scale bleached zones that 

are free of iron. These paragenetic relationships and the stable-isotopic compositions of 

the barite ± acanthite assemblage record the microbial oxidation of aqueous sulphate in 

the supergene environment (Rainbow et al., 2006).Very low δ34S values (-5.2 to -22.6 ‰) 

for rare, extremely fine-grained galena which may have precipitated during this stage also 

imply that microbes were active in the deposit. The low-temperature leaching of enargite 

at Pierina by strongly acidic, oxidizing fluids has been replicated in numerous 

experiments (Lattanzi et al., 2008). Welham (2001) specifically generated covellite as an 

intermediate product in the generation of CuSO4. Further, although enargite is relatively 

refractory to bioleaching, Inoue et al. (2001) showed that high Ag contents, as at Pierina, 

catalyze its leaching by mesophilic bacteria. 
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4.6 Gold and Silver Deportment in the Stage III Iron Oxyhydroxide- Oxide 

Assemblage 

 The Stage III Fe-oxide/oxyhydroxide assemblage is known to be the main Au and 

Ag host at Pierina, but the distribution of precious metals therein has not been 

documented. Even though goethite and hematite occur throughout the deposit, Au and Ag 

are mainly confined to the vuggy quartz alteration zone. The submicroscopic occurrence 

and low concentrations of all of the Au and much of the Ag preclude the use of analytical 

techniques such as EPMA, and the more sensitive LA-ICP-MS method was employed. 

Channels ~15μm-deep and ~35 μm-wide transecting composite Fe-bodies were ablated in 

polished-thick sections using a Merchantek UP 213 Nd-YAG laser coupled to a Finnigan 

MAT Element HR-ICP-MS, with a laser energy of 0.033 mJ with a fluence of 42 J/cm2 

and a firing repetition rate of 2 Hz. Analyses were blank-corrected and compared to those 

of NIST 612. The data are reported semi-quantitatively in counts per second because of 

the variable response to the laser of the very fine-grained and intergrown host grains, too 

small to be ablated as individual phases.  

 LA-ICP-MS analysis reveals extremely variable elemental associations and levels 

of enrichment for the precious metals and associated trace elements, including Cu, As, 

Pb, Sb, Bi and Sn, both between and within individual samples. No significant 

concentrations of Zn, Mo, Cd, Cr or W were recorded. Most importantly, the analyses 

show that the hematite and goethite are not the main precious metal hosts: a poorly-

crystalline Fe-oxyhydroxysulphate (Figure 4-10H), probably representing weakly-

ordered schwertmannite (Bigham et al., 1996), consistently displays the highest Au and 
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Ag contents (Figure 4-12). Although Fifarek and Rye (2005) proposed ferrihydrite as the 

initial precursor to goethite and hematite, at Pierina, schwertmannite (ideally 

Fe8O8(OH)6SO4) precipitation prevails in acid sulphate waters of pH ~2-5, whereas 

ferrihydrite is stable at pH > 6 (Bigham et al., 1996), an unlikely environment for 

supergene oxidation at Pierina.  

Schwertmannite, with a pitted texture, very low reflectance and abundant red 

internal reflections, has been recognized only in the vuggy quartz zone. It cores goethite-

hematite botryoids (Figure 4-10H and Figure 4-12) and lines vugs. The bulk of the 

precious metal budget at Pierina had therefore been sequestered prior to the precipitation 

of the goethite and hematite. The trace element suite in this phase comprises, in addition 

to S and Au, variable concentrations of Bi, Sb, Pb, Sn, Ag, As and Cu. Bismuth and Sb 

are strongly correlated, as are Sn and Ag. Also locally highly enriched in Al and Ti, this 

phase is the only carrier of Sn in the supergene assemblage. 

The adsorption capability of schwertmannite in acid mine drainage environments 

analogous to supergene conditions at Pierina is greater than that of both synthetic 

schwertmannite, and pure hydrous Fe (III) oxides. This may reflect surface complexation 

between adsorbed sulphate and metal ions, but precipitation through microbially 

mediated processes also appears to increase its trace-metal adsorption capability (Webster 

et al., 1998). Schwertmannite is generally metastable, but its recrystallization to goethite 

is suppressed by adsorption of As and organic matter (Kumpulainen et al., 2008), as well 

as sulphate (Bigham et al., 1996). At Pierina, oxidation was mediated by microbial 

activity (Rainbow et al., 2006) and LA-ICP-MS shows high levels of As in all supergene 
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Fe phases. We propose that the presence of microbes and the adsorption of SO4 enhanced 

the adsorption of precious metals, as well as As, which, in turn, inhibited the phase 

transformation of schwertmannite to goethite. 

LA-ICP-MS analyses (Appendix F) show that, overall, goethite is enriched in Bi, 

Sb, Pb, As, Cu and Ag, as well as Au, relative to the younger hematite. Cu concentrations 

are locally very high in goethite in the vuggy quartz zone, commonly exceeding those in 

the low-reflectance phase. Further, hematite and goethite contain more Pb, Sb, Bi, As, 

Cu, Ag and Au in the vuggy quartz zone than in the surrounding quartz-alunite alteration 

zone, where Cu, As, Sb and Al are either at low levels or undetected. Lepidocrocite 

shows strong enrichment in Sb, As, Pb, Cu and, locally, Al, but contains no Bi. The very 

high concentrations of Bi, Sb, Pb, As, Cu, Sn, Ag and Au within the earliest-deposited 

oxidic Fe-phase closely reflect the composition of the precursor Au-Ag - polymetallic 

Stage II sulphide assemblage. 

4.7 40Ar/39Ar Geochronology of Alteration at Pierina and Santo Toribio 

 The age relationships of Stage I alteration at Pierina are herein established on the 

basis of 16 new incremental-heating 40Ar/39Ar dates for hypogene alunite, representing all 

textural habits. Noble et al. (1997) and Park-Li (2005) record comparable data for two 

alunites, but provide no information on petrography or location. This study is augmented 

by ages for supergene alunite and cryptomelane, as well as by four 40Ar/39Ar age spectra 

for sericite (muscovite) from the Santo Toribio deposit (Table 4-1). 
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Figure 4-12: Photomicrograph of supergene Stage III goethite (goe) and hematite (hm) with 
schwertmannite (schw) overgrowing quartz (qtz) in vuggy quartz altered pumice-lithic tuff (v = 
vug). The zone ablated during LA-ICP-MS analysis is indicated by the yellow box, and the 
qualitative data for Au, Ag, Cu, Sb, Bi, As, Pb, Sn and Fe are presented directly below the related 
mineral phases. Schwertmannite is the main precious metal host, and is more enriched in all 
elements except Cu than either goethite or hematite. HR= high resolution; MR= medium 
resolution. 
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 40Ar/39Ar ages were determined at Queen’s University using a Mass Analyser 

Products MAP216 mass spectrometer. Samples were irradiated at the McMaster 

University nuclear reactor in Hamilton, Canada, together with the biotite radiation flux 

monitor MAC-83 (24.36 ± 0.17 Ma; Sandeman et al., 1999). Samples were step- heated 

with a defocused LEXEL 3500 Ar-ion laser. Alunite and cryptomelane were heated to a 

maximum of 5.0 W but were not fused, to limit volatilization of sulphur and manganese 

compounds. Muscovite samples were step-heated and fused. Ages were calculated using 

the decay constants of Steiger and Jäger (1977), and errors reported at 2σ. For the 

purposes of this paper, a plateau is defined as a series of contiguous steps containing at 

least 50% of the 39Ar released and whose apparent ages lie within 1σ of their weighted 

mean. For Santa-196, Santa-197, Santa-332 and Santa-1, quasi-plateaus were inferred. 

All analytical data are recorded in Appendix C, but representative age spectra for 

texturally diverse hypogene alunites are illustrated in Figure 4-13. The age relationships 

are summarized in Table 4-1 and also presented in a Gaussian cumulative probability plot 

(Figure 4-14A and B). The majority of the alunite plateau ages incorporate >95% of the 

39Ar released, and in all cases are concordant with the total-gas and inverse-isochron ages 

(Table 4-1). The data reveal no evidence for argon recoil, even in finer-grained 

specimens. Further, the temperature of the Stage Ib hydrothermal fluids (see below) only 

periodically exceeded the argon closure temperature of 280 ± 20° C estimated for alunite 

by Love et al. (1998), and it is unlikely that the Ar systematics were significantly reset 

during the lifetime of the hydrothermal system.  



A weakly-chloritized phenocrystic biotite from a distal outcrop of the main ore 

host (the pumice-lithic tuff; Figure 4-3A) yielded the only datable separate for this unit, 

and gave a total-fusion 40Ar/39Ar age of 16.88 ± 0.61 Ma (Santa-846; Table 4-1). This 

unit was therefore emplaced at least 2 m.y. before initial hydrothermal activity. Stage I 

advanced-argillic alteration at Pierina was clearly a protracted event, spanning at least 1.4 

m.y., from 15.08 ± 0.09 to 13.89 ± 0.13 Ma. Further, the alteration was episodic, with 15 

of 19 alunite ages delimiting two statistically valid, temporally distinct precipitation 

events at ca. 15 Ma and 14.4 Ma (Figure 4-14A). Two younger episodes at ca. 14.25 and 

ca. 13.9 Ma are statistically valid, but are represented by only four analyses (Figure 

4-14A). 
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Figure 4-13: Representative 40Ar/39Ar age data for hypogene alunites and for supergene alunite 
and cryptomelane. Steps included in plateau ages are in black (Table 4-1). 



  112

 

Plateau ages (e.g., Figure 4-13) for friable (14.95 ± 0.11 to 15.02 ± 0.20 Ma), 

porcelaneous (14.45 ± 0.19 to 14.97 ± 0.07 Ma), disseminated (14.23 ± 0.15 to 14.82 ± 

0.17 Ma) and coarse, open-space - filling (13.89 ± 0.13 to 14.43 ± 0.06 Ma) alunite 

overlap considerably, but all dated friable alunites fall in the initial, ca. 15 Ma event. All 

early alunites are either hosted in breccias or associated with structures that focused early 

hydrothermal fluids.  

The most important, 14.4 Ma, hydrothermal alteration event is represented by the 

majority of disseminated and porcelaneous alunite samples, and is in permissive 

agreement with the 14.5 Ma conventional K-Ar alunite date reported by Noble et al. 

(1997) and with the 14.48 ± 0.10 Ma 40Ar/39Ar date of Park-Li (2005). This event, 

spanning ca. 400 k.y., is inferred to have been responsible for the axial vuggy quartz and 

extensive flanking argillic alteration zones. However, both disseminated and coarse, 

open-space - filling alunite continued to precipitate until ca. 13.9 Ma, representing the 

waning stages of hydrothermal alteration at Pierina, preceding Stage II mineralization. 

The age and duration of the latter are, however, constrained only by a single date for 

Stage III supergene alunite, i.e., 14.12 ± 1.59 Ma (Figure 4-13; Sample A3; Table 4-1). 

The uncertainty in this date is large, reflecting a high atmospheric argon content, but we 

infer that Stages II and III occurred very shortly after the termination of hypogene 

alunitic alteration. 

 The four sericite samples from Santo Toribio have ages ranging narrowly from 

14.55 ± 0.17 to 15.21 ± 0.23 Ma (Table 4-1). Two alteration pulses are represented 

(Figure 4-14B), corresponding to the 15 Ma and 14.4 Ma peaks of alunite crystallization 



at Pierina (Figure 4-14A). Three of these dates record the timing of dispersed hydrolytic 

alteration, but one (Santa-1: 14.55 ± 0.17 Ma) was obtained for a selvage of intense 

sericitization adjacent to a richly-mineralized Ag-Pb-Zn-Cu vein exposed in 1996 in the 

Socavón Smith. Sulphide deposition at Santo Toribio, therefore, took place before that at 

Pierina. 

 

 

 

Figure 4-14: Gaussian probability plots for hypogene alunite and sericite (muscovite) 40Ar/39Ar 
plateau ages (2σ errors) for A: Stage I alteration at Pierina; B: hydrolytic alteration at Santo 
Toribio.  

 

 The ca. 15 Ma ages for all three dated friable alunites at Pierina are of interest 

because this textural habit is almost universally interpreted as the product of late-stage 

steam-heated processes (e.g., Sillitoe, 1993), characteristically overprinting magmatic-
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hydrothermal assemblages in both low- and high-sulphidation epithermal deposits (e.g., 

Favona, NZ: Simpson and Mauk, 2007). Such an origin for friable alunite has been 

assumed at Pierina by Fifarek and Rye (2005), and forms the basis of their interpretation 

of its stable isotopic chemistry. Those authors concluded that the “steam-heated” alunite 

(their Stage 4) postdated both Stage 3 “magmatic steam” alunite formation, as well as the 

main auriferous sulphide event (Stage 2). They also state, however, that “It seems likely 

that steam-heated alteration developed contemporaneously with Stages 1-3 but ultimately 

overprinted these assemblages.” No evidence is provided for this conclusion, which is 

clearly disproved by our geochronologic data. The dike-like forms (Figure 4-8C) of the 

bodies of friable quartz-alunite, cutting the larger-scale zones of disseminated alunite and 

alunite-dickite alteration, together with their location immediately adjacent to the main 

breccia complex, imply the explosive transport of finely-comminuted material from 

deeper, older alteration assemblages. The friable quartz-alunite bodies are thus tentatively 

interpreted as hydrothermal breccias. Indeed, porcelaneous alunite from breccia matrices 

yields ages as young as 14.5 Ma, indicating that brecciation was occurring at least until 

that time.  

 The youngest dated event at Pierina is represented by nodular cryptomelane from 

one of a swarm of narrow veins that cut altered and oxidized rocks. This gave (Figure 

4-13; Table 4-1) a plateau age of 4.98 ± 0.31 Ma (39Ar = 67%; MSWD = 1.006), 

significantly post-dating hydrothermal alteration, and is therefore probably not related to 

ore genesis. This late age is, however, coincident with a major episode of uplift of the 

Cordillera Blanca (Perry and Garver, 2004), and presumably followed erosion of a ca. 7 

Ma (Wise and Noble, 2003) cover of Yungay Formation ash flows. 
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4.8 Stable-Isotope Geochemistry and Implications 

 A stable-isotope study of sulphur, oxygen and hydrogen-bearing minerals was 

undertaken to establish the source of sulphur, the formation temperatures of the various 

alteration assemblages, the relative contributions of magmatic and meteoric waters during 

the evolution of the deposit, and the environments of formation of the diverse alunite 

habits. The documentation extends the preliminary account of Rainbow et al. (2005) and 

complements the specific discussion of supergene processes in Rainbow et al. (2006).  

 Alunite separates were treated following the methods of Wasserman et al. (1992) 

and Arehart et al. (1992). Oxides and sulphides were hand-picked and clays were 

separated by centrifuge. Sulphur was extracted online using a Finnigan MAT 252 IRMS 

coupled to a Carlo Erba Elemental Analyzer after the method of Giesemann et al., 

(1994). Oxygen was extracted from quartz, goethite, hematite and clay minerals, and 

from the sulphate sites in alunite and barite, using the BrF5 technique of Clayton and 

Mayeda (1963). Additional sulphate oxygen, as well as alunite total oxygen, was 

analyzed by pyrolysis on a Finnigan TC/EA coupled to a Finnigan Delta Plus XL mass 

spectrometer. Hydrogen from goethite was extracted offline by the technique described 

by Bigeleisen et al. (1952) and Kyser and O’Neil (1984), whereas hydrogen was 

extracted from alunite and clay minerals by pyrolysis. All fractionation factors are given 

in Table 4-2. The data, summarized in Table 4-2, are assessed in the context of the 

mineral paragenesis defined through field mapping, core logging, petrographic study, 

40Ar/39Ar geochronology, and LA-ICP-MS analysis.  
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4.8.1 Stage I: hydrothermal alteration 

4.8.1.1 Alunite and sulphides 

 Sulphur isotope ratios were determined for alunites of all textural classes 

(Rainbow et al., 2005), together with Stage Ib sulphides, including pyrite, which is 

locally in textural equilibrium with alunite, and the rare sphalerite and galena. Oxygen 

and hydrogen isotopic data were also determined for all habits of alunite and for Stage I 

clay minerals and quartz.  

 All alunites have δ34S values in the range +12.9 to +32.0 ‰ (Figure 4-15; Table 

4-2), with positively correlated δ18OSO4 and δD values of +6.3 to +14.6 ‰ and -71 to -34 

‰, respectively (Figure 4-16; Table 4-2). However, the individual textural classes exhibit 

distinct compositional ranges: thus, whereas isotopic values for disseminated alunite 

embrace the entire range of δ18O and δD values, all coarse open-space - filling samples, 

representing Stage Ib and younger events, have lower values. Friable alunites (Stage Ia) 

fall near the mid-point of the compositional range (Figure 4-16). Disseminated alunite 

occurs characteristically as a replacement of feldspar phenocrysts and inferred pumice 

fragments, representing the dominant alteration process. It has δ34S values of +16.6 to 

+32.0 ‰, δ18OSO4 values of +6.3 to +14.4 ‰, and δD values of -34 to -71 ‰ (Figure 4-15 

and Figure 4-16). Pyrite is intergrown with disseminated alunite and apparently 

precipitated throughout Stage Ib. Sulphur isotopic values for pyrite in the quartz-alunite 

(-2.3 to +2.9 ‰) and intermediate-argillic (-2.8 to +1.8 ‰) alteration zones are 

indistinguishable and, together with the values for sphalerite (+1.8 ‰) and galena  

(-1.5 ‰), are consistent with a magmatic sulphur source. 
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  The majority (34 of 36) of disseminated alunite δ34S values exceed +22 ‰, in 

conformity with the disproportionation of magmatic SO2 to H2S and SO4 in a cooling and 

condensing vapour plume. H2S (g) is inferred to have reacted with wall-rock Fe to 

generate pyrite, which pseudomorphed phenocrystic hornblende and biotite in the vuggy-

quartz alteration zone. Pyrite coexisting with disseminated alunite in unoxidized parts of 

the deposit gives Δ34Salu-py temperatures ranging from 180E to 275EC, six of eight values 

falling below 200EC. Fifarek and Rye (2005) estimated a similar range, from 178E to 

290EC, for 11 disseminated alunite-pyrite pairs from sites between 3704 and 3895 m 

a.s.l., an elevation interval extending below and above that for our data (3760-3790 m 

a.s.l.: Table 4-2). However, much of the disseminated alunite, and all alunites of other 

textural classes, occur in the oxidized zone where pyrite has been destroyed. A regression 

line of δ34Salunite vs. Δ34Salu-py values from Stage Ib (Rainbow et al., 2005; this study) and 

from Stages 1 and 2 of Fifarek and Rye (2005), all isotopically indistinguishable, was 

therefore used to estimate alunite precipitation temperatures for these areas (Figure 4-15). 

An overall temperature range of ~ 160-330EC is thereby defined for disseminated alunite 

in the oxidized zone. Here, our estimated temperatures for disseminated alunite formation 

differ from those similarly calculated by Fifarek and Rye (2005), particularly at high 

elevations (≤ 4168 m a.s.l.).  

 Alunites representing the initial, 15 Ma, alteration episode have depositional 

temperatures of 284-335°C, most significantly exceeding those from the 14.4 Ma 

episode, of 192-273°C, implying cooling of the alteration environment with time.  
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Table 4-2: Mineral and fluid stable isotope data for the Pierina deposit. 
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Figure 4-15: Histogram of δ34S values of Stage I pyrite (black bars) and alunite (disseminated: 
open bars; friable: light grey bars; porcelaneous: cross-hatched bars; coarse, open-space - filling: 
dark grey bars) for the Pierina deposit. The regression line for δ34Salunite vs. Δ34Salu-py (closed 
circles: Rainbow et al., 2005; this study; open circles: Fifarek and Rye, 2005) was used to 
determine temperatures for alunite in the oxide zone.  

 

Further, despite the considerable overlap in the data, we infer that the friable alunites of 

Stage Ia have average fluid compositions with higher proportions of magmatic water than 

the texturally-diverse alunites of Stage Ib and later substages (Figure 4-16). Thus, as 

alteration temperatures decreased, meteoric water involvement increased. If the friable 

alunites were emplaced as clasts in hydrothermal breccias, a deep, early, environment 

with less meteoric water involvement than in the main alteration zone is implied. 

 Porcelaneous alunite, in part intergrown with similarly fine-grained quartz, forms 

the matrix of several hydrothermal breccia bodies (Figure 4-5A), most within the breccia 

complex at the southeastern extremity of the deposit. Widely variable δ34S (+17.5 to 

+27.1 ‰), but more consistent δ18OSO4 (+11.4 to +14.6 ‰) and δD (-50 to -41 ‰) values 

fall within the ranges shown by disseminated alunite (Figure 4-15 and Figure 4-16), 
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evidence for a similar origin, although the δ18OSO4 and δD values for porcelaneous alunite 

in both Stages Ia and Ib are among the highest at Pierina. 

 

 
 

 

Figure 4-16: δD, δ18OSO4 and δ18OOH values for Stage I disseminated, porcelaneous, coarse, open- 
space - filling and friable alunite. Fields represent fluids in equilibrium with the various alunite. 
Fractionation factors are provided in Table 4-2. Reference lines and fields are: meteoric water 
line (MWL: Craig, 1961); kaolinite line (Savin and Epstein, 1970); felsic magmatic water (FMW: 
Taylor, 1992); and volcanic vapour (Giggenbach, 1992). 
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The δ34Salunite values define depositional temperatures ranging from 200E to 310EC, again 

among the highest temperatures for Pierina alunite. Waters in equilibrium with 

porcelaneous alunite therefore had restricted δDH2O (-45 to -31 ‰), but more variable 

δ18OH2O (+0.4 to +6.3 ‰) values (Figure 4-16) which plot close to the felsic magmatic 

water field of Taylor (1992). Together with the relatively high precipitation temperatures, 

these indicate that magmatic waters interacted only minimally with meteoric waters 

during porcelaneous alunite precipitation. As we emphasized earlier (Rainbow et al., 

2005), the porcelaneous habit is clearly not restricted to supergene alunite. 

 Coarse, open-space - filling alunite is extremely rare at Pierina, occurring as 

centimeter-wide veins with local plumose texture and as coatings on hydrothermal 

breccia fragments. Such alunite is elsewhere inferred to have formed in the magmatic-

steam environment where all of the sulphur is inferred to have been present as SO2, 

transported to the epithermal environment in a low-density, SO2-dominated fluid derived 

directly from the parental magma chamber. The SO2 did not undergo reduction or was 

entirely oxidized to SO4 by the entrainment of atmospheric oxygen during its ascent, and 

thus its stable isotope systematics differ significantly from those of magmatic 

hydrothermal deposits (Rye et al., 1992, Rye, 2005). However, as was also recognized by 

Fifarek and Rye (2005), the δ34S (+12.9 to +26.2 ‰), δ18OSO4 (+6.5 to +8.6 ‰) and δD (-

71 to -55 ‰) values for the coarse alunites from Pierina (Figure 4-15 and Figure 4-16) 

overlap with those of the disseminated alunite. Moreover, the sample that most closely 

resembles alunite from the magmatic-steam alunite type-locality of Alunite Ridge, 

Marysvale, Utah (Cunningham et al., 1984), comprising cm-scale layered, pinkish, 



plumose crystals, yields the highest δ34S, δ18OSO4 and δD values, and is isotopically 

indistinguishable from the disseminated alunite. 

 

 

Figure 4-17: δD and δ18OSO4 values for Stage I disseminated, porcelaneous, coarse, open-space - 
filling, and friable alunite, and δD and δ18O values for Stage I clay. Also shown are fluids in 
equilibrium with the Stage I clay and Stage III goethite-hematite assemblage. Fractionation 
factors are provided in Table 4-2. Fluids in equilibrium with alunite, and reference lines and 
fields are as given in Figure 4-16. 
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Water compositions in apparent equilibrium with coarse, open-space - filling alunite have 

a limited range of δ18O values (-1.7 to +2.8 ‰), but variable δD values (-60 to -45 ‰), 

similar to those in equilibrium with the disseminated alunite (Figure 4-16). On this basis, 

Rainbow et al. (2005) inferred that the coarse, open-space - filling alunite is similarly of 

magmatic-hydrothermal origin. In contrast, Fifarek and Rye (2005) proposed that the 

δ18O and δD values predicating meteoric water involvement resulted from the throttling 

of ascending magmatic steam during subhorizontal flow through the pumice-lithic tuff 

where structures were less developed than in the underlying faulted feeder-structure. 

Their δ34S values, ranging from + 8.5 ‰ to +23.2 ‰, were interpreted to be due to partial 

exchange of sulphate with H2S and H2O through incorporation of groundwater into a 

sluggish steam column, the higher values recording complete SO-2
4 – H2S isotopic 

exchange. Two of their samples, considered to be of magmatic-steam origin on textural 

grounds, were further analyzed for fluid inclusion gas chemistry (Landis and Rye, 2005). 

The fluid inclusion composition characteristics, however, were not representative of the 

magmatic-steam environment, i.e., high SO2 contents (~ 800 ppm) and high SO2:H2S 

ratios (~ 200). Instead, both samples yielded <20 ppm SO2, and very low SO2:H2S ratios 

of <1.5 (Landis and Rye, 2005). The limited fluid-inclusion gas data are, therefore, in 

closer agreement with a magmatic-hydrothermal origin for the coarse open-space - filling 

alunite at Pierina. We would argue that the fibrous-to-plumose habit in these alunites is 

probably an insufficient criterion for such an origin. At Pierina, megascopic brittle 

fractures are inferred to have developed late in the process of alunitic alteration, 

favouring the very local formation of rare veinlets of coarse-grained magmatic-

hydrothermal alunite (Figure 4-6A). 
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 Friable alunite in epithermal environments is commonly ascribed to the complete 

oxidation of magmatic H2S to SO4 at or above the watertable. This typically occurs late in 

the life of a hydrothermal system and locally overprints and overlies earlier hydrothermal 

alteration and mineralization assemblages (e.g., Crofoot-Lewis: Ebert and Rye, 1997; 

Paradise Peak: Sillitoe and Lorson, 1994). Such steam-heated alteration zones typically 

have a blanket configuration (e.g., Tambo: Deyell et al., 2005a; Crofoot-Lewis: Ebert and 

Rye, 1997), and are commonly comprised of the low-temperature assemblage, 

cristobalite ± alunite ± kaolinite ± native sulphur (e.g., Paradise Peak: Sillitoe and 

Lorson, 1994; Tambo: Deyell et al., 2005a; Pascua-Lama: Deyell et al., 2005b). The 

stable isotope composition of alunite generated in this environment is predictable. The 

complete oxidation in the vadose zone of H2S (g) with a δ34S value of ~ 0 ‰ produces 

alunite with similarly low δ34S values, and δD values are constrained by the local 

meteoric water composition (e.g., Tolfa: Field and Lombardi, 1972; Lombardi and 

Sheppard, 1977). The δ18OSO4 values also reflect local meteoric water chemistry, but may 

be more variable, being influenced by both precipitation temperature and the relative 

contributions of oxygen by meteoric water and atmospheric sources during H2S 

oxidation.  

 As we earlier maintained (Rainbow et al., 2005), the friable alunite at Pierina 

cannot readily be assigned to a steam-heated origin, a problem also recognized by Fifarek 

and Rye (2005). Thus, the mineralogy of the friable alunite association is not in 

conformity with formation in the steam-heated environment. The powdery associations 

are composed of quartz with minor alunite and natroalunite, rutile, hematite and, in one 

sample, zircon, and are thus mineralogically similar to the disseminated alunite-altered 
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host rocks. Low-temperature phases such as cristobalite, kaolinite and native sulphur are 

absent. Further, the stable-isotope values of the friable alunites are not diagnostic of a 

steam-heated origin. All the δ34S values of +16.2 to +19.3 ‰ (n=3) determined by 

ourselves and those reported by Fifarek and Rye (2005; +12.3 - +27.2 ‰ (n=7), most ≥ 

22.5 ‰) overlap with the lower values for disseminated alunite, and are significantly 

higher than would be produced through the complete oxidation of H2S (g) (Figure 4-15 

and Figure 4-16). Similarly, their δ18OSO4 and δD values overlap entirely with those of 

the disseminated alunite, falling within the positively correlated trend defined by all 

alunite types (Figure 4-16). Fifarek and Rye (2005), however, propose that the stable 

isotopic values record oxygen and sulphur isotopic equilibration in the vadose zone to an 

extent greater than hitherto documented for this environment. This conclusion was based 

mainly on the isotopic compositions of two of their six analyzed samples, which gave 

low δ34S values of +12.3 and +15.8 ‰, similar to that of a “high-level magmatic-

hydrothermal alunite” (p. 270, 14.2 ‰), and correlated with δ18OSO4 values exceeding 

+10 ‰. These data were interpreted as evidence for the involvement of sulphate with a 

composition incompatible with magmatic-hydrothermal processes, and envisaged to have 

formed initially through oxidation of H2S in the vadose zone, giving a δ34SSO4 value of ~ -

2 ± 2 ‰. On percolation to the watertable, this then exchanged with aqueous or streaming 

H2S and magmatic-hydrothermal fluids at 140-180°C, resulting in 34S-enrichment of the 

sulphate to values ranging from +14 to +29 ‰.  

 This complex model is essentially based on two relatively low δ34S values, one 

for material interlayered with alunite with a normal magmatic-hydrothermal composition 

(δ34S = +22.2 ‰). We would, however, argue that integration of the two available 
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datasets suggests that the friable alunites do not occupy a compositional field distinct 

from the alunite population at large, and a parsimonious interpretation of their genesis 

would not make a fundamental distinction between the friable and disseminated samples, 

the latter of unambiguously magmatic-hydrothermal origin. Whereas the unusual influx 

of magmatic fluids into the steam-heated environment advocated by Fifarek and Rye 

(2005) has been proposed for Tambo (Deyell et al., 2005a) and Pascua-Lama (Deyell et 

al., 2005b), in both of those deposits the alunite maintained dominantly magmatic 

signatures through all hypogene stages. Deyell et al. (2005b) argued that this 

homogeneity resulted from a restriction of meteoric water involvement owing to radical 

climatic desiccation during mineralization, which would be precluded by the genetic 

model of Bissig et al. (2002) advocating the stimulation of hydrothermal activity through 

rapid pediment erosion, a process requiring a relatively pluvial climate. It is more 

plausible that, in such breccia-dominated centers, magmatic fluid flow effectively 

excluded meteoric water. In contrast, δ18OSO4 and δD isotopic data from all paragenetic 

stages in the disseminated Pierina deposit show significant meteoric water involvement, 

strongly suggesting that alunite would similarly exhibit a strong meteoric water signature 

in any associated steam-heated environment.  

 We would suggest that the friable nature of this alunite is an insufficient criterion 

for a steam-heated origin. Friable occurrences, together with one porcelaneous sample 

from the hydrothermal breccia complex, represent the earliest alteration event at Pierina, 

antedating by ~ 700,000 years the main hydrothermal alteration event at 14.4 Ma. 

Further, the friable alunite does not appear to be associated with any paleo-watertable, 

and occurs largely in small, dike-like bodies several of which (e.g., Figure 4-8C) have 
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abrupt upper terminations. Moreover, where such steeply-inclined bodies merge to form 

discontinuous zones, this occurs immediately beneath argillized wallrock and ~ 150 m 

below the current upper extent of hydrothermal alteration, which must itself have formed 

below the watertable. We therefore argue that there is no preserved steam-heated blanket 

at Pierina. If the friable alunite were related to a ca. 15 Ma watertable, its location would 

have been above the current upper extent of hydrothermally-altered rock (~4200 m a.s.l.) 

and, during uplift and erosion, would have descended from an even higher stratigraphic 

position over the 600,000 years intervening between friable alunite formation and main-

stage hydrothermal alteration. Thus, the age of the friable samples, if steam-heated in 

origin, would require the fluids to have descended at least a hundred meters from that 

paleo-watertable to the existing friable alunite location (~ 4100 m a.s.l.). 

 The mineralogy of the friable associations and the similarity of their stable-

isotopic composition to that of the main disseminated alunite population are consistent 

with a magmatic-hydrothermal origin. The isotopic values for friable alunite are 

interpreted to reflect precipitation at 284E to 335EC (δ34S = +16.2 to +19.3 ‰ ) from 

waters similar to those that precipitated the disseminated alunite, i.e., with δD and δ18O 

values of +0.6 to +3.8 ‰ and -56 to -51 ‰, respectively. We infer that the now-friable 

alunite precipitated from early magmatic-hydrothermal fluids at slightly higher 

temperatures and at greater depths than the now-contiguous disseminated alunite, and 

was subsequently explosively emplaced at its current level. The friable habit may be a 

direct result of intense fragmentation during breccia emplacement. 



  130

4.8.1.2 Alunite Δ 18OSO4-OH equilibrium and geothermometry 

The two crystallographically distinct oxygen sites in alunite represent a potential 

basis for single-mineral stable isotope geothermometry. However, under equilibrium 

conditions, δ18OSO4 and δ18OOH values differ by no more than 5 ‰ over the temperature 

range 150E to 400EC, and by only ~ 6 ‰ at ~100EC (Stoffregen et al., 1994). Moreover, 

retrograde isotopic exchange has been documented between OH-site oxygen and 

hydrogen and cooling fluids in the magmatic-hydrothermal environment (Rye et al., 

1992). Thus, Δ18OSO4-OH temperatures can be unreliable, and are rarely in agreement with 

those derived from the more sensitive Δ34Salu-py geothermometer, which is also more 

robust due to the resistance of sulphur isotopes to exchange at low temperatures (Seal et 

al., 2000). In a cooling hydrothermal system, oxygen isotope exchange would increase 

the alunite δ18OOH value so that it approaches or even exceeds that of the unexchanged 

δ18OSO4 value, yielding spuriously high temperatures (e.g., > 600EC at Summitville: 

Bethke et al., 2005). Impossibly low temperatures have also been determined (e.g., -50EC 

at Pascua-Lama: Deyell et al., 2005b). However, because δDalu-H2O fractionation is 

limited (<10 ‰ at ≤350EC: Stoffregen et al., 1994), δDalu values would remain largely 

unchanged. It is therefore assumed that oxygen isotope equilibrium is attained in the 

magmatic-hydrothermal environment, but not everywhere preserved. In contrast, Rye et 

al. (1992) demonstrated that Δ18OSO4-OH values in the low-temperature steam-heated 

environment commonly give temperatures in the reasonable range of ~90E to 160EC, 

evidence that oxygen isotopic equilibrium is both attained and preserved. 

 At Pierina, some Δ18OSO4-OH values give temperatures that, although within the 

epithermal range, are lower than those calculated through Δ34Salu-py geothermometry (e.g., 
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116° vs. 198° C for sample P-179: Fifarek and Rye, 2005). These lower values indicate 

that post-crystallization isotopic exchange of oxygen and hydrogen is not restricted to 

cooling magmatic-hydrothermal environments. In this situation, δ18OOH data can aid in 

clarifying the evolving fluid and thermal history of the acid-sulphate environment.  

 Alunite at Pierina, irrespective of its habit, yields δ18OOH values ranging widely 

from -1.4 to +28.5 ‰ (Figure 4-16; Table 4-2). When compared to predicted δ18OOH 

values calculated from alunite δ18OSO4 values and δ34S or Δ34Salu-py–derived temperatures, 

almost all samples show some degree of isotopic exchange. However, five of fourteen 

specimens with disseminated, friable, and coarse, open-space - filling habits yield values 

that are within 3 ‰ of the predicted values. In contrast, no porcelaneous alunite samples 

approached oxygen isotope equilibrium. 

 The six studied disseminated alunite samples all show moderate to strong oxygen 

isotope disequilibrium (Table 4-2). Three samples gave δ18OOH values higher than 

predicted and generate unreasonably high depositional temperatures, indicating 

retrograde isotopic exchange with cooling magmatic-hydrothermal fluids. One of these, 

PRN-65, has a very high δ18OOH value of +20.5 ‰, suggesting either that equilibrium 

was never attained, or that isotopic exchange occurred with a dominantly magmatic fluid 

at a low temperature (~ 125EC). Conversely, three samples, including two providing 

Δ34Salu-py temperatures, give lower than predicted δ18OOH values, and temperatures that 

are 42E to 196EC lower than those derived through Δ34Salu-py geothermometry. Although 

lower values could be explained through oxygen isotopic exchange with hotter fluids, the 

geologically more reasonable explanation is exchange with cooler fluids of lighter 
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isotopic composition, such as the local meteoric waters known to be involved in the 

alteration. 

 Both analyzed friable alunite samples have lower than predicted δ18OOH values. 

However, Santa-24 gives a δ18OOH value (+3.3 ‰) within 1 ‰ of its predicted value 

(+4.0 ‰). The Δ18OSO4-OH geothermometry implies a depositional temperature of 223EC 

(Table 4-2), within the accepted range for magmatic-hydrothermal alunite but excessive 

for the steam-heated environment. In contrast, PRN-811 yields a Δ18OSO4-OH temperature 

of only 78EC (Table 4-2), indicating that either equilibrium was not attained or that this 

friable alunite underwent post-depositional isotopic exchange with mixed magmatic and 

meteoric waters during cooling. The δ18OOH data for these friable samples, together with 

their δ34S, δ18OSO4 and δD values, therefore do not support a steam-heated origin for the 

friable alunite. 

 Coarse, open-space - filling alunite gives δ18OOH values of +1.4 to +8.0 ‰, all 

within +4 ‰ of predicted values, but indicating that individual specimens experienced 

either retrograde exchange during cooling or interaction with meteoric waters. This 

sample group generally exhibits the smallest degree of disequilibrium, presumably due to 

the coarse grain-size. 

 Porcelaneous alunite yields some of the highest δ18OOH values (+12.1 to +28.5 

‰), all more enriched in 18O than predicted. Although the porcelaneous habit is typical of 

a supergene origin, as are δ18OOH values significantly exceeding the δ18OSO4 values for 

individual samples (Rye et al., 1992; Arribas et al., 1995), their δ34S, δ18OSO4 and δD 

values, and their occurrence in hydrothermal breccias, strongly support a hydrothermal 
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origin, and the marked disequilibrium could indicate that porcelaneous alunite continued 

to exchange with cooling magmatic waters. 

 In summary, all δ18OOH values for alunite at Pierina are evidence for a complex 

hydrothermal system with multiple fluid sources involving the interaction of magmatic-

hydrothermal and meteoric waters throughout the formation history of the deposit.                                     

4.8.1.3 Quartz 

δ18O values (Table 4-2) for Stage I vuggy quartz (+11.9, +12.9 ‰), quartz 

intergrown with disseminated alunite (+12.7 to +17.5 ‰) and quartz associated with 

friable alunite(+13.2 ‰) are indistinguishable. All show 18O enrichment relative to the 

pumice-lithic tuff magmatic quartz value of +9.3 ‰, evidence for an initial melt oxygen 

isotopic value of ~ +7 to +8 ‰ (Taylor, 1968). The range of δ18Oqtz values for Stage I, 

together with the 34S alu-py-derived precipitation temperatures of ~160-300°C, indicate that 

waters in equilibrium with the hydrothermal quartz had a δ18O range of ~ -4.5 to +9.5 ‰ 

(Matsuhisa et al., 1979), similar to that calculated from disseminated alunite δ18OSO4 

values (-5.4 to +4.1 ‰). However, δ18Oqtz values are enriched by 5-6 ‰ over expected 

equilibrium values when compared to δ18OSO4 values from the same specimen. This 

disequilibrium is interpreted to be the result of kinetic controls, whereby sulphate 

equilibrated rapidly with low-pH fluids, and retained its initial isotopic composition 

(Chiba et al., 1981; Ohmoto and Lasaga, 1982), whereas the residual vuggy quartz, 

originally in the form of amorphous silica, underwent continued exchange with cooling 

magmatic hydrothermal fluids. Fluid inclusion δD values for quartz from both friable and 

vuggy zones give values as low as -91 ‰, significantly lower than those calculated for 
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other Stage I fluids, possibly reflecting exchange with isotopically lighter meteoric fluids 

at lower temperatures. 

4.8.1.4 Clay Minerals 

Dickite, illite and montmorillonite from the peripheral Stage I argillic alteration 

zone were analyzed for δ18O and δD (Table 4-2). Samples of finely disseminated clays 

were selected from both oxidized and unoxidized zones to investigate the extent of 

isotopic exchange with meteoric waters during supergene oxidation. X-ray powder 

diffractometry shows that the illites are poorly-crystalline (001 ≥ 0.5E2θ), and probably 

formed at or below 150EC (Kubler, 1964; Arkai, 1991). A maximum temperature of 

175EC was interpolated for dickite precipitation, intermediate between those for illite and 

the main-stage alunite. The stable-isotope compositions of dickite (δ18O = +3.4 to +11.2 

‰; δD = -98 to -75 ‰) and illite ± montmorillonite (δ18O = +5.9 to +11.0 ‰; δD= -87 to 

-80 ‰) indicate deposition from waters with highly variable δ18O values of -4.3 to +4.2 

‰, but a limited δD range, from -79 to -56 ‰ (Figure 4-17). The hydrogen and oxygen 

isotopic values of the clays from oxidized and unoxidized zones are indistinguishable 

(Figure 4-17), indicating that post-depositional isotopic exchange with supergene fluids 

was insignificant. The small δDH2O, but more extensive δ18OH2O value range suggests 

that, like Stage I alunite, Stage I clay minerals precipitated from a mixed magmatic-

meteoric water, but with a larger meteoric contribution in accordance with their 

formation in a peripheral alteration zone. The association of increasing δ18OH2O values 

with more uniform δDH2O values strongly suggests that local meteoric waters exchanged 

with igneous country rocks, resulting in positive shifts in δ18O values (Craig, 1963). 
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During Stage I alteration, therefore, meteoric waters are inferred to have convected 

through the igneous rocks of the local Huaraz Group, albeit maintaining moderate water–

to–rock ratios (cf. Field and Fifarek, 1985), but the high δ18O values could also represent 

mixing of meteoric waters with a limited magmatic component (Marumo et al., 1995). 

 Although Fifarek and Rye (2005) report a similar range of δ18O values for dickite 

± kaolinite (+3.2 to +12.5 ‰; n=10) and illite ± smectite (+5.7 to +8.5 ‰; n=5), their δD 

values for these minerals (-126 to -81 ‰ and -110 to -96 ‰) are lower than we obtained, 

representing the only significant discrepancy in the two isotopic datasets. Their estimated 

compositions for coexisting waters thus have δ18O values (-3.2 to +1.5 ‰), similar to, but 

more variable than those of this study, and extend to much lower δD values (-107 to -81 

‰: see Figure 5 of Fifarek and Rye, 2005). We consider it germane that the majority of 

clays exhibiting δD values of < -100 ‰ were taken from veinlets or cavities and were 

assigned to late-Stage 2 by Fifarek and Rye (2005; their Table 1). Several were 

dominated by kaolinite, a relatively rare constituent of the dispersed intermediate argillic 

zone. We suggest that these isotopically distinctive clays represent a later stage of 

hydrothermal activity, perhaps only tenuously related to mineralization. Removal of such 

veinlet clays yields a δD vs. δ18O trend similar to ours. 

 

4.8.2 Stage II: sulphide–barite mineralization 

 δ34S values for Stage II pyrite (-2.3 to +3.2 ‰), enargite (-1.1 to +0.2 ‰), galena 

(-1.3 to -0.5 ‰), bismuthinite–stibnite (-2.9 ‰), sphalerite (+1.5 to +4.7 ‰) and 

alabandite (-4.3 ‰) overlap entirely with those for Stage I sulphides (Figure 4-18; Table 



4-2). Barite δ34S values of +19.0 to +28.5 ‰ and δ18OSO4 values of +5.8 to +10.9 ‰ 

(Figure 4-18) also overlap entirely with those of Stage I alunite and, together with the 

Stage II δ34S sulphide values, indicate that this assemblage similarly formed through the 

disproportionation of magmatic SO2 to H2S and SO4. Barite precipitation occurred late 

during this stage and crystals are not in textural equilibrium with other sulphide phases, 

but a sulphide-sulphide pair gives a precipitation temperatures of 215EC (Table 4-2). 

Barite precipitating in this temperature range would be in equilibrium with waters with 

δ18O values of ~ 0 ± 2 ‰ (Zheng, 1999), similar to earlier alunite-precipitating fluids. 

This, together with the similarity in the Stage I and Stage II sulphate values and 

temperature ranges, shows that meteoric water was involved in the precipitation of the 

Stage II assemblage.  

 

Figure 4-18: Relation between δ18O and δ34S values (‰) for Stage II barite (black crosses), Stage 
Ib disseminated alunite (as shown), and Stage III barite (open crosses). Open grey circles are data 
from the single barite stage of Fifarek and Rye (2005). δ34S values of acanthite are shown in ‰ 
next to the associated barite. The range of δ34S values for Stage I and II sulphides is shown, as is 
the δ18O value of Stage III meteoric water (Rainbow et al., 2005; 2006).  
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4.8.3 Stage III: supergene oxidation 

 The sulphur isotopic composition of Stage III sulphates, sulphides, and native 

sulphur are comparable to those of the Stage I and II sulphide assemblages, with 

beudantite (+0.5 to +7.7 ‰), a barite–alunite intergrowth (+3.8 ‰), native sulphur (-1.5 

to +2.6 ‰) and covellite from sulphide kernel rims (-0.6 to +1.9 ‰) all giving values 

consistent with a supergene origin. Covellite ± acanthite from oxidized zones around 

sulphide kernels yields slightly lower δ34S values of -5.9 to -1.5 ‰. However, rare, very 

fine-grained galena from quartz-alunite and argillically-altered samples from depths of 

3732 to 3826 m gives very low δ34S values of -22.6 to -5.2 ‰ (n=3), indicating likely 

microbial involvement in its deposition (Canfield and Thamdrup, 1994). 

 The Stage III supergene assemblage is dominated by goethite and less abundant, 

later hematite (Figure 4-10G and H). Goethite δD ( -191 to -155 ‰) and δ18O (-8.2 to -

2.0 ‰) values, together with the similar δ18O values for hematite of -8.8 to -4.4 ‰ (Table 

4-2), show that the precipitation of both minerals occurred at low temperatures (≤50E C) 

from unexchanged meteoric waters with δ18O and δD values of, respectively, -12.1 to -

5.3 ‰ and -91 to -55 ‰ (Figure 17; Rainbow et al., 2006). Goethite δ18O values for 

samples intimately intergrown with quartz, are shifted to higher values, reflecting the 

higher quartz stable isotopic compositions, and they therefore plot to the right of the 

meteoric water line (Figure 4-17).  

 The meteoric water δD and δ18O values determined in this study are significantly 

higher than those of Fifarek and Rye (2005; δD = -140 ± 15 ‰; δ18O = -19 ± 2 ‰), 

estimated on the basis of a “best fit” line drawn through magmatic-hydrothermal alunite-
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precipitating fluid values, and projected to the meteoric water line to values from younger 

(5-10 Ma) Andean ore deposits. The estimated values are also significantly lower than 

those of modern Andean meteoric waters at 4000-5000m a.s.l., (Colqui district, δ18O = -

13.7 to -16 ‰, δD = -116 to -120 ‰: Kamilli and Ohmoto, 1977; Pasto Bueno, δ18O = -

13.3 ‰, δD = -96 ‰: Landis and Rye, 1974). Although the latitude of the Pierina deposit 

has remained largely unchanged since the middle Miocene, major regional uplift from ca. 

10 Ma onwards has increased its elevation by ~ 500 to 1000 m. A trend towards more 

negative δD and δ18O values of meteoric waters with Andean uplift has been 

demonstrated by Garzione et al. (2008), but it is unlikely that local middle Miocene 

meteoric waters would be isotopically depleted relative to their modern analogs. Further, 

because the meteoric water δD and δ18O values determined for the supergene oxidation 

stage in this study are consistent with those inferred to have been involved in the 

hypogene alteration, they are probably representative of meteoric fluids that contributed 

to the development of the Pierina deposit. 

 The paragenetic, morphologic and stable-isotopic relationships of the Stage III 

barite ± acanthite assemblage are described in detail by Rainbow et al. (2006). Barite 

δ34S (+1.4 to +14.2 ‰) and δ18O (-2.8 to +4.7 ‰) values are positively correlated, 

together with the δ34S values for cogenetic acanthite (+0.4 to +3.9 ‰; Figure 4-18). The 

low δ34S and δ18O values are in agreement with a supergene origin, where sulphur was 

derived through the abiotic oxidation of the Stage I and II sulphide mineral assemblages 

(δ34S = 0 ± 3 ‰) and oxygen values are consistent with sulphide mineral oxidation in the 

presence of meteoric waters that were in equilibrium with the goethite ± hematite 

assemblage (δ18O= +10 ± 2 ‰: Rainbow et al., 2006; cf. Taylor et al., 1984). 
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 The positively correlated δ34S and δ18O values for barite, and the correlated δ34S 

values for acanthite, imply that, with time, the sulphate reservoir became progressively 

enriched with respect to 34S and 18O, a process best explained through the microbial 

reduction of aqueous sulphate. 

4.9 Geomorphic Setting of Mineralization 

 Integrated geomorphic and geochronologic research in the El Indio-Pascua Au-Ag 

belt, Chile/Argentina, has shown that high-sulphidation epithermal mineralization at El 

Indio, Tambo, Pascua-Lama (Bissig et al., 2002) and Veladero formed only 100’s of 

meters behind the precipitous headwalls of actively-developing, structurally-controlled, 

middle-to-upper Miocene valley-pediments. Hydrothermal activity was inferred to have 

been directly localized and stimulated by catastrophic erosion and watertable 

displacement under semi-arid conditions, immediately before the cessation of arc activity 

above a flattening subduction zone (Bissig et al., 2003). 

 Detailed landform mapping has not been documented on the eastern slope of the 

Cordillera Negra in the Pierina district and the mid-Miocene landforms broadly 

contemporaneous with hydrothermal activity have been extensively degraded by the 

active incision of the Río Santa canyon. However, components of middle Miocene 

landforms both preceding and broadly contemporaneous with mineralization may be 

recognized. An erosion surface dipping at ~ 20° to the ENE underlies the dominantly 

andesite succession below the Pierina deposit. The ca. 24 Ma ages for the basal flows 

suggest that this angular unconformity records uplift and erosion in the late Oligocene, 

probably representing the Aymará orogenic event (Sébrier et al., 1988). This surface 
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itself intersects, at low angles, a 27-28 Ma unconformity within the Huaraz Group and the 

32-34 Ma surface defining the contact between the strongly folded Chururo Group and 

less deformed Huaraz Group. Outliers of 40-45 Ma Chururo Group volcanics west and 

southwest of Pierina reveal the location of the middle Eocene surface at the base of the 

Calipuy Supergroup. 

 The upper slope of the Callejón de Huaylas immediately south of the Santo 

Toribio deposit is faceted by four erosional surfaces, one of which is constrained by the 

overlying 14.10 ± 1.33 - 14.99 ± 0.50 Ma flows of the Santo Toribio andesite package, 

but none of the surfaces can be correlated with those of Myers (1976). It intersects the 

extensive area of phyllic alteration surrounding the Santo Toribio vein system, and the 

essentially unaltered nature of the andesites demonstrates that hydrothermal activity was 

penecontemporaneous with both andesite eruption and the incision of the pediment. 

Although deepening of the Callejón de Huaylas graben has certainly occurred since the 

mid-Miocene, the apparent absence of E-dipping normal faults along its western margin 

in this transect (Wilson et al., 1995) suggests that the 15.98 Ma andesite flow in the Río 

Santa valley east of Santo Toribio (Table 4-1) may have accumulated at a much lower 

altitude than the deposit. The preserved geomorphic record demonstrates that 

hydrothermal activity at Santo Toribio, and hence at Pierina, took place beneath an E- or 

ENE-facing slope undergoing episodic erosion through pedimentation. The probably 

listric basal fault underlying and truncating the Pierina orebody, together with the 

similarly oriented faults mapped by Wilson et al. (1995) to the north, may directly record 

northeastward collapse of this slope shortly after hypogene mineralization at Pierina, 

possibly during supergene oxidation. The incoherent “collapse breccias” along the W 
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margin of the orebody may thus represent the detachment of the migrating blocks, and 

their high Au grades implies that brecciation occurred during both hypogene and 

supergene mineralization. As emphasized by Bissig et al. (2002), epithermal deposits of 

this type should be envisaged as forming in a rapidly changing, precipitous terrane where 

volumetrically insignificant volcanic edifices had minimal effect on hydrodynamic 

relationships. 

4.10 Discussion 

4.10.1 Evolution of the Pierina Deposit 

 Petrographic and 40Ar/39Ar geochronologic data demonstrate that the Pierina 

deposit formed in three distinct stages over a period of at least 1.3 m.y. in the middle 

Miocene. Hypogene alteration and mineralization assemblages formed from magmatic 

fluids that interacted with differing proportions of variably exchanged meteoric waters. 

Both gold and silver, entirely submicroscopic, were introduced in a pyrite- and enargite-

dominated high-sulphidation assemblage (Stage II), focused in an axial vuggy quartz 

zone and apparently entirely postdating intense advanced-argillic alteration (Stage I). The 

almost complete destruction of this sulphide assemblage occurred through supergene 

oxidative processes (Stage III) in the presence of unexchanged meteoric waters, and was 

facilitated by microbial activity. Precious metals were mobilized and reprecipitated in a 

non-refractory, Fe-oxyhydroxide/oxyhydroxysulphate assemblage, now the main ore 

host. 

 40Ar/39Ar age plateaus for hypogene alunites define two major and two minor 

episodes of pyrite-bearing, but barren, quartz-alunite alteration. The earliest, Ia, stage 
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peaked at about 15 Ma and is characterized by porcelaneous and friable alunite, the latter 

habit inferred to be a product of explosive re-emplacement. Fragments in later 

hydrothermal breccias confirm that vuggy quartz alteration was initiated during this 

stage. The ensuing Stage Ib culminated at about 14.4 Ma, but incorporates two 

subordinate, later fluid pulses at 14.25 and 13.9 Ma. The 14.4 Ma pulse, the main 

alteration event, generated a quartz-alunite zone in which disseminated alunite is 

associated with subordinate porcelaneous and coarse, open-space - filling habits, 

enclosing two northward-merging vuggy quartz zones and flanked by an extensive 

argillic halo. 

 Hydrothermal activity was focused in a porous and permeable subhorizontal unit, 

16.9 Ma in age, and inferred to represent a shallow dacitic or rhyodacitic intrusion 

engorged with lithic and pumice clasts, but was contemporaneous with the eruption of 

andesite flows ~3 km to the south. The fluids rose along a steeply-inclined conduit, now 

the locus of multiple hydrothermal breccias. At the time of mineralization, the eastern, 

continentward margin of the Huaraz Group volcanic arc was experiencing pedimentation, 

and hydrothermal processes were probably both localized and stimulated by rapid 

erosion, as proposed for the epithermal centers of the El Indio-Pascua belt by Bissig et al. 

(2002). 

 We earlier divided the alunite into two populations based on an apparent bimodal 

distribution of δ18OSO4 values (Rainbow et al., 2005), the lower concentrated along the 

axis of the deposit and the higher contiguous with the argillic alteration zone, and 

interpreted, respectively, to represent higher and lower precipitation temperatures, albeit 
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with similar meteoric water contributions (Rainbow et al., 2005). New δ18OSO4 data, 

however, reveal a continuum of values that are positively correlated with δD values. 

Further, the δ18O and δD values of coeval clay minerals, also positively correlated, extend 

the alunite trend-line to lower values (Figure 4-17). While these data confirm that both 

alteration facies were generated by mixed waters, a surface contour plot of δDH2O values 

for Stage Ib alunite, dickite, and illite-montmorillonite shows that the meteoric water 

contribution increased significantly outwards through the quartz-alunite alteration zone 

and into the argillic alteration zone (Figure 4-19). Moreover, the areal distribution of δD 

values implies the existence of an abrupt mixing interface between ascending fluids and 

in situ groundwater. High values indicative of increased magmatic water contents are 

focused in the southeastern breccia complex and in a NNW-SSE-elongated zone. This 

pattern is similar to that identified for alunite δ18OSO4 values by Rainbow et al. (2005), 

and its elongation coincides with the morphology of the underlying vuggy quartz zone, 

showing that fluid mixing in the epithermal environment played a dominant role in 

hydrothermal alteration. The spatial distribution of Stage Ia alunite δD values, also 

plotted on Figure 4-19, correlates with that of Stage Ib, evidence that the fluids of both 

substages followed the same structural pathways. 

 Stage Ia porcelaneous and friable alunite precipitated from fluids with higher 

proportions of magmatic water than those subsequently involved in Stage Ib. Moreover, 

the meteoric waters had experienced a greater degree of isotopic exchange of oxygen 

with Huaraz Group rocks. The extensive exchange suggests that circulation of heated 

groundwaters had begun prior to the onset of advanced-argillic alteration at Pierina. 
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  The occurrence of the Stage Ia assemblage in breccias and faults indicates a 

dominant structural control on fluid incursion. It is inferred to have formed largely at 

greater depths and at higher temperatures (284-335EC) than the corresponding Stage Ib 

assemblages, which record temperatures of 192-273EC. The movement of Stage Ib fluids 

was both structurally and lithologically controlled, with fluids focused along faults and 

fractures, but then exploiting the permeability of the pumice-lithic tuff, now represented 

by the two broad, northward-merging, NNW-SSE trending zones of vuggy quartz 

alteration. The steep mixing interface suggested by contoured Stage Ib alunite and clay 

δDH2O values (Figure 4-19), together with their widely ranging δ18OH2O values, 

overlapping with those of Stage Ia (Figure 4-16 and Figure 4-17), show that Ib magmatic 

fluids also mixed with exchanged meteoric water during ascent to the epithermal 

environment, but then subsequently incorporated additional, significantly less exchanged 

groundwaters, resulting in shallow alteration at lower temperatures. 



 

 

Figure 4-19: A. Simplified alteration map for the Pierina deposit showing contoured δDfluid values 
for alunite, dickite, and illite ± montmorillonite samples (see Table 4-2). Contours illustrate two 
N-S trending zones that parallel the vuggy quartz alteration zone. B. Simplified alteration map for 
the Pierina deposit showing relative Ag enrichment on the 3870 m level. High Ag concentrations 
delineate a N-S trend that reflects the orientation of the vuggy quartz zone. Black line indicates 
line of section. C. Schematic cross-section showing Ag distribution. High Ag values are hosted in 
the vuggy quartz zone. Ag values are representative of the distribution of the less abundant Au. 
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The two volumetrically-restricted, later pulses show that disseminated and coarse, open-

space - filling alunite continued to precipitate until 13.9 Ma from mixed magmatic and 

meteoric waters similar to those responsible for the main Stage Ib alteration. 

 Stage II sulphide-barite mineralization was the only event that introduced 

significant amounts of gold and silver into the deposit. The age and duration of this stage 

are poorly constrained because of the absence of minerals from this stage suitable for 

40Ar/39Ar dating. Additionally, the nature of the mineralizing fluids is less constrained 

than for Stage I, because of the lack of hydrogen-bearing minerals and the near-total 

destruction of this assemblage by later supergene fluids. The surviving Stage II minerals 

are entirely confined to vugs and fractures in the vuggy quartz alteration zone, and their 

precipitation occurred entirely after hydrothermal alteration. The distribution of this 

assemblage shows that the mineralizing fluids ascended along pathways similar to those 

used by the Stage I fluids, and that their subsequent lateral movement in the epithermal 

environment was controlled by the porosity developed through earlier hydrothermal 

alteration.  

 Pyrite and, to a lesser degree, enargite, the main precious metal hosts, constitute a 

high-sulphidation assemblage. Galena is rare, and sphalerite absent, in the upper levels of 

the deposit, but both minerals predominate at depths of ≥150 m below the present 

surface, evidence for a vertical zonation of sulphide mineralization. The exact 

paragenetic relationship between the galena-sphalerite and pyrite-enargite assemblage is 

unknown, but the clear, yellow sphalerite has extremely low Fe-contents consistent with 

precipitation from a high-sulphidation fluid, and therefore the vertical metal zonation 
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does not result from fluid evolution from intermediate- to high-sulphidation state 

conditions with elevation (cf. Stoffregen, 1987; Einaudi et al., 2003). 

 The limited temperature data for the Stage II sulphides (215EC; Table 4-2) fall 

within the temperature range of the Stage I alunite-pyrite assemblage, and the δ18O values 

for barite also overlap with those of the Stage I alunite. The barite, paragenetically later 

than the sulphides (Figure 4-7), precipitated from less acidic fluids at ~ 200EC and in 

isotopic equilibrium with mixed magmatic-meteoric fluids. These had meteoric water 

contributions similar to those that precipitated the Stage Ib mineral assemblage, and 

provide strong evidence for magmatic-meteoric water interaction in the epithermal 

environment during the hypogene mineralization stage. 

 Stage III comprised the oxidation of the precious-metal bearing sulphide 

assemblage and the reprecipitation of released Au, Ag and associated metals in Fe-

oxide/oxyhydroxides. This oxidative process, represented by diverse supergene sulphides 

and sulphates in addition to the abundant Fe-oxyhydroxides and oxides, was a response to 

supergene oxidation by unexchanged meteoric waters, facilitated by microbial activity. 

The uppermost 300 m of the deposit underwent almost complete oxidation beneath a 

falling watertable during tectonic uplift and concurrent pedimentation under semi-arid 

climatic conditions. The final migration of oxidation fronts is recorded by the irregular 

and discrete, cm-scale, Cu-sulphide rims of the sulphide kernels, which destroyed 

ephemeral supergene sulphide enrichment assemblages recorded by relict anilite. Pb and 

As reprecipitated locally as beudantite. Native sulphur, the last mineral to form before the 
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formation of the Fe-oxide/oxyhydroxide assemblage, occurs only in and around sulphide 

kernels, and is a product of enargite oxidation. 

 Iron released from pyrite was initially reprecipitated as a poorly crystalline phase 

inferred to be schwertmannite. Recognized only in the vuggy quartz zone, this efficiently 

adsorbed precious and other metals and metalloids released from the oxidizing sulphides, 

prior to the precipitation of goethite and hematite. The distribution of high Ag 

concentrations, which are confined to the vuggy quartz zone, directly reflects the 

occurrence of this mineralized phase, as well as that of the precursor Au-and Ag-bearing 

sulphide assemblage (Figure 4-19B and C). Further, geochemical studies by Park-Li 

(2005) show that oxidized vuggy quartz samples have elevated Au and Ag concentrations 

relative to the contiguous sulphide kernels, demonstrating that supergene oxidation 

resulted in only local enrichment in precious metals.  

 Goethite and hematite have similar stability fields, but goethite precipitation is 

favoured by a lower availability of Fe, higher water activity, lower temperature, either 

very high or very low pH, and the presence of organic matter (e.g. Schwertmann and 

Murad, 1983; Schwertmann et al., 1986; Trolard and Tardy, 1987). The transition during 

Stage III from mineralized schwertmannite, through weakly mineralized goethite to 

essentially barren hematite records an evolution from low-pH acid sulphate to more 

neutral conditions as the oxidation of the sulphide assemblage progressed. The δ18O and 

δD values of goethite and the similar δ18O values of hematite would be in equilibrium 

with unexchanged meteoric waters at ~ 50EC, probably reflecting the exothermic 

oxidation of pyrite. These waters plot on the meteoric water line (Figure 4-17), and are 
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isotopically consistent with local waters involved in the hypogene alteration and 

mineralization processes. 

 It is widely accepted that acid-rock drainage environments host diverse microbial 

populations that both catalyze and exploit biogeochemical reactions. The supergene 

oxidation zone at Pierina was a natural analog of such environments, and there is 

evidence that microbes were active during this stage. Thus, the stable isotope 

compositions of Stage III barite-acanthite and galena record, respectively, microbially-

mediated aqueous sulphate reduction and sulphide mineral oxidation. Supergene barite 

largely overgrows the Fe-oxide/oxyhydroxide assemblage, representing the termination 

of mid-Miocene ore genesis. Barite in textural equilibrium with acanthite, however, does 

not occur with the precious-metal bearing Fe-oxide/oxyhydroxide assemblage, being 

restricted to cm-to-dm wide bleached zones, lacking all Fe-phases, including pyrite, 

schwertmannite, goethite, and hematite. 

 The low δ34S and δ18O values of barite record the incorporation of sulphur 

released through the abiotic oxidation of hypogene sulphides by unexchanged meteoric 

waters identical to those in equilibrium with the goethite-hematite assemblage. The 

increasing δ34S values of supergene barite and acanthite, both positively correlated with 

increasing barite δ18O values, record precipitation from a single fluid that became 

progressively enriched in 34S and 18O. This geochemical evolution is a product of the 

microbial reduction of aqueous sulphate, the microbes utilizing the lighter, 32S and 16O, 

isotopes for their metabolic processes and thus enriching in the heavier isotopes the 

sulphate reservoir from which barite and acanthite precipitated. Ongoing aqueous 
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sulphate reduction produced H2S which reduced the supergene fluids, locally stabilizing 

Fe2+ and resulting in the destruction of the supergene Fe-oxide/oxyhydroxide assemblage, 

as well as any surviving hypogene pyrite. The barite and acanthite precipitating from 

these solutions adopted increasing δ18O and δ34S values, which reached maxima in zones 

with the most intense and widespread bleaching. Mobilized precious metals reacted with 

sulphide in the reduced waters to precipitate Au-bearing acanthite, while barium released 

from the microbial dissolution of Stage II barite reacted with aqueous sulphate to form 

supergene barite, thus explaining the close spatial association of the hypogene and 

supergene populations of this mineral. This assemblage is preserved in the northern part 

of the vuggy quartz alteration zone. The reprecipitation of Au and Ag in acanthite 

occurred only on the mm-dm scale, but Park-Li (2005) reported that “barite-acanthite 

rocks” are relatively Au-poor. We therefore infer that this process was more efficient at 

reprecipitating Ag than Au, and that some of the latter may have been lost from the 

system at this time. 

 Further aspects of the Pierina deposit can be related to microbial processes. 

Partially-to-completely dissolved Stage II barite crystals are the product of microbial 

dissolution, while the high Ag content of the enargite probably catalyzed the bioleaching 

of this relatively refractory sulphide. The adsorption of trace and precious metals onto 

poorly crystalline Fe-phases such as schwertmannite in acid rock drainage environments 

has been shown to be enhanced by microbes, and, finally, the very low δ34S values for 

galena record microbial oxidation of sulphide minerals. 
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The Stage II sulphide assemblage represented one of the final hydrothermal 

events to occur within the Huaraz Group volcanic arc. Moreover, the 14.12 ± 1.59 Ma 

plateau age for supergene alunite intergrown with supergene barite shows that oxidation 

was underway within ~ 400 k.y. of the hypogene mineralization event, evidence for a 

rapid and efficient oxidation processes. Further, the absence of both magmatic fluids and 

exchanged meteoric waters during this final stage indicates an abrupt cessation of 

magmatic and hydrothermal activity.  

 We therefore propose that the Pierina deposit records the progression of a 

hydrothermal system that initially formed from a magmatic fluid with an exchanged 

meteoric contribution (Stage Ia), which evolved into one with increasing amounts of 

unexchanged meteoric waters (Stages Ib and II) and, finally, to a system dominated by 

fresh groundwaters that had not significantly interacted with the country rocks. This 

increasing involvement of meteoric waters over the lifetime of the deposit can be linked 

to the dynamic processes of uplift and pediment erosion, that stimulated groundwater 

circulation and displaced watertable levels in the near-surface environment (Bissig et al., 

2002), and thus played an important role in the hypogene genesis of this deposit, and was 

central to the rapid and intense supergene oxidation. This model, with its traditional 

distinction of hypogene and supergene processes, differs from that of Fifarek and Rye 

(2005), who similarly document the mixing with exchanged meteoric waters, but 

proposed that the hydrothermal system thereafter evolved into one dominated by 

meteoric water-rich, steam-heated fluids. The latter were envisaged as being responsible 

for the precipitation of the barite-acanthite assemblage and, more importantly, the 

oxidation of the precious metal sulphide host and the subsequent generation of the 
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goethite-hematite assemblage. The involvement of such steam-heated fluids was 

predicated on the presence of friable alunite, even though its stable isotope composition 

was recognized not to be diagnostic of this environment, overlapping extensively with 

that of magmatic-hydrothermal alunite. Their model is further complicated by the concept 

that steam-heated fluids represent the waning of hydrothermal systems. We contend that 

the friable texture and stable isotopic compositions of the friable alunite are inadequate 

evidence for steam-heated activity at Pierina. 

 Our argument for microbially-mediated, strictly supergene oxidation through 

unexchanged meteoric waters is based on the integration of stable-isotope, 

geochronologic, and petrographic data. Even though the stable isotopic data are 

inconclusive by themselves, the timing of friable alunite precipitation relative to the 

oxidation event is well-constrained, with 40Ar/39Ar plateau ages predating main-stage 

alteration and sulphide mineralization by ca. 400,000 years. This early alteration, 

therefore, cannot have been involved in the generation of the Fe-oxide/oxyhydroxide 

assemblage. The argument against steam-heated activity is strengthened by the 

recognition of paragenetically distinct hypogene and supergene barite populations. 

Whereas Fifarek and Rye (2005) invoke mixing of a magmatic-hydrothermal fluid with a 

meteoric water-rich steam-heated fluid to explain the wide range of barite isotopic values, 

we demonstrate that hypogene barite, with high δ34S and δ18O values, entirely predated 

oxidation. Conversely, the later supergene barite yields δ34S values that are consistent 

with the abiotic oxidation of the sulphide assemblage, and barite δ18O values record 

precipitation in the presence of unexchanged meteoric waters that are in isotopic 

equilibrium with the goethite-hematite assemblage. The mutually correlated increasing 
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δ34S and δ18O values in this population, interpreted by Fifarek and Rye (2005) as the 

product of fluid mixing, are shown to record the microbial reduction of aqueous sulphate 

in the supergene environment. 

4.10.2 Controls on Hypogene Precious Metal Mineralization 

 With the exception of sulphur fugacity levels, there are few constraints on the 

nature of the fluids responsible for the Stage II precious metal-rich sulphide 

mineralization at Pierina, but in the context of paragenetic relationships, 40Ar/39Ar ages 

and isotopic data, the mineralization processes broadly conforms to those outlined in the 

isotherm retraction—vapour contraction model proposed for high-sulphidation 

epithermal Au- (-As, Cu) deposits by Heinrich et al. (2004) and Heinrich (2005). This 

model also accommodates the temporal and spatial relationships of the Pierina and Santo 

Toribio centers. Fluid exsolution at pressures and temperatures below the two-phase 

immiscibility surface in the system NaCl-H2O (Heinrich et al., 2004) would have 

promoted phase separation into an SO2-H2S rich vapour and a more saline aqueous liquid. 

The more buoyant vapour phase ascended along structural channels to the epithermal 

environment, with minor reduction of SO2 to H2S through interaction with Fe-minerals in 

the wallrock, and loss of H2S through wallrock sulphide precipitation. Because the fluids 

were focused along structural channels, the sulphidation and oxidation states of the fluid 

were dominantly controlled by internal buffers. Meteoric waters were entrained during 

ascent and, as the fluid cooled, disproportionation of SO2 through the reaction 4SO2 + 

4H2O = 3H2SO4 + H2S became the dominant process. 
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Figure 4-20:  Schematic cross-sections showing the evolution of the Pierina and Santo Toribio 
deposits. A. Stage Ia formed pyrite-bearing and feldspar destructive argillic and advanced-argillic 
alteration along fluid pathways at Pierina and phyllic alteration at Santo Toribio. Meteoric water 
circulation through the country rocks was already underway. B. Stage Ib: the incursion of magma 
into the parental chamber resulted in fluid exsolution. SO2-rich vapours ascended through pyrite-
bearing argillic and advanced-argillic alteration to the pumice tuff. SO2- rich vapours entrained 
exchanged meteoric waters during ascent, and mixed with less exchanged meteoric waters in the 
epithermal environment, and developed the large vuggy quartz zone. Ag-Pb-Zn intermediate-
sulphidation mineralization and phyllic alteration at Santo Toribio was concurrent with high-
sulphidation alteration. C. Stage II Au-Ag-sulphide-barite mineralization comprised the 
exsolution, at greater depths and pressures, of a single phase H2S-rich Au-Cu-As-bearing fluid, 
which ascended along altered and sulphidized fluid pathways and attained the epithermal 
environment. Hydrothermal activity at Santo Toribio had ceased. D. Stage III supergene 
oxidation. Ongoing pedimentation modified the watertable allowing oxidation of the sulphide 
assemblage to greater depths. Abbreviations are as follows: arg./phy. alt. = argillic/phyllic 
alteration; py-arg./adv. arg. alt. = pyrite-bearing argillic/advanced-argillic alteration; py-v. qtz. 
alt. = pyrite-bearing vuggy quartz alteration. 
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The fluid became increasingly acidic through dissociation of H2SO4 to HSO4
- and H+ and, 

coupled with limited wallrock interaction to consume H+, evolved to high oxidation and 

sulphidation states, resulting in intense alteration, some of it advanced-argillic, along the 

flowpath. Continuing disproportionation, and concomitant decreasing H2S/SO4
- ratios, 

would have resulted in the precipitation of any gold present, as disseminations along the 

flowpath in response to the decreasing stability of AuHS0. Little gold would thus gave 

attained the epithermal environment. 

The 40Ar/39Ar plateau ages for sericite from Santo Toribio show an episodic 

distribution, with two major pulses corresponding to those recorded by the Stage I alunite 

at Pierina, providing strong evidence for a common source for magmatic fluids. It is 

probable that a denser, more saline fluid from which SO2-H2S vapour had exsolved, 

travelled along different structural pathways, mixing with meteoric waters and 

transporting chloride-complexed Pb, Zn and Ag, to form the intermediate-sulphidation 

Santo Toribio Ag-rich vein system (Figure 4-20A). The location and extent of the 

underlying intrusive fluid source are unknown, but hydrothermal circulation would cool 

even a large magma body in as little as 10,000 years (Cathles et al., 1997). The extended 

interval, ca. 400 k.y., between Stages Ia and Ib at Pierina and Santo Toribio therefore 

favours the involvement of numerous retrograde boiling events, plausibly in response to 

the episodic replenishment of a single magma chamber. 

The probably much more voluminous Stage Ib fluid, however, exsolved from the 

magma at temperatures and pressures similar to those of Stage Ia (Figure 4-20B). The 

SO2-H2S vapour ascended along the same pathways as the earlier fluids but, because of 
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the larger fluid volume, attained higher levels, gaining access to the permeable and 

reactive pumice-lithic-tuff. Here, lithological controls on fluid movement prevailed, with 

the leaching of pumice fragments allowing the fluids to migrate laterally. We infer that, 

because the structural channels were already altered, Stage Ib fluids were able to evolve 

to and maintain high oxygen and sulphur activities and low pH levels, enabling a large 

volume of very acidic fluid to ascend to the epithermal level of the pumice-lithic tuff. 

During ascent, the fluids would have been in near-equilibrium with the argillized and 

alunitized wallrocks, and thus would not have been buffered. Additionally, much host-

rock iron would have already been sequestered in Stage Ia pyrite, allowing the fluid to 

maintain high contents of dissolved sulphur species. These fluids, upon reaching the 

Stage Ia vuggy quartz alteration zone and through continued disproportionation, would 

maintain the geochemical conditions suitable for vuggy quartz alteration. 

The Stage Ib alteration at Pierina was coeval with the second pulse of sericite 

40Ar/39Ar ages at Santo Toribio. As in Stage Ia, a more saline aqueous liquid component 

of the magmatic fluid is inferred to have migrated to Santo Toribio, probably extensively 

mixing with meteoric water during ascent. The youngest sericite age in this second pulse 

represents the alteration selvage of an intermediate-sulphidation Ag-Pb-Zn vein, showing 

that the main Ag-rich mineralization at Santo Toribio was coeval with the main alteration 

event at Pierina (Figure 4-20B). There is no evidence for hydrothermal activity at Santo 

Toribio after ca. 14.4 Ma. 

Stage II mineralization: Many documented high-sulphidation deposits have been 

shown to be the product of two distinct fluids (e.g., Summitville: Stoffregen, 1987; 
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Julcani: Deen et al., 1994; Rodalquilar: Arribas et al., 1995; Yanacocha: Longo and Teal, 

1995; Lepanto: Hedenquist et al., 1998). In these systems, the initial fluid was 

responsible for alteration, but precious metals were introduced by the second fluid, 

commonly related to intermediate- or even low-sulphidation assemblages (e.g., 

Hedenquist et al., 2000) superimposed on the enargite ± luzonite ± covellite high-

sulphidation assemblages (e.g., Lepanto: Hedenquist et al., 1998). However, high-

sulphidation alteration and mineralization can also be generated by a single fluid, and 

high-sulphidation minerals such as enargite and pyrite, in equilibrium with alunite, can be 

the main ore hosts (e.g., Pascua: Chouinard et al., 2005; Tambo: Deyell et al., 2005b). 

The Pierina deposit is herein shown to exhibit characteristics of both models. Thus, 

alteration and mineralization assemblages represent two distinct fluid events, but the 

precious metals were originally hosted in pyrite and enargite, high-sulphidation minerals 

unaccompanied by alunitic precipitation. This high-sulphidation ore assemblage, 

although not common, has also been recognized elsewhere, as in the Nansatsu district 

(Hedenquist et al., 1994). 

In the two-fluid model, there is wide agreement that the altering fluid is a magma-

derived, low-density vapour containing abundant HCl, SO2 and H2S, that can eventually 

mix with meteoric water in the epithermal environment (Heinrich, 2005). The nature of 

the mineralizing fluid, however, appears more variable, with evidence for ore deposition 

from: hypersaline magmatic brines (e.g., Nansatsu district: Hedenquist et al., 1994); 

single-phase, moderately-saline magmatic fluids (Lepanto: Hedenquist et al., 1998); and 

magmatic vapours that exsolved from a denser, hypersaline fluid (e.g., Pueblo Viejo; 

Muntean et al., 1990). However, even in deposits where there is evidence for magmatic 
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brines, there is evidence for a magmatically-derived aqueous liquid of low-to-

intermediate salinity that played a dominant role, and this fluid is proposed to be the main 

metal source for the majority of high-sulphidation deposits (Heinrich, 2005).  

The pyrite-enargite ore host at Pierina is consistent with precipitation from a fluid 

of low-to-moderate salinity, but with a high sulphur fugacity. Au was therefore probably 

transported largely as AuHS0 (Stefánsson and Seward, 2004). The initial H2S/SO2 ratio of 

the magmatic fluid was probably >1 (Rye, 2005) and, because of the covarying 

relationships of fS2, fO2, and pH under these conditions, Stage II fluids would have been 

oxidizing and moderately acidic (Einaudi et al., 2003). 

Recent fluid inclusion investigations have demonstrated that high-temperature, 

low-density, vapour-like, fluids of low- to intermediate-salinity can accommodate high 

concentrations of Au, Cu and As, and can transport these constituents to the epithermal 

environment if they rise along pressure-temperature paths above the two-phase 

immiscibility surface for that system, thus allowing for vapour “contraction” to a liquid 

(Heinrich et al., 2004; Williams-Jones and Heinrich, 2005; Heinrich, 2005). An initial 

high H2S:SO2, and total dissolved sulphur species in quantities that exceed the combined 

Fe and Cu contents, optimize high concentrations of reduced sulphur, favouring AuHS0 

complexing. Au solubility is similarly maximized by minimal interaction with unaltered 

wallrock. When fluids can equilibrate with feldspar destructive, pyrite-bearing alteration-

assemblages (i.e., phyllic, argillic, or advanced-argillic), acid neutralization is limited, as 

are wallrock sulphidation reaction, making H+ and S- available for the HS- ligand.  
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Thus, as the crystallization front of the magma body below Pierina and Santo 

Toribio retracted to greater depths, the Stage II mineralizing fluid would have exsolved 

within the single-phase field of the system H2O-NaCl (Figure 4-20C). Enriched in Au, Cu 

and As (Williams-Jones and Heinrich, 2005), this rose initially through unaltered 

feldspar-bearing rocks, or possibly through potassic alteration zones related to porphyry 

processes, experiencing only low-to-moderate levels of wallrock interaction. Fluid ascent 

into the pyrite-bearing feldspar-destructive alteration zones produced during Stage I 

limited the loss of dissolved sulphur species through wallrock reactions and inhibited 

neutralization, promoting moderately acidic conditions and hence permitting high 

concentrations of Au to be transported as AuHS0. 

This precious metal-rich fluid eventually ascended to higher levels where Stage I 

vuggy quartz alteration predominated along the flowpaths. Without wallrock interaction, 

disproportionation reactions would dominate, especially as the fluid cooled. This allowed 

the Au-rich fluids to evolve to higher sulphur and oxygen fugacities but, because of the 

high reduced sulphur levels, Au was maintained in solution. Thus, the protracted Stage Ia 

and Ib alteration events may have contributed to the effectiveness of Stage II fluids in 

transporting Au to the epithermal environment.  

The precipitation of Au in the epithermal environment is a product of any process 

that can rapidly destabilize Au-complexes, such as mixing with more oxidizing fluids, 

cooling, or an increase in pH, all of which could occur if an AuHS0-bearing fluid mixed 

with meteoric waters. Such mixing has been shown to have occurred even in deposits 

where alunite stable-isotope data record very low meteoric water contributions (e.g. 
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Julcani: Deen et al, 1994; Pascua: Chouinard et al., 2005a). Because of the abundance of 

meteoric water throughout the evolution of the Pierina deposit, mixing between magmatic 

and meteoric fluids in the epithermal environment, and at the site of ore deposition in the 

vuggy quartz zone, is inferred to have been the dominant ore precipitation mechanism. 

Contoured δD values for earlier altering fluids strongly support an abrupt mixing 

interface between magmatic and meteoric fluids (Figure 4-19), a process that would be 

enhanced during Stage II by the high porosity and permeability of the vuggy quartz 

alteration. It is possible that precipitation of the sulphide assemblage occurred quickly, 

inhibiting the evolution of the fluid to a lower-sulphidation state.  

 The high availability of meteoric waters played a central role in Stage III 

oxidation (Figure 4-20D). Although we are only able to constrain the age of the erosional 

surface beneath which Pierina and Santo Toribio formed (22-15 Ma), the incision of the 

backscarp that is proposed to have decompressed the parental magma chamber and 

initiated Stage Ia fluid exsolution, would have also promoted increased lateral flow of 

meteoric waters through the deposit. Although the age and epithermal disposition of 

Santo Toribio is similar to that of Pierina, sulphide minerals in Santo Toribio are 

significantly less oxidized, pyrrhotite surviving in several veins within 10 m of surface. 

We infer that the very fine-grained, vug-hosted disposition of sulphides at Pierina 

provided a much larger surface-area than the massive sulphide aggregates in the Santo 

Toribio veins, facilitating both biotic and abiotic oxidation. The absence of jarosite in the 

supergene assemblage at Pierina may be evidence for dilution through the ongoing 

incursion of meteoric waters. This allowed the pH in non-reactive vuggy quartz rocks to 

remain above 2, thus favouring the precipitation of schwertmannite over jarosite. 
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Additionally, the high availability of meteoric waters could have been beneficial in 

maintaining a microbial population, maintaining the conditions in which microbial 

populations were established by inhibiting the formation of a stagnant watertable under 

which reducing conditions would prevail. The high availability of meteoric waters during 

both hypogene mineralization and supergene oxidation played a critical role in the 

formation of an economic Au deposit. 

4.11 Conclusions 

 The Pierina deposit generally conforms to the widely accepted models for high-

sulphidation systems, but is unusual in several respects. These include the protracted, 1.3 

m.y. evolution, the diverse habits of hypogene alunite, the high-sulphidation pyrite-

enargite precious metal host, the close association with intermediate-sulphidation 

mineralization, and the near-total supergene oxidation of the sulphide protore.  

The protracted history is a result of two distinct advanced-argillic alteration 

events, both of which preceded mineralization, and during which texturally diverse 

alunite precipitated. Most importantly, friable alunite acquired this texture through 

explosive dike emplacement and not through steam-heated processes. The two alteration 

events also played a central role in ore formation. These fluids are inferred to have 

generated feldspar-destructive, pyrite-bearing argillic and advanced-argillic alteration 

assemblages along fluid pathways, which optimized the H+ and S- contents of later 

mineralizing fluids, promoting high Au solubility as AuHS0, and allowing its transport to 

the epithermal environment. The passage of fluids through vuggy quartz alteration also 
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allowed mineralizing fluids to evolve to higher sulphur and oxygen fugacities, resulting 

in the precipitation of precious metals in a high-sulphidation sulphide assemblage. 

The neighboring Pierina and Santo Toribio deposits represent the coeval 

formation of mineralized high- and intermediate-sulphidation systems. Both are the 

product of magmatic fluids exsolved from a common magma source, which underwent 

phase separation into an SO2- rich vapour, responsible for high-sulphidation advanced-

argillic alteration, and a more saline, metal-bearing fluid, involved in concurrent 

intermediate-sulphidation alteration and mineralization. Ag-rich mineralization at Santo 

Toribio entirely predated that at Pierina. Thus, barren advanced-argillic “lithocaps” 

(Sillitoe, 1995) may still be associated with nearby intermediate-sulphidation 

mineralization.  

 The formation of the Pierina deposit occurred in a dynamic environment 

undergoing active uplift and pedimentation, with erosion effectively unroofing shallow 

magma chambers, as well as displacing local watertables and enhancing groundwater 

flow. Massive erosion through pedimentation is envisaged to have initiated the early 

exsolution of magmatic fluids, while also increasing the lateral flow of meteoric waters in 

the epithermal environment. The subsequent mixing of magmatic and meteoric waters 

played a central role in both alteration and hypogene mineralization, and is inferred to be 

the gold precipitation mechanism. 

The increased lateral groundwater flow stimulated the rapid onset of sulphide 

oxidation. The high availability of meteoric waters optimized conditions for supergene 

oxidation, enabling the establishment of microbial consortia that catalysed and facilitated 
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abiotic oxidation reactions. The incursion of meteoric waters diluted supergene acid 

sulphate fluids, marginally raising the pH, resulting in the precipitation of 

schwertmannite rather than jarosite, allowing for the effective sequestration of precious 

metals. 
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Chapter 5 

CONCLUSIONS 

 

 The results of this study indicate that the Pierina high-sulphidation epithermal Au-

Ag deposit generally conforms to the widely accepted model for such systems, but is 

distinctive in several respects. These include its prolonged, ca. 1.3 m.y. evolution, the 

diverse habits of magmatic-hydrothermal alunites, the high-sulphidation pyrite-enargite 

hypogene ore host, the genetic relationship with intermediate-sulphidation mineralization 

and the virtually complete oxidation of the Au-Ag bearing sulphide ore host. Integration 

of field mapping, petrography, stable-isotope geochemistry, 40Ar/39Ar geochronology, 

and EPMA, XRD, and LA-ICP-MS analyses provides a basis for the detailed 

interpretation of the evolution of the Pierina deposit in the context of evolving models for 

high-sulphidation epithermal systems. 

 

5.1 The Role of Early Alteration 

 The Pierina deposit formed over a period of ca. 1.3 m.y., with early hydrothermal 

alteration occurring in two, temporally distinct pulses, preceding precious-metal 

mineralization and characterized by texturally-variable alunite such as elsewhere ascribed 

to distinct acid-sulphate environments (cf. Rye et al., 1992). However, all textures 

represented at Pierina were generated under magmatic-hydrothermal conditions involving 

the disproportionation of magmatic SO2. The magmatically-derived fluids mixed with 

hydrothermal meteoric waters, the relative contribution of which increased outwards 
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from an axial vuggy quartz zone to peripheral argillically-altered assemblages. Most 

notably, friable alunite acquired its texture through explosive dike re-emplacement and 

not through steam-heated processes. The complex genetic model proposed by Fifarek and 

Rye (2005), involving a transition from a magmatic condensate to dominantly meteoric 

water in steam-heated fluids, and based entirely on alunite textural criteria, is therefore 

rejected. 

 The two precursor alteration events are interpreted as critical to later precious-

metal mineralization in the epithermal environment. Both generated feldspar-destructive, 

pyrite-bearing, argillic and advanced-argillic alteration assemblages along subjacent fluid 

pathways. This process limited the loss of H+ and S- from the ensuing mineralizing fluids, 

through wallrock hydrolysis and sulphidation reactions, enabling them to maintain high 

H+ and S- contents, thereby promoting Au solubility as AuHS0, and thus facilitating the 

transport of the precious metals to the epithermal environment. Therefore, the passage of 

the fluids through inert vuggy quartz-altered pathways promoted an evolution to higher 

sulphur and oxygen fugacities, culminating in the precipitation of precious metals in a 

high-sulphidation pyrite-enargite assemblage. 

 

5.2 The Relationship between High-Sulphidation and Intermediate-Sulphidation 

Epithermal Deposits 

 The contiguous Pierina and Santo Toribio deposits represent the formation of 

cogenetic high- and intermediate-sulphidation systems. Age data from the two deposits 

document coeval hydrothermal activity at 15 and 14.4 Ma, which, in conjunction with 
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their proximity, support the exsolution of magmatic fluids from a common magma 

source. Phase separation of this magmatic fluid into an SO2-rich vapour and a more 

saline, metal-bearing fluid, produced advanced-argillic alteration at Pierina, and 

concurrent phyllic alteration and intermediate-sulphidation, sulphide-rich mineralization 

at Santo Toribio. The demonstration that the argentian base-metal vein system pre-dated 

the high-sulphidation Au mineralization has implications for mineral exploration, 

indicating that even barren advanced-argillic “lithocaps” (Sillitoe, 1995) can still be 

associated with nearby intermediate-sulphidation mineralization.  

 

5.3 Microbially-Mediated Supergene Oxidation 

 Although pervasive supergene oxidation is a common attribute of Au-Ag high-

sulphidation ore deposits, the nature of the oxidative processes and the mineralogy of the 

supergene assemblages have not been widely documented. Supergene oxidation of 

epithermal deposits is commonly attributed to abiotic processes, even though it is well-

established that sulphide mineral oxidation at Earth’s surface is a commonly a 

microbially mediated process (e.g., Nordstrom and Southam, 1997; Rawlings, 2002; 

Johnson and Hallberg, 2003). The same factors that stimulate the abiotic oxidation of 

high-sulphidation deposits, such as shallow location, availability of meteoric water and 

oxygen, and porous and permeable host rocks, would also promote the establishment and 

maintenance of microbial consortia. These diverse populations act to both catalyze the 

oxidation of relatively refractory sulphides such as enargite, as well as promoting abiotic 

oxidative processes through electron transfer. Even though the evidence for microbial 
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activity is elusive in high-sulphidation deposits, being overwhelmed by the presumably 

dominant abiotic processes, the paragenetic relationships and stable-isotopic 

compositions of the Stage III barite-acanthite assemblage at Pierina confirms that 

microbes were active during supergene oxidation. The process recorded by the stable-

isotope data values is that of aqueous sulphate reduction, but we infer that the oxidation 

of sulphide and Fe (II) were also microbially-mediated processes, and that organisms 

were thus central to the formation of the economically critical Fe-oxide/oxyhydroxide 

ore-host. We propose that microbial involvement during supergene oxidation of high-

sulphidation Au-Ag systems may be an inherent feature of these deposits. 

 

5.4 The Role of Pedimentation 

 As has been shown elsewhere (e.g., Bissig et al. 2002), regional erosional 

processes have a demonstrated affect on the initiation of hypogene mineralization in the 

epithermal environment, particularly where no major volcanic edifice is present. Given 

that the Pierina deposit was emplaced beneath a flat erosional surface during active uplift 

and pedimentation, and was situated immediately adjacent to a backscarp being incised 

into this surface, pedimentation probably played a role in the initial exsolution of 

hydrothermal fluids at ca. 15 Ma.  

 The process of pedimentation must have radically displaced the watertable, 

leading plausibly to the recorded increasing involvement of unexchanged meteoric waters 

throughout the evolution of the deposit. Watertable depression and tilting are envisaged 

to have increased the lateral flow of groundwater through the epithermal system. 
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Evidence for a steep mixing interface between meteoric waters and early, altering 

magmatic fluids implies that similar mixing processes would occur between meteoric 

waters and later Au-bearing fluids, a process which would be enhanced by the 

permeability and porosity of vuggy quartz alteration. Thus, mixing is inferred to have 

been the primary ore deposition mechanism, and was a process facilitated by landform 

evolution. 

The increased downward and lateral flow of meteoric waters was also central to 

the supergene oxidative processes. The high availability of meteoric water facilitated the 

rapid onset of sulphide oxidation, and optimized conditions for the establishment and 

maintenance of microbial consortia that catalysed and facilitated abiotic oxidation 

reactions. Abundant meteoric water also diluted supergene acid-sulphate fluids, 

marginally raising the pH and resulting in the precipitation of schwertmannite over 

jarosite, thereby optimizing the adsorption and sequestration of precious metals. Thus, the 

increased availability of meteoric waters, a product of watertable migration through 

pedimentation, was central to the formation of economic mineralization at the Pierina 

deposit. 

 

5.5 Future Work 

The overall paragenesis and ore genetic model for the Pierina deposit have 

been clarified by this study, but additional analyses could further illuminate the 

processes related to the formation of this world-class deposit. Thus, further study of 

the rare and fine-grained Stage II sulphide assemblage, through electron probe 
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microanalysis, employing wavelength dispersive spectroscopy (WDS) and using 

additional standards suitable for high-sulphidation mineralization, could confirm the 

composition of the various Stage II sulphides as well as improve the characterization 

of this assemblage. The identification of any fluid inclusions, and their subsequent 

analysis through conventional and infrared methods, in the Stage II enargite, 

sphalerite, and barite phases, could yield valuable insight into the nature of the 

sulphide-mineralizing fluids. 

Electron probe microanalysis of the inferred schwertmannite phase could further 

clarify its chemical composition, and, coupled with scanning electron microscopy (SEM), 

could clarify the sub-microscopic nature of precious and trace metals, i.e., indicating if 

they are hosted within the crystal structure of schwertmannite, or, in separate mineral 

phases. 

Because of the pervasive alteration affecting all host rocks around the Pierina 

deposit, absolute ages for these units are difficult to obtain. Thus, U-Pb dating of zircon 

crystals identified in the friable alunite bodies could further clarify the age of igneous 

units within the area. Zircon separates from the pumice-lithic-tuff and underlying 

andesites could also be obtained, and their age dates could better constrain the age 

relationships of the host rocks. 

Finally, Pierina is the only mineralized member of a number of discrete high-

sulphidation systems in the Callejón de Huaylas. By comparing the findings presented in 

this thesis, to detailed studies of these unmineralized systems, important characteristics 
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that are unique to Pierina could identify specific processes that contributed to economic 

Au mineralization. 

 

5.6 Closing Remarks 

The overall understanding of processes leading to high-sulphidation 

mineralization has increased markedly over the last century, and especially over the last 

decade. This study, in specific, lends support to the isotherm-retraction vapour-

contraction model forwarded by Heinrich et al., (2004), as well as supporting the 

potential role that surficial processes, such as pedimentation, can play in epithermal 

mineralization (Bissig et al., 2002). Additionally, the importance of microbial 

involvement in the supergene oxidation stage of high-sulphidation systems, heretofore 

not recognized, is also demonstrated. However, despite these recent insights into high-

sulphidation processes, our understanding of these systems remains incomplete. 

Specifically, the documented physical and chemical variability of magmatically-sourced 

mineralizing fluids, as well as the potential roles that fluid mixing, fluid boiling, or 

wallrock interaction can play in the precipitation of epithermal ore, illustrate the hidden 

complexity of these systems. The data and interpretations presented in this study 

exemplify the importance of integrated geological and geochemical studies, and will 

contribute to the overall understanding of the physical and chemical nature of magmatic 

fluids in the porphyry-epithermal transition, as well as the processes involved in high-

sulphidation epithermal mineralization.  
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Appendix A 

Analytical Methods 

40Ar/39Ar Analysis 

Coarse alunite and cryptomelane separates were hand-picked, and finer alunite 

specimens were selected from pure HF-treated samples. Mineral separates and flux 

monitors were wrapped in aluminum foil and stacked in a small aluminum container. 

Flux monitor MAC-83 (biotite; Sandemann et al., 1999) was inserted between mineral 

separates at ca. 0.5 cm intervals and the aluminum container was then irradiated with fast 

neutrons at McMaster University nuclear reactor in Hamilton, Ontario for ca. 8 hours.   

40Ar/39Ar ages were determined at the Queen’s University Geochronology Lab 

using a Mass Analyser Products MAP216 mass spectrometer. Samples were step- heated 

with a defocused LEXEL 3500 Ar-ion laser. Alunite and cryptomelane were heated to a 

maximum of 5.0 W but were not fused, to limit volatilization of sulphur and manganese 

compounds. Dates and errors were calculated using formulae provided by Dalrymple et 

al. (1981) and the decay constants of Steiger and Jäger (1977). All errors are reported at 

2σ. For the purposes of this thesis, a plateau is defined as a series of steps containing at 

least 50% of the 39Ar released and whose apparent ages lie within 1σ of their weighted 

mean. For Santa-196, Santa-197, Santa-332 and Santa-1, quasi-plateaus were inferred. 

The majority of the alunite plateau ages incorporate >95% of the 39Ar released, and in all 

cases are concordant with the total-gas and inverse-isochron ages. 
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Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) 

Spot Analysis: Analyses were done at the Queen’s University Facility for Isotope 

Research (QFIR), using a Finnigan MAT Element HR-ICP-MS (high-resolution 

inductively-coupled mass spectrometer) with laser ablation, employing a UV laser with a 

wavelength of 266 nm. Laser energy used was 1.5mJ with a firing repetition rate of 2 Hz, 

which drilled a single hole into the sample, ablating volumes on the order of 10 - 20 μm 

in diameter and 50 -70 μm in depth. Total analytical time per analysis was ~131 seconds. 

Each analysis consisted of 15 passes each in low and medium resolutions, measuring 25 

points/peak in LR and 30 points/peak in MR. Dwell time was 3 milliseconds per point. 

Total analytical time per sample was ~130 seconds. 

Detection limits for spot analysis are summarized below, together with the 

procedure used to recalculate background-corrected counts to concentrations in ppm. The 

results presented herein are semi-quantitative, with an estimated uncertainty of 25%, due 

to factors inherent in this technique, such as changing laser efficiency and variable 

ablated sample volumes, as well as the possibility of analysing adjacent minerals in fine-

grained associations. 

Transect Analysis: Channels ~15μm-deep and ~35 μm-wide transecting 

composite Fe-bodies were ablated in polished-thick sections using a Merchantek UP 213 

Nd-YAG laser coupled to a Finnigan MAT Element HR-ICP-MS, with a laser energy of 

0.033 mJ with a fluence of 42 J/cm2 and a firing repetition rate of 2 Hz. Analyses were 

blank-corrected and compared to those of NIST 612. Polished thick sections were 
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photographed prior to ablation allowing documentation of the transect lines and 

directions (see Appendix F). 

The data from transect analyses are reported semi-quantitatively in counts per 

second because of the variable response to the laser of the very fine-grained and 

intergrown host grains, too small to be ablated as individual phases. 

 Detection limits and precision/accuracy for spot analysis are as follows: 

 

Element (Resolution) Precision and Accuracy Detection Limit (ppm)* 
Au(Low Resolution) 7 % 1 
Ti(Medium Resolution) 10 % 20 
Cr (MR) 10 % 4 
Mn (MR) 10 % 9 
Fe (MR) 10 % 2 
Cu (MR) 10 % 15 
Zn (MR) 10 % 10 
Mo (MR) 10 % 5 
Ag (MR) 10 % 1 
Cd (MR) 10 % 10 
Pb (MR) 10 % 0.2 

*detection limits calculated from 3x blank counts 

 

 Element concentrations in parts per million (ppm) were calculated by normalizing 

counts for each isotope as measured from a standard (NIST612) to the same isotope as 

measured in the sample, using the following formula. All counts are blank-corrected. 

This calculation corrects for differences in laser efficiency, matrix effects and differing 

ablated volumes.  
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[(rel. res. isotopeNIST (cts/ppm) x norm. factor) ( counts/second isotopeSAMP] x rel. res. 

(cts/ppm) isotopeNIST 

= concentration of element (ppm) 

 

where: 

cts/ppm = “counts per parts per million” 

“rel. res.” = relative response 

 rel. res. isotopeNIST (counts/ppm) = counts/second isotopeNIST / concentration elementNIST (ppm) 

normalization factor =[counts/second isotopeSAMP / concentration elementSAMP (ppm)] / rel. 

res. isotopeNIST 

 

Stable Isotope Analysis 

Analyses were performed on specimens collected from outcrop, drill core, and the 

initial open pit, and on an additional sample suite provided by F. Gaboury. All analyses 

were carried out at the Queen’s University Facility for Isotope Research in Kingston 

Ontario. 

Sulphur was extracted on-line with continuous-flow technology, using a Finnigan 

MAT 252 isotope ratio mass spectrometer coupled to a Carlo Erba Elemental Analyser: 

NCS 2500 after the method of Giesemann et al., (1994). Barite was powdered and mixed 

with granular V2O5 to ensure complete combustion. 

Oxygen was extracted from quartz, goethite, hematite and clay minerals, and from 

the sulphate sites in alunite and barite, using the BrF5 technique of Clayton and Mayeda 

(1963). Additional sulphate oxygen, as well as alunite total oxygen, were analyzed by 

pyrolysis on a Finnigan TC/EA coupled to a Finnigan Delta Plus XL mass spectrometer. 
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Hydrogen from goethite was extracted offline by the technique described by 

Bigeleisen et al. (1952) and Kyser and O’Neil (1984). Hydrogen was extracted from 

alunite and clay minerals by pyrolysis on a Finnigan TC/EA coupled to a Finnigan Delta 

Plus XL mass spectrometer. 

All values are reported in units of per mil (‰), and were corrected using NIST 

standards 8556 for sulphur, and 8557 for sulphur and oxygen, and 8535 for hydrogen, in 

conjunction with internal laboratory. Sulphur is reported relative to Canyon Diablo 

Troilite (CDT), and oxygen and hydrogen relative to Vienna Standard Mean Ocean 

Water (V-SMOW). Analytical precision for both δ34S and δ18O values is ~0.3 ‰ and ~ 5 

‰ for hydrogen. All fractionation factors are given in Table 4-2.  

 

Electron Microprobe 

 Analyses were done in the Queen's Electron Microprobe Laboratory on an ARL 

SEMQ Noran/Tracor TN5500 EDS system. Analytical conditions for back-scattered 

electron (BSE) imaging and X-ray mapping were a 20keV accelerating potential and a 

stable beam current of 60 nA. Initial non-quantitative 20 second EDS (Energy Dispersive 

Spectrometry) scans of unknowns allowed elemental peaks to be visually identified. X-

ray maps were collected for present elements, most commonly Cu, Sb, As, S, Ag, Bi, Pb 

and occasionally Fe and Ba. 

 Although BSE imaging and EDS X-ray mapping provided elemental distribution 

maps of the unknown sulphides, some results were spurious because the sulphur Kα peak, 

at 2.5 keV, overlaps with both the Pb and Bi Mα peaks, which occur at 2.5 and 2.6 keV 
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respectively. Operation of the electron microprobe at a higher acceleration potential of 20 

or 25 kV generated higher energy Lα lines for Pb (13.0 keV) and Bi (13.4 keV) enabling 

the confident identification of these elements. 

 The problem with overlapping peaks, coupled with the present lack of analytical 

standards has allowed only semi-quantitative analyses to be done. Operating conditions 

for semi-quantitative analysis is an accelerating potential of 15 kV and a stable beam 

current of 40 nA. Spectra were collected from 0 to 10.23 keV for Fe, Pb, Bi, Cu, Ag, As, 

Sb and S, for 200 seconds. "ZAF" corrections (Z =atomic number, A= absorption, F= 

fluorescence) were applied to the unknown spectra to correct for back-scattering, 

absorption, and generation of secondary X-rays, and then fitted to standards through "k-

ratios". 
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Appendix B 

Mineral Separation Procedures 

 

Method for the separation of alunite through dissolution in hydrofluoric acid 

  The procedure outlined herein is based on that described by Wasserman et al. 

(1993). 

1. Coarse-grained alunite in vugs was manually picked from the hand-specimens. 

For samples where alunite was intergrown with quartz, a dentist's drill was used 

to grind out alunite-rich areas. For samples with extremely fine-grained alunite, 

physically impossible to separate from quartz intergrowths and clay minerals, a 

portion of the rock was broken off and ground with a mortar and pestle until a 

fine, homogenous powder was attained. For friable alunite, X-ray diffractometry 

revealed that alunite was concentrated in the finest fraction, thus, these samples 

were sieved to >250 mesh. 

 

2. The coarse separates obtained from step 1 were X-rayed to identify contaminants 

such as quartz, clay minerals, natroalunite etc. Almost all samples contained 

quartz, as well as varying amounts of iron oxides (mainly hematite, and less 

commonly goethite).  

 

3. Dissolution in concentrated hydrofluoric acid (HF-) was done to remove quartz, 

clays, or iron oxides. ~0.5g - 1.0g of each coarse separate was placed in a teflon 

beakers and filled with an equal volume of HF- so that a thin slurry was formed. 

Stirring bars were placed in the beakers and then covered by teflon watch-glasses, 

and placed on magnetic stirring-plates under a fumehood. The samples were 

stirred for approximately 90 minutes on a low stirring speed to minimize 

splashing of the slurry. The minerals that become concentrated through HF- 
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digestion were alunite (and natroalunite), rutile, and zircon. This method was not 

successful in removing clay minerals. 

 

4. The watch glass was removed and rinsed into the slurry with de-ionized water. 

The interior of the beaker was rinsed with de-ionized water. The stir-bar was 

removed and washed with water into the waste HF- container. 

 

5. The slurry was left in the beaker to settle for approximately 5 minutes. Once 

settled, excess fluid was decanted into the HF- waste container. The slurry was 

rinsed with de-ionized water threes times, being allowed to settle between each 

rinse, with the excess fluid decanted off after each rinse. 

 

6. The now dilute HF slurry was filtered through filter paper into a flask. The 

sediment trapped by the paper was continuously washed with de-ionized H2O. 

 

7. The filter paper was opened, and placed in the fumehood until dry. The residual 

powder was carefully collected into a labelled container. It was X-rayed to 

determine if all the quartz and iron oxides had been removed. If not, the procedure 

was repeated from three. The residual powder was added to the coarse separate 

obtained from step one. These steps were repeated until an alunite separate was 

achieved.  

 

8. Samples containing pyrite were immersed in nitric acid until all pyrite was 

dissolved, and then rinsed repeatedly with de-ionized water. 
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Procedure for Dissolution of Alunite in NaOH, and re-precipitation of SO4 in barite. 

 

 The procedure described herein is based on the technique of Wasserman et al., 

(1993) as modified by Drs. Kurt Kyser and from Arehart et al., 1992. 

 

1. A saturated solution of NaOH (at room temperature) was made. The solution was 

bubbled with nitrogen gas to remove all CO2, and sealed.  

 

2. A saturated solution of BaCl2 was made, bubbled with nitrogen gas, and sealed. 

Nitrogen gas is bubbled through the solutions to displace any CO2, which could 

react with the solution to precipitate minerals that would interfere with BaSO4 

precipitation (mainly carbonates, which will form as a product of reaction with 

carbon dioxide in the atmosphere and the Ba2+ from the BaCl2 solution). 

 

3. The NaOH solution was diluted 7N NaOH (20 ml NaOH saturated solution + 

80ml distilled water). 

 

4. 5ml of 7N NaOH solution was measured out per pure alunite separate, and poured 

into individual labelled teflon bottles. Each bottle was bubbled with nitrogen gas 

and sealed.  

 

5. 50 mg of each alunite separate was weighed, and added to the labelled teflon 

bottle. Each bottle was bubbled with nitrogen gas, sealed, and placed on a hot 

plate at 80̊ C to dissolve the alunite. 

 

6. The bottles were left on the hot-plate until all the alunite was dissolved (12-24 

hours). 
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7. When all the alunite was dissolved, the solutions (while hot) were poured into 

centrifuge tubes, and bubbled with nitrogen gas. 15ml of BaCl2 saturated solution 

was added to each tube - a white precipitate immediately formed. The suspension 

was bubbled with nitrogen gas, and sealed. 

 

8. The tubes were centrifuged to free the precipitate from the solution. 

 

9. The precipitate was washed and centrifuged 3 times with distilled water. 

 

10. The sample was poured into a glass vial and placed in an oven at ~175EC until 

completely dry. 

 

11. When dry, the vials were removed form the oven and allowed to cool. 

 

12. The sample was X-rayed to ensure that the precipitate was barite, and to detect 

any carbonates that may have been formed during the procedure.  

 

13. Carbonates (if present) were removed through the addition of 2% HCl for 15 

minutes. The samples were then re-washed with distilled water, and placed in the 

oven to dry. 

 

Clay minerals  

Where possible, clays were removed from altered phenocrysts using a dental drill. 

Sample with disseminated clay alteration were crushed using a mortar and pestle and 

immersed in de-ionized water, then and agitated with an ultrasonic gun. Fluids with clay 

minerals in suspension were centrifuged to various size fractions and dried on glass 

plates. Separates were X-rayed to identify any contaminants. 
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Sulphides 

 Sulphide-bearing samples were crushed in a mortar and pestle, sieved to an 

appropriate size fraction and washed in distilled water. Samples with sulphides present as 

very fine grains, or in very low concentrations, were separated using the heavy liquid 

methyl iodide. All separates were hand-picked. 

 

Oxides and cryptomelane  

Oxide-bearing samples were crushed, sieved, and washed in deionized water. 

Coarse separates were passed through a modified Franz magnetic separator to concentrate 

goethite and hematite, which were then manually hand-picked. Quartz and cryptomelane 

were separated in the same fashion but without magnetic separation. 

 

Barite and acanthite 

Barite and acanthite were hand-picked directly from hand-sampless to ensure their 

exact paragenetic context.  
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Appendix C 

Characteristics of Barite at Pierina  

Data and observations are based on the detailed petrographic analysis of 

numerous barite-bearing specimens, selected from over 800 samples, from outcrop, drill 

core, and the initial open pit. Selected samples were systematically studied at the hand-

sample, binocular microscope, and thin-section scales, and the morphology, grain-size, 

opacity, mineral association, and paragenetic context of barite (and acanthite) in each 

sample was recorded, together with the degree of bleaching of the host-rock. This 

analysis led to the division of barite at Pierina into two paragenetically and 

morphologically distinct groups, from which twenty barite ± acanthite occurrences 

representative of both populations were selected for stable isotope analysis. 

 

 

 

 



208 



Appendix D 
40Ar/39Ar Data 
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Appendix E 

Electron Microprobe Data 

 

 

  241



 

 

 

 

 

  242



 

  243



 

 

 

  244



Appendix F 

LA-ICP-MS Data 

 

  245



 

  246



 

  247



 

  248



 

  249



 

  250



 

  251



 

  252



 

  253



 

  254



 

  255



 
 

  256



 

  257



 

  258



 

  259



 

  260



 

  261



 

  262



  263



 
 

  264



 
 

  265



 

  266



 

  267



 

  268



 

  269



 

  270



 

  271



 

  272



 
 

 

  273



  274

 



  275

 



  276

 



 

  277


	Chapter 1 Introduction
	1.1 High-Sulphidation Epithermal Systems
	1.2 Ore-Genetic Models
	1.3 Scientific Contributions of this Study
	1.4 Thesis Organization

	Chapter 2 The Pierina Epithermal Au-Ag Deposit, Ancash, Peru: Paragenetic Relationships, Alunite Textures, and Stable-Isotope Geochemistry
	2.1 Abstract
	2.2 Introduction
	2.3 Geological Setting
	2.4 Analytical Techniques
	2.5 Hydrothermal Alteration
	2.6 Paragenetic Relationships
	2.6.1 Stage I: hydrothermal alteration
	2.6.2 Stage II: polymetallic sulphide and barite mineralization
	2.6.3 Stage III: low-temperature oxidation 
	2.6.4 Stage IV: precipitation of barite and acanthite
	2.6.5 Stage V: supergene processes
	2.6.6 Alunite occurrences of uncertain paragenesis

	2.7 Descriptions of Alunite Types
	2.7.1 Disseminated alunite
	2.7.2 Porcelaneous alunite
	2.7.3 Coarse, open-space-filling alunite
	2.7.4 Friable alunite

	2.8 Stable-Isotope Compositions
	2.8.1 Stage II sulphides, barite and Stage III native sulphur
	2.8.2 Disseminated alunite
	2.8.3 Porcelaneous alunite
	2.8.4 Coarse, open-space-filling alunite
	2.8.5 Friable alunite
	2.8.6 Stage IV barite

	2.9 Conclusions

	Chapter 3 Isotopic Evidence for Microbial Activity During Supergene Oxidation of a High-Sulphidation Epithermal Au-Ag Deposit
	3.1 Abstract
	3.2 Introduction
	3.3 Geologic Setting
	3.4 Alteration and Mineralization
	3.5 Barite Morphology and Paragenesis
	3.6 Barite and Acanthite Stable Isotope Geochemistry
	3.7 Origin of Late-Stage Barite and Acanthite
	3.8 Evidence for Microbial Activity
	3.9 Conclusions

	Chapter 4 Genesis of the Pierina High-sulphidation Epithermal Gold-silver Deposit, Ancash, North-central Perú
	4.1 Abstract
	4.2 Introduction
	Regional Geological Relationships
	Geology of the Pierina-Santo Toribio Mining District
	Pierina host-rocks
	4.4.2  Poorly-consolidated breccias (Figure 45F), termed “collapse breccias” by mine personnel, form centimeter- to meter-wide bodies with dominantly angular fragments Santo Toribio Host Rocks

	Paragenetic Relationships of the Pierina Deposit
	Stage I: hydrothermal alteration
	Stage II: polymetallic sulphide–barite mineralization
	Stage III: Supergene Oxidation

	Gold and Silver Deportment in the Stage III Iron Oxyhydroxide- Oxide Assemblage
	40Ar/39Ar Geochronology of Alteration at Pierina and Santo Toribio
	Stable-Isotope Geochemistry and Implications
	Stage I: hydrothermal alteration
	4.8.1.1 Alunite and sulphides
	Alunite Δ 18OSO4-OH equilibrium and geothermometry
	4.8.1.3 Quartz
	4.8.1.4 Clay Minerals

	Stage II: sulphide–barite mineralization
	Stage III: supergene oxidation

	Geomorphic Setting of Mineralization
	Discussion
	Evolution of the Pierina Deposit
	Controls on Hypogene Precious Metal Mineralization

	Conclusions

	Chapter 5 Conclusions
	5.1 The Role of Early Alteration
	5.2 The Relationship between High-Sulphidation and Intermediate-Sulphidation Epithermal Deposits
	5.3 Microbially-Mediated Supergene Oxidation
	5.4 The Role of Pedimentation
	5.5 Future Work
	5.6 Closing Remarks


