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Abstract

Abstract

The Cerro de Pasco epithermal Cordilleran deposit is located in central Peru and is related to a Mid-Miocene 
diatreme-dome complex. Cerro de Pasco constitutes a large polymetallic resource with past production plus known 
resources of more than ~175 Mt @ 7 percent Zn and 2 percent Pb and 3 oz/t Ag. In addition, prior to 1950 mining 
produced 1200 Moz Ag, 2 Moz of Au and around 50 Mt @ 2 percent Cu. 

The Cerro de Pasco deposit comprises two mineralization stages with contrasting mineralogy and deposi-
tion environments. The first mineralization stage (IA) occurs on the eastern edge of the diatreme-dome complex 
and consists of a large pyrite-quartz body replacing mainly adjacent carbonate rocks of the Upper Triassic-Lower 
Jurassic Pucará Group and to a lesser extent the diatreme breccia. This body is composed of pyrite with pyrrhotite 
inclusions, quartz, and black and red chalcedony (containing hypogene hematite). At the contact of the pyrite-quartz 
body, the diatreme breccia is altered to sericite-pyrite-quartz. Pipe-like pyrrhotite bodies zoned outwards to Zn-Pb 
mineralization bearing Fe-rich sphalerite, containing up to 25 mol% FeS (stage IB), were subsequently emplaced 
within the pyrite-quartz body, mainly replacing Pucará carbonate rocks. 

Recent mine developments have allowed to study in detail the mineralogy and spatial distribution of the sec-
ond mineralization stage which superimposes partially the first one and includes zoned veins and replacement bod-
ies. E-W trending fractures cutting the diatreme breccia, the pyrite-quartz body, and the Excelsior Group focused 
hydrothermal fluids which altered the rock and deposited enargite-pyrite forming relatively irregular (Cu-Ag-Au-
(Zn-Pb) veins. These veins, located in the western part of the deposit, display mineral zoning with, from the center 
outwards, a core of enargite-pyrite and Au traces; an intermediate zone of tennantite, chalcopyrite and Bi-minerals; 
and a poorly developed outer zone bearing sphalerite-galena. The replacement ores are hosted by Lower Mesozoic 
carbonate rocks and are controlled along N35°E, N90°E, N120°E and N170°E faults. They form upward-flaring 
pipe-like well zoned orebodies with a core of famatinite-pyrite and alunite; an intermediate zone with tetrahedrite-
pyrite, chalcopyrite, matildite, cuprobismutite, emplectite, and other Bi-minerals (Ag and Bi contents may reach 
up to more than 1000 ppm) accompanied by APS minerals, kaolinite, and dickite; and an outer zone composed of 
Fe-poor sphalerite (in the range of 0.05 to 3.5 mole % FeS) and galena. The outermost zone consists of hematite, 
magnetite and Fe-Mn-Zn carbonates. 

Most of the second stage carbonate replacement bodies display an inclined plunge (between 25 and 60°) to 
the West, i.e., in the direction of the diatreme-dome complex, suggesting that the hydrothermal fluids ascended from 
deeper levels and that no lateral feeding from the veins to the carbonate replacement bodies took place. Rather, both 
veins in the diatreme breccia and carbonate replacement bodies may be the result of parallel and divergent ascend-
ing fluid paths within the same hydrothermal system. This is also reflected by the different mineral compositions 
recognized in the cores of the western enargite-pyrite veins (Cu, As, and Au rich) and of the carbonate replacement 
deposits (Cu and As poor, Sb>As, virtually Au free).

The mineral zoning and the observed mineral assemblages and associations indicate that, during the second 
mineralization stage, the fluid evolution reflects fluid advances and retreats controlled by the hydrothermal activity 
and host rock type. The inner zone assemblages encroach on those of the outer zone during fluid advance and the 
outer zone assemblages encroach on those of the inner zones during fluid retreat. 

Taking in account the deposition temperatures derived from fluid inclusion data (see below), the mineral 
assemblages of the first stage are characterized predominantly by low sulfidation states as indicated by pyrrhotite 
inclusions in pyrite and by the deposition of pyrrhotite pipes and related Zn-Pb ores bearing Fe-rich sphalerite. 
However, the presence of hematite within quartz from the pyrite-quartz body suggests that the fluids were locally 
oxidizing which is typical of exsolving magmatic fluids. The observed mineral assemblages are consistent with 
precipitation from magmatic fluids reduced by interaction with host rocks, probably Excelsior Group rocks. The 
quartz-sericite alteration halo at the margin of the pyrite-quartz body suggests moderate acidic conditions for the 
first mineralization stage. The second mineralization stage contains high to intermediate sulfidation state mineral 
assemblages bearing Fe-poor sphalerite. The recognized alteration assemblages with development of vuggy quartz 
in the diatreme and deposition of alunite both in the enargite-pyrite veins and carbonate replacement bodies, indicate 
very acidic fluids. Limited interaction with the host rock, owing to fluid channeling along fractures and because the 
buffering capacity of the host rock had been lowered by alteration during the first mineralization stage, may explain 
the prevailing high sulfidation conditions during the second mineralization stage. 

In order to gain information on the absolute duration of the magmatic-hydrothermal system at Cerro de Pasco, 



�

Abstract

a single zircon U-Pb survey and Hf isotopes on magmatic products and a step-wise IR-CO2 laser 40Ar/39Ar study 
on biotite from intrusive rocks as well as sericite and alunite related to the first and second mineralization stage, 
respectively, have been conducted. This study has been complemented by Rb-Sr and Pb isotope analyses of sericite 
and associated pyrite.

The single zircon U-Pb survey reveals that the ages of an accretionary lapilli tuff from a collapsed block 
within the diatreme (15.36 ± 0.03 Ma), a dacitic porphyry dome in the diatreme (15.40 ± 0.07 Ma), and two quartz-
monzonite porphyritic dykes emplaced into the diatreme-dome complex (15.35 ± 0.35 Ma and 15.16 ± 0.03 Ma) are 
comprised within a time span of 350’000 yr. No field evidence has been found so far that magmatic activity at the 
surface could have started earlier than the formation of the diatreme-dome complex.

Step-wise IR-CO2 laser 40Ar/39Ar ages have been obtained on second mineralization stage alunite from ad-
vanced argillic altered domes and from halos of oxidized enargite-pyrite veins in the Venencocha and Santa Rosa 
areas, located on the northwestern margin of the diatreme-dome complex and on the southern part of the Cerro de 
Pasco open pit, respectively. 40Ar/39Ar alunite ages cluster between 14.54 ± 0.08 and 14.41 ± 0.07 Ma. The age 
consistency suggests that advanced argillic alteration related to the second mineralization stage at Cerro de Pasco 
has been produced during a short period of around 100’000 yr. Three alunite ages at 12.39 ± 0.06, 12.13 ± 0.07 Ma, 
and 10.94 ± 0.1 Ma, outliers of the main age cluster (14.5 - 14.4 Ma), are interpreted to have probably experienced 
resetting by late circulating fluids. Therefore, magmatic-hydrothermal activity at Cerro de Pasco appears to have 
lasted for around 1 My, from 15.4 to 14.5 Ma, a relatively short time span for such a large mineralized system but 
in the same range as at the nearby Mid Miocene Colquijirca District. 

An attempt to date more precisely the first mineralization stage, bracketed in time between the quartz-mon-
zonite dykes and the second mineralization stage, i.e. between 15.1 and 14.5 Ma, has failed because 40Ar/39Ar ages 
obtained on sericite occurring in the alteration halo of the pyrite-quartz body are not reliable probably due to inher-
ited argon derived from micas contained in Paleozoic clasts within the diatreme breccia. 

 Sericite Rb-Sr data sericite indicate binary geochemical mixing between Miocene magmatic and Paleozoic 
basement sources. Lead isotopic compositions of pyrite and sericite (206Pb/204Pb = 18.743 - 18.922, 207Pb/204Pb = 
15.629 - 15.660, 208Pb/204Pb = 38.789 - 38.958) are comparable to those published previously of galena at Cerro 
de Pasco, Colquijirca, San Cristobal, and Morococha, and are explained by magmatic mixing of enriched upper 
mantle-derived lead and radiogenic upper crustal rocks lead

Microthermometric data on fluid inclusions in quartz indicate that the different ores of the first mineralization 
stage formed at similar temperatures and moderate salinities (pyrite-quartz body: 200 − 275°C and 0.2 − 6.8 wt % 
NaCl equiv, pyrrhotite bodies: 192 − 250°C and 1.1 − 4.3 wt % NaCl equiv., and Zn-Pb ores: 183 − 212°C and 3.2 
− 4.0 wt % NaCl equiv.). These values are in the same range as those obtained for fluid inclusions of second stage 
quartz and sphalerite (enargite-pyrite veins: 187−293°C and 0.2−5.2 wt % NaCl equiv., carbonate replacement bod-
ies quartz: 178−265°C and 0.2−7.5 wt % NaCl equiv., carbonate replacement bodies sphalerite: 168–222°C, and 
Venencocha: 245−261 and 3.2−7.7 wt % NaCl equiv.). Oxygen and hydrogen isotope compositions have been mea-
sured for kaolinite from carbonate replacement bodies (δ18O = 5.3 to 11.5 ‰, δD = –82 to –114 ‰) and in alunite 
from the Venencocha and Santa Rosa areas (δ18O = 1.9 to 6.9 ‰, δD = –56 to –73 ‰). Oxygen isotope compositions 
of quartz from the first and second mineralization stages have δ18O values from 9.1 to 17.8 permil. Calculated fluids 
in equilibrium with kaolinite and alunite have δ18O values of 2.0 to 8.2 permil and δD values of −69.4 to −96.8 per-
mil, l and –1.4 to –6.4 ‰ and –62 to –79 ‰, respectively. Sulfur isotope compositions of sulfides from both stages 
have a narrow range of δ34S values between −3.7 and 4.2 permil, and sulfates from the second stage between 4.2 to 
31.2 permil. The microthermometric data and the stable isotope studies define two mixing trends of the ore-form-
ing fluids.. The first trend reflects mixing between a saline magmatic end-member and an isotopically exchanged 
hydrothermal end-member of meteoric origin. According to the available data, for all ore types, except perhaps for 
the enargite-pyrite veins from the western part of the open pit, the saline end-member should correspond to a hyper-
saline magmatic fluid. According to the data concerning the enargite-pyrite veins, the saline magmatic end-member 
could also correspond to a contracted vapor separated at great depth or a single phase fluid. The second mixing 
trend is revealed by the stable isotope results of alunite and points toward mixing of volcanic SO2 vapor plumes and 
unexchanged meteoric water. 

The hydrothermal system at Cerro de Pasco was emplaced at shallow levels (in the order of 500 m) in the epi-
thermal part of a porphyry environment. The similar temperatures and salinities obtained for the first (pyrite-quartz 
body, pyrrhotite pipes and related Zn-Pb ores) and second mineralization stages (enargite-pyrite veins and carbonate 
replacement bodies) jointly with the stable isotope study has permitted to conclude that they are linked and represent 
successive mineralizing stages of a Cordilleran base metal deposit.
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Résumé étendu 

Résumé étendu

Introduction

Cette thèse de doctorat a été consacrée au gisement polymétallique de Cerro de Pasco, situé à 180 km 
au nord-est de Lima, dans le Pérou central. Les ressources, incluant la production passée, correspondent 
à un total de 175 Mt @ 7 % Zn, 2 % Pb et 3 oz/t Ag. De plus, avant 1950, l’activité minière a produit 
plus de 1200 Moz d’Ag, 2 Moz d’Au et environ de 50 Mt @ 2 % Cu. Ce gisement est exploité depuis le 
milieu du 17 siècle (1630) mais il fut probablement connu depuis plus longtemps. Il a d’abord été exploité 
pour ses ressources en argent présentes dans des parties oxydées du gisement, puis pour le cuivre dans les 
veines d’énargite et pyrite et jusqu’à nos jours, le zinc, l’argent et le plomb sont exploités avec le cuivre, 
le bismuth et l’or comme sous-produit.

Le district de Cerro de Pasco, situé sur les hauts plateaux andins, est composé d’une mine à ciel 
ouvert et de galeries souterraines. Dans la mine à ciel ouvert, les conditions d’affleurement sont très 
bonnes, mis à part du fait que certaines parties sont actuellement inaccessibles. Dans la mine souterraine, 
nombreuses sont les parties anciennes inaccessibles. Cette étude a principalement été effectuée à l’aide 
d’une cartographie à l’échelle régionale, à l’échelle locale de zones clés au sein de la mine à ciel ouvert et 
d’échantillons provenant de forages et de certaines galeries de la mine souterraine. 

Cadre géologique

Le gisement de Cerro de Pasco est encaissé, en bordure d’un complexe dôme-diatrème, principa-
lement dans des séries carbonatées du Trias Supérieur - Jurassique Inférieur appartenant au Group du 
Pucará. Ces séries sont composées, dans le voisinage de la mine, de successions de carbonates sableux, 
de carbonates foncé bitumineux, de niveaux à nodules de chert, de niveaux massifs fossilifères ainsi que 
de niveaux à carbonates massifs (Jenks, 1951; Angeles, 1999). Le volcanisme dans la région de Cerro de 
Pasco est constitué par l’emplacement d’un diatrème et de dômes dacitiques en bordure du complexe. Des 
dykes plus tardifs de composition quartzo-monzonitique recoupent le diatrème. Le diatrème et ses envi-
rons ont été érodé depuis le Miocène Moyen, éliminant les faciès de surface en laissant affleurer les roches 
encaissantes plus profondes qui sont principalement des phyllites, des shales et quartzites appartenant au 
Groupe de l’Excelsior. Une partie du gisement de Cerro de Pasco est encaissé dans la brèche de diatrème, 
le complexe dôme-diatrème ayant été mis en place durant le Miocène Moyen (voir section geochronolo-
gie) aux abords d’une faille de direction N-S. 

Minéralisation et altération

Cette étude confirme que le gisement de Cerro de Pasco appartient à la classe des gisements épithermaux 
de type polymétallique Cordilleran. Ces gisements se situent spatialement à l’aplomb d’un environnement 
porphyrique. Deux stades de minéralisations, possédant une minéralogie contrastée, sont présents à Cerro 
de Pasco (Fig. 1). Le premier stade (IA), qui se situe en bordure Est du complexe de diatrème-dôme, 
consiste en un large corps de pyrite-quartz qui remplace essentiellement les roches carbonatées du Groupe 
du Pucará, d’âge Trias Supérieur- Jurassique Inférieur et, dans une moindre mesure, la brèche de diatrème. 
Ce corps est composé de pyrite avec des inclusions de pyrrhotine, du quartz, et de la calcédoine noir et 
rouge (contenant de l’hématite hypogène). La brèche de diatrème, au contact avec le corps de pyrite-
quartz, est altérée en sericite-pyrite-quartz, typique de l’altération phyllique. Par la suite (stade IB), des 
corps de pyrrhotine, en forme de conduits verticaux allongés, ont été mis en place au sein du corps de 
pyrite-quartz. Ces corps verticaux sont zonés à des minerais à Zn-Pb (contenant de la sphalerite riche en 
fer) qui se sont mis en place en remplacement dans les roches carbonatées du Pucará. Les corps verticaux 
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Fig. 1: Carte géologique du gisement de Cerro de Pasco indiquant les unités lithologiques, les failles et la lo-
calisation des deux stades de minéralisations. Cette carte basée sur des archives du groupe de géologie de la mine 
de Cerro de Pasco. Il est à noter que les coordonnées UTM ainsi que les coordonnées locales sont indiquées.
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de pyrrhotine, présentent une zonation vers l’extérieur et vers le haut défini par Einaudi (1977) et comprend 
les associations minérales suivantes : 1) pyrrhotine + quartz + wolframite (parties profondes), 2) pyrrhotine 
+ sphalerite + chalcopyrite + stannite + (parties profondes à intermédiaires) et 3) pyrrhotine + sphalerite + 
arsenopyrite (présent dans toute l’extension verticale des corps de pyrrhotine). Cette dernière association 
minérale persiste horizontalement dans les minerais à Zn-Pb qui sont caractérisés par de la sphalérite riche 
en fer (FeS jusqu’à 25 % mole), formant des corps de remplacement qui sont structuralement contrôlés par 
le synclinal de Matagente (Fig. 1). 

Les développements récents de la mine ont permis une étude minéralogique et distribution spatiale 
détaillée du second stade de minéralisation (II) qui télescope partiellement le premier stade. Le deuxième 
stade de minéralisation est caractérisé par des veines à ����������������������������������������������     Cu-Ag-(Au-Zn-Pb) encaissées dans la brèche de 
diatrème ����������������������������������������������������������������������������������������������             et des corps de remplacement������������������������������������������������������������������          à Zn-Pb-(Bi-Ag-Cu) encaissés dans les carbonates du Pucará, tous 
deux essentiellement contrôlés par des failles ayant pour direction N35°E, N90°E, N120°E et N170°E 
(Fig. 1). Les veines à Cu-Ag-(Au-Zn-Pb), situées dans la partie Ouest du gisement, possèdent un cœur 
bien développé à énargite-pyrite accompagné d’alunite-zunyite et de diaspore. La zone intermédiaire est 
constituée de tennantite, chalcopyrite et minéraux de Bi ainsi que de la kaolinite. La zone externe, faible-
ment développée, est composée de sphalerite pauvre en fer (moins de 3.5 mole % FeS) et de galène. Les 
corps de remplacement à Cu-Ag-(Au-Zn-Pb) dans les roches carbonatées, situés principalement dans la 
partie Est en centrale du gisement, forment des corps en forme de tubes verticaux avec une zonation bien 
développée. Le centre du corps est composé de famatinite-pyrite avec de l’alunite. La zone intermédiaire 
est composée de tétrahedrite-pyrite, de la chalcopyrite, des minéraux de Bi ainsi que de la hinsdalite (mi-
néral appartenant à la famille des alumino-phosphates-sulfates) et de la kaolinite alors que la zone externe 
est composée de sphalérite pauvre en fer  (0.05 - 3.5 % mole de FeS), de galène ainsi que de hinsdalite et 
kaolinite. La zone la plus externe consiste en hématite, magnétite ainsi que des carbonates de Fe-Mn-Zn. 
Contrairement aux veines encaissées dans la brèche de diatrème, les zones intermédiaires et externes des 
corps de remplacements sont les mieux développées.

Dans l’aire de Venencocha, qui est située à 2.5 km au Nord-Ouest du diatrème, ainsi que dans l’aire 
de Santa Rosa (Sud de la mine à ciel ouvert), on observe des dômes dacitiques qui ont été affectés par 
une altération argillique avancée ainsi que des veines oxydées possédant des halos d’altération argillique 
avancée. Ces dernières sont l’équivalent oxydé des veines de pyrite-énargite.

La plupart des corps de remplacement dans les roches carbonatées plongent entre 25 et 60° en di-
rection du diatrème, ce qui suggère que les fluides hydrothermaux sont issus de niveaux plus profonds 
et n’ont donc pas été alimenté latéralement les veines d’énargite-pyrite, comme suggéré auparavant par 
Einaudi (1977). Par contre, aussi bien les veines à énargite-pyrite que les corps de remplacements dans les 
roches carbonatées sont probablement le résultat de fluides émanent du même système hydrothermal et qui 
ont emprunté des parcours distincts. Les données des inclusions fluides et des isotopes stables soutiennent 
cette hypothèse (cf. section inclusions fluides). Cette observation est également reflétée par une compo-
sition minéralogique différente des coeurs des veines d’énargite (riche en Cu, As et Au) et ceux dans les 
corps de remplacement dans les roches carbonatées (pauvre en Cu et As et Au virtuellement absent).

La zonation minérale présente dans le second stade de minéralisation peut être expliqué en termes 
d’avancements et de retraits de fluides, qui sont contrôlés par l’activité hydrothermale et la nature de la 
roche encaissante. Pendant l’avancement de fluides, les assemblages de la zone interne empiètent sur ceux 
des zones externes. Lors du retrait de fluides, les assemblages des zones externes empiètent sur ceux des 
zones internes. La brèche de diatrème qui est une roche peu réactive, gêne l’infiltration des fluides dans les 
épontes de la veine dans la roche encaissante. Dans les carbonates plus poreux et réactifs du Pucará, des 
corps plus étendus ont été formés.

D’après les températures de déposition dérivées de l’étude des inclusions fluides, les assemblages 
minéralogiques d’état de sulfidation bas sont prédominants dans le premier stade de minéralisation, com-
me le suggère la présence d’inclusions de pyrrhotine dans la pyrite et la précipitation de corps verticaux 
de pyrrhotine zonés à des minerais de Zn-Pb contenant de la sphalérite riche en Fe. Cependant, la présence 
d’hématite hypogène dans le quartz appartenant au corps de pyrite-quartz suggère que les fluides étaient 
localement oxydants, ce qui typique des fluides magmatiques exsolvant d’un magma. Il est conclut que ces 
fluides magmatiques ont été réduits par leur interaction avec les phyllites de la Formation Excelsior. Le 
halo d’altération quartz-sericite dans la brèche de diatrème aux abords du corps de pyrite-quartz suggère 
des conditions acides modérées pour le premier stade de minéralisation. 

Le deuxième stade de minéralisation est caractérisé par des assemblages minéralogiques d’états 
de sulfidation hauts à intermédiaires contenant de la sphalérite pauvre en Fe. Les assemblages d’altéra-
tion avec développement de vuggy quartz dans le diatrème et de la déposition d’alunite aussi bien dans 
les veines d’énargite-pyrite que dans le centre des corps de replacements au sein des roches carbona-
tées indiquent des fluides très acides. Les fluides minéralisateurs du second stade ont été structuralement 
contrôlés par des fractures, probablement avec un rapport fluide/roche élevé, en raison d’une interaction 
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avec la roche encaissante limitée, dont la capacité de tamponnage a été réduite lors du premier stade de 
minéralisation, ce qui expliquerait les conditions prédominantes high sulfidation durant le second stade de 
minéralisation. 

Géochronologie

Dans le but d’obtenir des informations sur la durée absolue du système magmato-hydrothermal, 
une étude U-Pb ainsi que les isotopes de Hf sur zircon provenant des roches magmatiques a été conduite. 
De plus, une étude 40Ar/39Ar à l’aide de la méthode par paliers avec laser IR-CO2  sur biotite des roches 
intrusives, sur sericite et alunite liés au premier et deuxième stade de minéralisation, respectivement, a 
été effectuée (Fig. 2). En outre, des analyses isotopiques de Rb-Sr et Pb ont été réalisés sur la pyrite et la 
sericite.

Les ages U-Pb sur zircon révèlent que les ages de lapilli accrétionnés d’un bloc collapsé au sein du 
diatrème (15.36 ± 0.03 Ma), des dômes porphyriques de composition dacitique dans le diatrème (15.40 
± 0.07 Ma, daté sur un dôme), et des dykes porphyriques de composition quartzo-monzonitique, mis en 
place au sein du complexe de diatrème-dôme (15.35 ± 0.35 Ma et 15.16 ± 0.03 Ma) sont compris dans un 
laps de temps de 350'000 ans. Aucune évidence de terrain ne suggère que l’activité magmatique ait com-
mencé avant le complexe de dôme-diatrème. 

La géochronologie 40Ar/39Ar avec laser IR a été effectuée sur des alunites provenant de l’altération 
argillique avancée de dôme et des halos d’altération des veines d’énargite-pyrite du second stade de mi-
néralisation ainsi que sur sericite du premier stade. La plupart des âges d’alunite forment un groupe entre 
14.5 ± 0.08 et 14.4 ± 0.07 Ma. Cette constance dans les âges indique que l’altération argillique avancée 
affectant les dômes et les veines oxydées est le résultat d’une activité hydrothermale qui a duré environ 
100'000 ans. Trois âges sur alunite à 12.39 ± 0.06, 12.13 ± 0.07 Ma, et 10.94 ± 0.1 Ma ne font pas partie 
du groupe principal à 14.5-14.4 Ma et sont interprétés comme ayant subit une perturbation lors de circu-
lations de fluides tardifs. De ce fait, le système magmatique-hydrothermal de Cerro de Pasco a probable-
ment duré environ 1 Ma, de 15.4 à 14.5 Ma, ce qui correspond à une durée relativement courte pour un 
système aussi grand, mais dans la même mesure que le district voisin Miocène Moyen de Colquijirca. Un 
essai pour dater plus précisément le premier stade de minéralisation, délimité en temps entre la formation 
des dykes quartzo-monzonitiques et le second stade de minéralisation, c’est-à-dire. entre 15.1 et 14.5 Ma, 
a échoué car les âges 40Ar/39Ar sur séricite présente dans le halo d’altération du corps de pyrite-quartz ne 
sont pas fiables, probablement à cause de la présence d’argon hérité dérivé de micas provenant de clastes 
paléozoïques présents dans le brèche de diatrème.

Les données de Rb-Sr sur séricite indiquent un mélange géochimique binaire entre une source mag-
matique Miocène et un socle paléozoïque. Les compositions isotopiques de Pb de la pyrite et de la séricite 
(206Pb/204Pb = 18.743 - 18.922, 207Pb/204Pb = 15.629 - 15.660, 208Pb/204Pb = 38.789 - 38.958) sont compati-
bles avec celles de galène de Cerro de Pasco, Colquijirca, San Cristobal et Morococha publiées précédem-
ment, qui sont expliquées par un mélange magmatique de plomb dérivé d’un manteau supérieur enrichit 
et du plomb radiogénique provenant de roches de la croûte supérieure.

Inclusions fluides et isotopes stables

Une étude microthermométrique menée sur des monograins de quartz du premier stade de miné-
ralisation ainsi que sur des monograins de quartz et de sphalérite du second stade indique que les deux 
stades ont été formés à des températures similaires et des salinités faibles à modérées (Fig. 3). Les in-
clusions dans le quartz du corps de pyrite-quartz indiquent des températures entre 200 et 275°C et des 
salinités allant de 0.2 à 6.8 % poids NaCl équiv. Les températures d’homogénisation des inclusions dans 
quartz des corps verticaux de pyrrhotine varient entre 192 et 250°C et la salinité varie entre 1.1 et 4.3 % 
poids NaCl équiv., alors que les inclusions dans le quartz des corps de Zn-Pb (liés au corps verticaux de 
pyrrhotine) indiquent des températures allant de 183 à 212°C et des salinités variant de 3.2 à 4.0 % poids 
NaCl équiv. Les valeurs de températures d’homogénisation et salinités du premier stade de minéralisation 
sont du même ordre que ceux obtenus dans les inclusions fluides piégés dans le quartz et la sphalérite du 
second stade de minéralisation (veines d’énargite-pyrite = 187−293°C et 0.2−5.2 % poids NaCl équiv., 
quartz des corps de remplacement encaissés dans les roches carbonatées = 178−265°C et 0.2−7.5 % poids 
NaCl équiv., sphalérite des corps de remplacement encaissés dans les roches carbonatées = 168 – 222°C, 
et Venencocha = 245−261 et 3.2−7.7 poids % NaCl équiv., Fig. 3).

Les isotopes d’oxygène et d’hydrogène ont été mesurés sur des échantillons d’alunite provenant des 
zones d’altération argillique avancée à Venencocha et Santa Rosa. δ18O varie entre 1.9 et 6.9 ‰ alors que 
δD varie entre −56 et –73 ‰. Les rapports isotopiques calculées des fluides en équilibre avec l’alunite 
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Fig. 2 : Carte géologique du complexe de dôme-diatrème à Cerro de Pasco, compilée de Rogers, (1983) et 
Huanqui (1994) ainsi que de la géologie de la mine à ciel ouvert. Les âges U-Pb sur zircon et  U-Pb et les âges 
40Ar/39Ar sur biotite et alunite sont indiqués. Les abbreviations sont: alu = alunite, bt = biotite, and zr = zircon.
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13.0 12.0 11.0 10.0
Age (Ma)

14.015.016.0

15.36 ± 0.03
15.40 ± 0.07
15.35 ± 0.05

15.16 ± 0.03
15.14 ± 0.06

12.39 ± 0.06
12.13± 0.07

10.94 ± 0.10

Zircon
Alunite

15.53 ± 0.08

14.50 ± 0.12

14.54 ± 0.06

14.52 ± 0.08

14.41 ± 0.07
14.13 ± 0.71

12.12 ± 0.03

15.92 ± 0.07

15.92 ± 0.05

Biotite

40Ar/39ArU-Pb

11.9 - 11.1 
10.8 - 10.5

12.9 - 12.4

Magmatic activity

HS Au-(Ag) 
epithermal
mineralization

Cordilleran 
base metal 
mineralization

Magmatic
activity

Cordilleran 
base metal 
mineralization

14.8 ± 0.4 (bte)

Soler and Bonhomme 
(1988) K/Ar

Magmatic activity

15.2 ± 0.2 (sa)

14.6 ± 0.4 (bte)

14.2 ± 0.4 (sa)

15.2 ± 0.4 (plag) 13.1 ± 1.1 (wr)

COLQUIJIRCA 
DISTRICT

YANAMATE

CERRO DE PASCO 
DISTRICT

Bendezú et al. 
(2003, 2006) 

40Ar/39Ar

14.0 ± 0.4 (plag)

15.0 ± 0.5 (plag)

Silberman and 
Noble (1977) 

K/Ar

15.63 ± 0.83

Fig. 3: Diagramme résumant les données U-Pb and 40Ar/39Ar de cette étude et incluant les données géochro-
nologiques préexistantes. Les barres d’erreurs sont ± 2s. Les abbreviations sont: sa = sanidine, plag = plagio-
clase, wr = whole rock (roche totale).
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Fig. 4: A) Température d’homogénisation (Th) vs. salinité (% poids NaCl equivalent) d’inclusions fluides dans 
le quartz du premier et second stade de minéralisation et dans la sphalérite des corps de remplacements dans les 
roches carbonatées (second stade). B) Détail de A, Th vs. salinité d’inclusions fluides dans le quartz du premier 
stade de minéralisation incluant le corps de pyrite-quartz, les pipes de pyrrhotine et les minerais à Zn-Pb liés à 
ceux-ci. C) Détail de A) Th vs. salinité des inclusions fluides dans du quartz du second stade de minéralisation inclu-
ant les veines d’énargite-pyrite, les corps de remplacement dans les roches carbonatées (aussi avec les inclusions 
fluides dans la sphalérite) et les veines d’énargite-pyrite oxydées de Venencocha. 
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Fig. 5: Diagramme δD vs. δ18O plot d’alunite et kaolinite et des fluides correspondant en équilibre avec ces 
minéraux. Les valeurs de δD et δ18O des fluides en équilibre avec l’alunite (des veines d’énargite-pyrite oxydées 
de Venencocha) on été calculées à l’aide de l’équation de  Stoffregen et al. (1994) à 250°C. Une ligne de mélange 
montre les deux pôles formant les fluides ayant formés l’alunite. Cette ligne de mélange recoupe la ligne de l’eau 
météorique de Craig (1961) à des valeurs de δD et δ18O pour les fluides météoriques au Miocène Moyen à Cerro 
de Pasco (δD = 95 ± 10 ‰ and δ18O close to 13 ± 1 ‰. Les valeurs de δD et δ18O des fluides en équilibre avec la 
kaolinite ont été calculées à l’aide de l’équation de Sheppard and Gilg (1996) pour O et Gilg and Sheppard (1996) 
pour H, à 220°C pour la kaolinite de la zone intermédiaire et à 200°C pour la zone externe des corps de remplace-
ments dans les roches carbonatées. Le champs de la kaolinite se situe sur une courbe de mélange entre les fluides 
magmatiques de Deen et al. (1994) et un pôle composé d’eau météorique isotopiquement échangée à des tempéra-
tures de 200-250°C. Les valeurs de δD et δ18O de l’eau météorique échangée avec des roches volcaniques et du 
Groupe de l’Excelsior ont été modélisées. Le modèle montre que le pôle composé d’eau météorique isotopiquement 
échangée en profondeur à des températures de 200-250°C. Dans la partie inférieure du diagramme, les valeurs de 
δ18O des fluides en équilibre avec le quartz sont présentés et ont été calculés à l’aide de l’équation de Zhang et al. 
(1989) à 250°C pour le quartz du corps de pyrite-quartz, à 220°C pour le quartz présent dans le centre des corps 
de remplacements, à 250°C pour le quartz des veines d’énargite-pyrite dans la mine et celles oxydées à Venenco-
cha. Zhang et al. (1989) at 250°C. Les autres champs et lignes présents sont la ligne de la kaolinite de Sheppard et 
al. (1969), les fluides magmatiques primaires de Deen et al. (1994), l’eau magmatique felsique (FMW) de Taylor 
(1992), l’eau magmatique primaire (PMW) de Taylor (1979) et les vapeurs volcaniques liées aux zones de subduc-
tions de Giggenbach (1997).
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ont des valeurs de δ18O entre l et −1.4 ‰ et des valeurs de δD entre −62 et −79‰ et se situent, dans un 
diagramme δ18O sur δD, sur une ligne de mélange entre un pôle d’eau météorique et un pôle d’eau magma-
tique. Par contre, les résultats des compositions isotopiques calculées d’oxygène et d’hydrogène de kaoli-
nite provenant de la zone intermédiaire et externe des corps de remplacement dans les roches carbonatées 
(δ18O = 2.0 à 8.2 ‰ et δD = −69.4 à −96.8 ‰) donnent des valeurs de δ18O entre 5.3 et 11.5 ‰ et δD entre 
– 82 et −114 ‰,  se situant en dessous de cette ligne de mélange (Fig. 4). En compilant ces résultats avec 
ceux obtenus à l’aide des inclusions fluides, deux tendances de mélange peuvent être mises en évidence. 
La première tendance, mise en évidence par les mesures effectuées sur les kaolinites, reflète un mélange 
entre un pôle de d’eau magmatique saline et un pôle d’eau météorique qui a subi un échange isotopique 
avec les roches encaissantes (phyllite et shale du Groupe Excelsior). D’après les données disponibles pour 
les deux stades de minéralisation, peut être mis à part les veines d’énargite-pyrite situées dans la partie 
ouest du gisement, le pôle magmatique salé pourrait représenter un fluide magmatique hypersalin. En ce 
qui concerne les veines d’énargite-pyrite, le pôle d’eau magmatique salée pourrait aussi correspondre à 
une vapeur contractée qui a été séparée à grande profondeur (selon Heinrich, 2005) ou à un fluide à une 
phase (selon Hedenquist et al., 1998). La deuxième tendance de mélange, mise en évidence par les résul-
tats des isotopes stables sur alunite, montre un mélange entre des vapeurs volcaniques de SO2 et des eaux 
météoriques isotopiquement non-échangées.  

Au terme de cette étude, il a été montré que le système hydrothermal de Cerro de Pasco a été mis 
en place à de faibles profondeurs (dans l’ordre de 500-800 m) dans la partie épithermale d’un système 
porphyrique. Les températures et les salinités qui ont été obtenues lors de cette étude pour le premier stade 
de minéralisation (corps de pyrite-quartz, corps verticaux de pyrrhotine et minerais de Zn-Pb associés) 
ainsi que pour le second stade de minéralisation (veines à énargite-pyrite et corps de remplacement) sont 
similaires et, conjointement avec les données d’isotopes stables, il a été possible de conclure que les deux 
stades sont issus du même système hydrothermal et représentent des stades de minéralisations successifs 
de type Cordilleran.
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Geographic setting

The Cerro de Pasco district (10°40’, 76°20’) is 
located in the Eastern Cordillera of central Peru, 180 
km northeast of Lima, at an elevation of 4380 m above 
sea level. The deposit is one of the most extensively-
worked mining districts in Peru. Cerro de Pasco is part 
of the Miocene Metallogenic Belt of Noble and McKee 
(1999).

Tectonic evolution and regional geologic setting
The oldest rocks exposed in the Cerro de Pasco 

district consist of Devonian (400-360 Ma) shale and 
phyllite with interbedded quartzite of the Excelsior 
Group (Jenks, 1951). These basement rocks formed in 
the evolution of the proto-Andean margin of western 
Gondwana. At the end of the Paleozoic (~250 Ma), the 
Andean region was situated on the western margin of 
Pangea (Benavides-Cáceres, 1999). The beginning of 
subduction along the Pacific margin started at 180Ma 
along the present trench (Ramos and Aleman, 2000). 

Late Permian-Early Triassic extension resulted in 
intense intra-continental rifting, with horst and grabens 
displaying an Andean trend (NW-SE), and the deposi-
tion of as much as 3000 m of continental red beds, vol-
caniclastic rocks and alkaline volcanic rocks known as 
the Mitu Group (Benavides-Cáceres, 1999). This exten-
sion was the precursor of Pangean break-up (Ramos and 
Aleman, 2000). The Mitu red beds overlie the Devonien 
Excelsior Group with a sharp angular unconformity and 
consist, in the vicinity of Cerro de Pasco, of conglomer-
ates with pebbles of milky quartz and argillaceous ma-
terial belonging to the Excelsior Group (Jenks, 1951). 
Intercalated volcaniclastic and volcanic rocks are prom-
inent within the Excelsior Group 80 km to the south of 
Cerro de Pasco, do not occur in the Cerro de Pasco dis-
trict (Jenks, 1951). In the Triassic (230 to 200 Ma), the 
rifting continued until the opening of the Atlantic Ocean 
which resulted in intensified extension and the reacti-
vation of the western continental margin subduction 
(Benavides-Cáceres, 1999). This geodynamic change 
was marked by the beginning of the Andean cycle as 
described by Mégard (1984). Carbonate sedimentation 
occurred, with the deposition of the Pucará Group of the 
Upper Triassic-Lower Jurassic. On the western side of 
Cerro de Pasco, the Pucará Group is up to 620 m thick 
and consists of limestone, dolomite which are locally bi-
tuminous. To the east, a 2900 m thick sequence contain-
ing limestone and black dolomite (which is commonly 
bituminous) was deposited (Mégard, 1978). According 
to Mégard (1978), the thickness difference in the Pucará 

Group is in part due to a synsedimentary fault which has 
downthrown the eastern block significantly. 

During the Hauterivian-Middle Albian (135-105 
Ma), extensional tectonism took place, probably due to 
an increase in the plate convergence rate at a time of 
steep-dipping subduction (Soler, 1991). This resulted in 
the formation of sedimentary basins and the deposition 
of the Goyllarizquizga Group consisting of terrigenous 
basal red shaly sandstone and quartz conglomerate with 
coal lenses at the top of the Group (Jenks, 1951). It usu-
ally rests conformably (but is locally slightly discordant)  
on the Pucará Group (Jenks, 1951). This formation oc-
curs ~5 km to the south and west of Cerro de Pasco but 
not in the immediate vicinity of the deposit. The Incaic I 
period of folding (59-55 Ma) produced a major anticline 
affecting the Excelsior and Pucará Groups in the Cerro 
de Pasco region.  This folding is well developed on the 
western part of the Cerro de Pasco district, where the 
Pucará Group is thinner than on the eastern side (Jenks, 
1951). During a period of tectonic quiescence, erosion 
denuded the landscape to moderate relief, close to sea 
level (Jenks, 1951).

During the Eocene, the Goyllarizquizga Group 
was succeeded transgressively by marls and limestone 
(Benavides-Cáceres, 1999) of the Cacuán member, 
which defines the base of the Pocobamba Formation. 
It is overlain by the Shuco member, which crops out in 
the Cerro de Pasco district and consists mainly of al-
luvial deposits characterized by conglomerate (Ange-
les, 1999). The Calera Formation sits more or less con-
cordantly on the Shuco member, and consists of shale, 
siltstone, and sandstone as well as limestone (Jenks, 
1951; Angeles, 1999), but is not exposed at Cerro de 
Pasco. Intense folding and faulting of the Incaic II oro-
genic pulse (43-42 Ma) ended the period of Pocobamba 
sedimentation. Several other orogenic pulses occurred 
subsequently (Incaic III, IV, and Quechua I, II, III, and 
IV) but are of less importance in the Cerro de Pasco 
district. 

Mid-Miocene (15 Ma), igneous activity formed a 
diatreme followed by intrusion of dacitic to rhyodacitic 
porphyritic domes which are presently exposed near the 
southwestern and northern margins of the diatreme. E-
W trending quartz-monzonite porphyry dykes cut the 
diatreme-dome complex and also extend into the Pu-
cará carbonate rocks. The diatreme breccia, tuffs, and 
accretionary lapilli crop out on the present-day surface. 
The ring-dyke tuffs and part of the pyroclastic rocks 
must have been eroded. Collapsed blocks of Mitu and 
Pucará Groups in the diatreme-dome complex indicate 
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that these rock units were once present above the pres-
ent surface. In the western part of the Cerro de Pasco 
district, the thickness of the Mitu and Pucará Groups 
overlying the Excelsior Group is in the order of 400 m 
(Jenks, 1951). Therefore, erosion is estimated to be in 
the order of 500 m in the vicinity of the diatreme-dome 
complex (see Part I).  A hydrothermal system related 
to the diatreme-dome complex produced polymetallic 
ores mainly on the western border of the diatreme-dome 
complex, within Pucará carbonate rocks and diatreme 
breccia, and to a lesser extent within Excelsior phyllite 
and shale (see Part I).

Mining history

Discovery of the Cerro de Pasco district

While it is quite probable that silver ores were 
mined before the Spanish conquest at what is now Cerro 
de Pasco, the first historical record of production from 
the district dates from 1630 (De Rivero, 1830, 1832; 
Pickering, 1908; Marsters, 1912). It is reported that the 
city of Pasco was founded in 1578, and during the year 
1567, the first claims were taken (De Rivero, 1830). Nu-
merous ancient works (De Rivero, 1830) report a legend 
that the mines of Pasco, formerly named the Yauricocha 
mines, were discovered by a poor shepherd called Huari 
Capacha. As he was feeding his herd in Santa Rosa one 
evening, he made a fire to warm himself and at the same 
time, prepared a scanty meal. The rocks he collected 
to make a hearth melted and he discovered threads of 
silver (De Rivero, 1832). He reported his discovery to 
Don José Ugarte who lived in the town of Pasco. At 
that time, the inhabitants were mainly employed in the 
mines at Colquijirca, 10 km to the south of Cerro de 
Pasco. Convinced by this discovery, he began to work 
in Santa Rosa with great success. The local prospectors 
soon discovered numerous orebodies in the extensive 
iron-stained outcrops (pacos) and active production of 
silver started, which was maintained with few interrup-
tions for nearly two hundred years (De Rivero, 1832). In 
1816, at the onset of the industrial revolution and steam 
engines, a group headed by Pedro Abadia began deeper 
excavation and native silver were encountered, named at 
that time pavonados and polvorillas (De Rivero, 1830). 
Drainage tunnels were built to pump out water (such 
as the Quilacocha, the Rumiallana, and the Avellafuerte 
tunnels). In 1827, more than 558 small mines existed, 
situated at Yauricocha, Santa Rosa, Caya, Yanacancha, 
and Matagente (Fig. 1A and B). The Matagente mines 
were at this period the richest and the most actively ex-
ploited. Their exploitation was interrupted by an acci-
dent in which three hundred workmen were buried and 
killed, and the location where this happened has been 
called ever since the Matagente area.

From the Cerro de Pasco Corporation to Volcán 
Compañía Minera S.A.

In 1901, the “Cerro de Pasco Investment Com-

pany” of New York began the mining workings at Cerro 
de Pasco (Fig. 2A). In 1904, the Railway between La 
Oroya and Cerro de Pasco was completed by the “Cerro 
de Pasco Railway”. Also at that time, the old smelter 
of Tinyahuarco (Fig. 2B), formerly the “Smelter”, and 
subsequently named “La Fundición” was built, along 
with the opening of the coal mines at Goyllarisquisga, 
and the installation of a new mining plant permitted 
modern scale exploitation. In 1915, the merger of the 
“Cerro de Pasco Mining Corporation”, the “Cerro de 
Pasco Railway”, and “Morococha Mining” gave birth 
to the “Cerro de Pasco Copper Corporation”. Between 
1630 and the end of the 19th Century, silver was the main 
metal exploited. From 1904, Cerro de Pasco was mainly 
a copper producing mine. Narrow and rich copper veins 
and orebodies (mainly enargite and chalcopyrite) were 
mined to a depth of 700 m, mainly in the western part 
of the present open pit. Silver and gold were recovered 
from the copper concentrate. These were produced by 
“La Fundición” at Smelter, owned by the “American 
Smelting and Refining Metal Corporation” (ASARCO). 
In 1943, the Paragsha mining plant was constructed at 
Cerro de Pasco and in mid - 1946, lead and zinc were 
treated and exported. From 1946 onwards, Cerro de 
Pasco became a Zn-Pb-Ag producer. In 1956, the open 
pit mining began in the new “MacCune” pit, which is 
presently the location of the “Rául Rojas” open pit (Fig. 
2C and D). 

In 1973, the Peruvian government expropriated 
the Cerro de Pasco Corporation and nationalized most 
of the Peruvian mines by founding the “Empresa Minera 
del Centro del Peru” (CENTROMIN). Cerro de Pasco 
was again privatized in 1999 and Vólcan Compánia 
Minera S.A. won the tender. This company is the pres-
ent owner and exploiter of the Cerro de Pasco deposit. 

Production estimates

The production has been estimated using sev-
eral bibliographical sources. The most relevant include 
Pickering (1908), Marsters (1912), McLaughlin (1924), 
Jiménez (1924), Bowditch (1935), Geological staff of 
Cerro de Pasco Corporation (1950), Fischer (1977), 
Einaudi (1977), Bartos (1989), as well as Bendezú 
(pers. comm. 2004) and the Cerro de Pasco geology 
staff (pers. com. 2004). Estimates for the period be-
tween 1630 and 1880 are believed to have been under-
estimated by about 30 to 40% due to smuggling and this 
has been taken into account in the overall production 
estimates. The total contained silver at Cerro de Pasco is 
estimated to amount to at least 1450 Moz, excluding the 
non-estimated global resources. For zinc, lead and gold, 
post 1950 production plus known resources amount to 
more than ~175 Mt @ 7 percent Zn and 2 percent Pb. In 
addition, prior to 1950, 2 Moz of Au and around 50 Mt 
@ 2 percent Cu were mined.

Previous work and literature

The earliest works deal mainly with the exten-
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sive oxidized “pacos” deposits, while the geology was 
usually poorly understood and therefore not described. 
Most of the early accounts are of historical rather than 
scientific interest. De Rivero (1830), De Rivero (1832), 
Raimondi (1902), Pickering (1908), and Jiménez (1924) 
report the beginning of the mining operations. Fuchs 
(1920) was the first to suggest (in print) that the igneous 
rocks represent an ancient volcanic edifice. McLaugh-
lin (1924) and later Jenks (1951) and Mégard (1978) 
made a detailed description of the geology of Cerro de 
Pasco and its surroundings. Recently, Angeles (1999) 
published a detailed stratigraphic and tectonic descrip-
tion of the Cenozoic sedimentary rocks in the Cerro de 
Pasco district. 

From a metallogenic point of view, the first de-
scriptions of the Cerro de Pasco deposit deal with the 
oxidized Ag-rich ores, the pacos (De Rivero, 1830, 
1832; Bowditch, 1935; Lacy, 1949; Amstutz and Ward, 
1956). As soon as exploitation of deeper hypogene ores 
began (at the beginning of the 20th Century), studies 
shifted to the detailed mineralogy of the copper veins 
and orebodies located in the western part of the pres-
ent open pit (Bowditch, 1935; Graton and Bowditch, 
1936; Lacy, 1949; Geological staff of Cerro de Pasco 
Corporation, 1950; Ward, 1961). A structural study on 
the deposited is outlined by Ward (1961). Graton and 
Bowditch (1936) emphasized the role of mineralizing 
fluids and concluded that the ore-forming fluids for cop-
per veins and orebodies were acidic and oxidizing. Pe-
tersen (1965) described several major ore deposits in 
Peru and reviewed the general features of Cerro de Pas-
co including the structure and ore control, mineralogy, 
and alteration. The last major work on the metallogeny 
of Cerro de Pasco was undertaken by Einaudi (1968; 
1977) where the first mineralization stage and enargite-
pyrite veins (named copper veins) from the second min-
eralization stage were studied in detail. Since then, no 
major research has been performed at Cerro de Pasco, 
particularly on the second mineralization stage base 
metal carbonate replacement ores situated on the east-
ern part of the present open pit (Matagente area). This 
was described only briefly by Petersen (1965). 

Aims of the project

When this project started in 2002, the geology of 
the Matagente area (second stage polymetallic carbon-
ate replacement ores) was poorly known and the geo-
logical staff did not consider the deposit as an entity, 
although the location of the ore was well known. Recent 
studies at nearby Colquijirca (Fontboté and Bendezú, 
1999, 2001; Bendezú and Fontboté, 2002; Bendezú et 
al., 2003; Bendezú, 2006) helped the inception of this 
project at Cerro de Pasco. The project began with a de-
tailed description of the mineralogy of the orebodies in 
the Matagente area (including the Cuerpo Nuevo and 
the Manto V orebodies). The Cerro de Pasco district is 
large, and it was felt that a focused study was warranted. 
However, while the project became more advanced, and 
due to the collaboration of the Cerro de Pasco Geology 

staff, we enlarged our study to the entire deposit in order 
to be able to address the different hydrothermal events 
in detail.

The present study includes the characterization 
of the mineralogy in the carbonate replacement ores at 
Matagente and a complementary mineralogical study of 
the first mineralization stage as well as of the enargite-
pyrite veins from the second mineralization stage (see 
Part I). In addition, a geochronological survey has been 
undertaken in order to resolve the timing and duration 
of the Mid-Miocene magmatic-hydrothermal system at 
Cerro de Pasco, integrating U-Pb, 40Ar/39Ar, Rb-Sr, and 
Pb isotopes (see Part II). Moreover, a fluid inclusion 
and stable isotope study on both mineralization stages 
permits us to draw implications on the environment of 
deposition of the polymetallic mineralization and the 
characterization of the ore-forming fluids (Part III).

In the light of the obtained results, a clear view 
and understanding of the deposit is now available and it 
will serve as a useful exploration guide when investigat-
ing analogous ore deposits (e.g. Cordilleran base metal 
type). Moreover, the numerous reports undertaken for 
the Volcán Compania Minera S.A. has been very useful 
for the Cerro de Pasco geology staff, which followed 
our nomenclature and suggestions. We are therefore 
pleased by this collaboration.

Future work at Cerro de Pasco should include a 
detailed regional structural study and emphasis should 
be given to the pyrite-quartz body and its metal content, 
particularly silver and gold. Furthermore, a report on 
the presence of anomalous high contents of rare earth 
elements associated with the second stage carbonate re-
placement ores (Baumgartner and Fontboté, 2005) sug-
gests that this topic warrants further investigation.
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A

B

Fig. 1: A) Topographic map of the Cerro de Pasco district around 1820 (from De Rivero, 1832). All mines were 
underground workings and are represented by black dots. B) View of the Cerro de Pasco district in 1869. The town 
of Cerro de Pasco is visible on the left side of the picture (from Simonin, 1869)
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A B

C D

Fig. 2: A) Mines at Cerro de Pasco (around 1905) where the ore was transported by donkey back. B) Smelter of 
Tinyahuarco (around 1910). C) Cerro de Pasco open pit (2002). Note the presence of the shaft on the right hand side 
of the picture (blue building). North is on the left. D) Open pit view from the north looking south (2002, M. Mount). 
The grey part of the open pit is the pyrite-quartz body (right hand side of the picture) with its phyllic alteration halo 
(on the top and side of it).
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Part I
Mineralogical zoning of Cordilleran base metal 
mineralization related to a Mid-Miocene diatreme-dome 

complex: The Cerro de Pasco deposit, Peru.

Regina Baumgartner, Lluís Fontboté

Department of Mineralogy, University of Geneva, 13 Rue des Maraichers, Switzerland

Abstract

The Cerro de Pasco epithermal polymetallic Cordilleran deposit (central Peru) is located in the upper part of a 
porphyry environment related to a Mid-Miocene dacitic diatreme-dome complex (15.4 ± 0.07-15.1 ± 0.3Ma). Cerro 
de Pasco constitutes a large polymetallic resource with past production (from 1950 to present) plus known resources 
of more than ~175 Mt @ 7 percent Zn and 2 percent Pb and 3 oz/t Ag. In addition, prior to 1950 mining produced 
1200 Moz Ag, 2 Moz of Au and around 50 Mt @ 2 percent Cu. 

The present study confirms that at Cerro de Pasco, two mineralization stages with contrasting mineral assem-
blages took place. The first mineralization stage (IA) occurs on the eastern edge of the diatreme-dome complex and 
consists of a large pyrite-quartz body replacing mainly adjacent carbonate rocks of the Upper Triassic-Lower Juras-
sic Pucará Group and to a lesser extent the diatreme breccia. This body is composed of pyrite with pyrrhotite inclu-
sions, quartz, and black, and red chalcedony (containing hypogene hematite). At the contact of the pyrite-quartz 
body, the diatreme breccia is altered to sericite-pyrite-quartz. Pipe-like pyrrhotite bodies zoned outwards to Zn-Pb 
mineralization bearing Fe-rich sphalerite, containing up to 25 mol% FeS (stage IB), were subsequently emplaced 
within the pyrite-quartz body, replacing Pucará carbonate rocks. 

Recent mine developments have allowed to study in detail the mineralogy and spatial distribution of the sec-
ond mineralization stage which superimposes partially the first one and includes zoned veins and replacement bod-
ies. E-W trending fractures cutting the diatreme breccia, the pyrite-quartz body, and the Excelsior Group focused 
hydrothermal fluids which altered the rock and deposited enargite-pyrite forming relatively irregular (Cu-Ag-Au-
(Zn-Pb) veins. These veins, located in the western part of the deposit, display mineral zoning with, from the center 
outwards, a core of enargite-pyrite and Au traces; an intermediate zone of tennantite, chalcopyrite and Bi-minerals; 
and a poorly developed outer zone bearing Fe-poor sphalerite and galena. The replacement ores are hosted by Lower 
Mesozoic Pucará carbonate rocks and are controlled along N35°E, N120°E and N170°E faults. They form upward-
flaring pipe-like well zoned orebodies with a core of famatinite-pyrite and alunite; an intermediate zone with tetra-
hedrite-pyrite, chalcopyrite, matildite, cuprobismutite, emplectite and other Bi-minerals (Ag and Bi contents may 
reach up to more than 1000 ppm) accompanied by APS minerals, kaolinite and dickite; and the outer zone composed 
of Fe-poor sphalerite (in the range of 0.05 to 3.5 mole % FeS) and galena. The outermost zone consists of hematite, 
magnetite and Fe-Mn-Zn carbonates. 

Most of the second stage carbonate replacement bodies display an inclined plunge (between 25 and 60°) to 
the west, i.e., in the direction of the diatreme-dome complex, suggesting that the hydrothermal fluids ascended from 
deeper levels and that no lateral feeding from the veins to the carbonate replacement bodies took place. Rather, both 
veins in the diatreme breccia and carbonate replacement bodies may be the result of parallel and divergent ascend-
ing fluid paths within the same hydrothermal system. This is also reflected by the different mineral compositions 
recognized in the cores of the western enargite-pyrite veins (Cu, As, and Au rich) and of the carbonate replacement 
deposits (Cu and As poor, Sb>As, virtually Au free).

The mineral zoning and the observed mineral assemblages and associations indicate that, during the second 
mineralization stage, the fluid evolution reflects fluid advances and retreats controlled by the hydrothermal activity 
and host rock type. The inner zone assemblages encroach on those of the outer zone during fluid advance and the 
outer zone assemblages encroach on those of the inner zones during fluid retreat. 

Taking in account the deposition temperatures derived from fluid inclusion data, the mineral assemblages 
of the first stage are characterized predominantly by low sulfidation states as indicated by pyrrhotite inclusions in 
pyrite and by the deposition of pyrrhotite pipes and related Zn-Pb ores bearing Fe-rich sphalerite. However, the 
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Northern Peru (Noble and McKee, 1999). The Cerro de 
Pasco deposit is the second largest known Cordilleran 
base-metal deposits after Butte (Montana), and offers 
insights as to the relationship between different base-
metal mineralization stages in a porphyry environment. 
Cerro de Pasco constitutes a large polymetallic resource 
with past production plus known resources of more than 
~175 Mt @ 7 percent Zn and 2 percent Pb and 3 oz/t 
Ag. In addition, prior to 1950 mining produced 1200 
Moz Ag, 2 Moz of Au and around 50 Mt @ 2 percent 
Cu (Jiménez, 1924; Geological staff of Cerro de Pasco 
Corporation, 1950; Einaudi, 1977; Fischer, 1977 , and 
Cerro de Pasco Geology staff pers. comm.). 

While it is probable that silver was mined at 
Cerro de Pasco prior to the Spanish conquest, the first 
historical record of production from the district is in 
1630 (Bowditch, 1935 and references therein). In the 
19th Century, Ag production declined and most claims 
at Cerro de Pasco were acquired by the american Cerro 
de Pasco Corporation (1906-1970). This company start-
ed mining narrow and rich copper veins and orebodies 
(mainly enargite and chalcopyrite) down to a depth of 
700 m, in the western part of the present open pit. In the 
late 40’s, the Cerro de Pasco Corporation began min-
ing the Zn-Pb orebodies characterized by marmatitic 
sphalerite (mainly the Cayac Noruega A, B, and J-337 
and K-327A orebodies, see Einaudi, 1977) and also the 
oxidized part of the Matagente area. In the early 70’s, 
the mine was nationalized and was integrated to the 
state-owned Centromin. In 1999, Cerro de Pasco was 
again privatized and Volcán Compañia Minera S.A., the 
current owner, took the control of the mine.

Early descriptions of the regional geology were 
published by McLaughlin (1924) and Jenks (1951). 
Bowditch (1935), Graton and Bowditch (1936), Ward 
(1961), Petersen (1965), Mégard (1978), and Einaudi 
(1977) described veins mainly hosted in the diatreme-
dome complex as well as a part of the Fe-rich sphaler-
ite-bearing Zn-Pb bodies. Bowditch (1935) and Peters-
en (1965) characterized diatreme breccia-hosted veins, 
whereas late carbonate-hosted replacement bodies were 
briefly described by Petersen (1965). Since the funda-
mental work of Einaudi (1968, 1977) several unpub-
lished reports of Cerro de Pasco Corporation, Centro-
min, and Vólcan Companía Minera S.A., and abstracts, 
including Rivera (1997), contain additional information 

Introduction

Epithermal polymetallic deposits in the upper 
part of a porphyry environment are known in numer-
ous districts (Butte, Magma, Superior, Bisbee and Tin-
tic, USA; Yauricocha, Morococha, Julcani, Quiruvilca, 
Huarón, Hualgayoc, Colquijirca and Cerro de Pasco, 
Peru; Bor, Serbia; Chuquicamata, La Escondida, Colla-
huasi, Chile, and elsewhere) where they occur as veins, 
massive replacement bodies, and sulfide-cemented brec-
cia bodies. Several of these deposits are superimposed 
on a porphyry-copper deposit while some are spatially 
separated from it and even others have no known link 
to mineralized porphyries such as Cerro de Pasco (Ein-
audi, 1982; Einaudi et al., 2003). These polymetallic 
deposits can be classified as Cordilleran base metal de-
posits, a term introduced by Sawkins (1972) to replace 
the former nonspecific post-magmatic or magmatic hy-
drothermal deposit class. The expression “Cordilleran 
base metal” veins/deposits was subsequently used by 
Einaudi (1982), Gilbert and Park (1986), Bartos (1987), 
Macfarlane and Petersen (1990), Bendezú and Fontboté 
(2002), Bendezú et al. (2003), and Bendezú (2006). Ac-
cording to Sawkins (1972), the main features of Cordil-
leran base metal deposits are: (1) close association in 
time and space with calc-alkaline igneous activity, (2) 
occurrence of open-space fillings in silicate host rocks 
and as replacement bodies in carbonate rocks, (3) well-
developed metal zonation in veins or bodies, (4) depo-
sition at shallow levels beneath the paleo-surface. An 
additional characteristic pointed out by Bendezú (2006) 
is high Ag/Au ratios. We add a new feature, common 
of several of the largest deposits (Table 1), which is the 
existence of an early pyrite-quartz assemblage that can 
be extensive and form large orebodies. Cordilleran de-
posits have also been termed as Butte-type vein deposits 
(Meyer et al., 1968), Cu veins (Ward, 1961), polymetal-
lic veins, and recently zoned base-metal veins ���������(Einaudi 
et al., 2003). 

Cordilleran base-metal deposits have been histor-
ically an important source of Cu and Zn-Pb-Ag in the 
North American Cordillera and Peru. Today, the main 
Zn-Pb-Ag production in Peru comes from Cordilleran 
deposits such as Cerro de Pasco, Huarón, Quiruvilca, 
Julcani, and Colquijirca (Table 1), all of them belong-
ing to the Miocene Metallogenic Belt of Central and 

presence of hematite within quartz from the pyrite-quartz body suggests that the fluids were locally oxidizing which 
is typical of exsolving magmatic fluids. The observed mineral assemblages are consistent with precipitation from 
magmatic fluids reduced by interaction with host rocks, probably Excelsior Group rocks. The quartz-sericite altera-
tion halo at the margin of the pyrite-quartz body suggests moderate acidic conditions for the first mineralization 
stage. The second mineralization stage contains high to intermediate sulfidation state mineral assemblages bearing 
Fe-poor sphalerite. The recognized alteration assemblages with development of vuggy quartz in the diatreme and 
deposition of alunite both in the enargite-pyrite veins and carbonate replacement bodies, indicate very acidic fluids. 
Limited interaction with the host rock, owing to fluid channeling along fractures and because the buffering capacity 
of the host rock had been lowered by alteration during the first mineralization stage, may explain the prevailing high 
sulfidation conditions during the second mineralization stage. 
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on Cerro de Pasco. Rogers (1983) studied the diatreme-
dome complex from a petrological and physical volca-
nic perspective.

The present work is based on a total of 6 months 
field work including bench mapping in key areas, core 
logging and regional geology mapping. Observation of 
260 polished and thin sections in reflected and transmit-
ted light has allowed to document the evolution in space 
and time of two stages of mineralization already recog-
nized by Einaudi (1968, 1977) at Cerro de Pasco. The 
first one (I) is constituted by a large pyrite-quartz body 
forming a sericitic halo and pyrrhotite bodies zoned out-
wards to Zn-Pb ores. The second mineralization stage 
(II) consists of enargite/famatinite-bearing Zn-Pb- (Bi -
Ag-Cu) veins and carbonate replacement bodies accom-
panied by argillic to advanced argillic alteration. This 
study is focused on field- and petrographic-based docu-
mentation of the second stage well-zoned polymetallic 
mineralization and also includes minor updates of early 
descriptions of Ward (1961) and Einaudi (1968, 1977) of 
the first mineralization stage. This work is complemen-
tary to parallel articles devoted to the geochronology 
of magmatic and hydrothermal events (Baumgartner et 
al., Part II) and to the fluid inclusion and stable isotope 
characterization of the ore forming fluids (Baumgart-
ner et al., Part III ). The documentation of the second 
stage polymetallic mineralization has become possible 
because of recent extensive mine development in the 
eastern part of the open pit which has allowed a detailed 
description of the structure, shape, mineralogy, and zon-
ing of the newly exposed orebodies at Cerro de Pasco. 

General Geology

Cerro de Pasco is located in the Andean plateau 
of central Peru, at an elevation of 4320 m. A regional NS 
“Longitudinal Fault” juxtaposes Paleozoic metamorphic 
rocks with Mesozoic sedimentary rocks (Fig. 1). In the 
mine area, the Longitudinal Fault is believed to be rep-
resented by high-angle N15°W striking reverse faults 
dipping steeply east (Fig. 2).The oldest exposed rocks 
in the district are slightly metamorphosed Devonian 
shale and phyllite with interbedded fine-grained quartz-
ite, which are part of the Excelsior Group (Jenks, 1951). 
These rocks are overlain in an angular unconformity 
by Permo-Triassic red beds of the Mitu Group consist-
ing, in the vicinity of Cerro de Pasco, of sandstone and 
conglomerate with pebbles of quartz and Excelsior-type 
argillaceous clasts (McLaughlin, 1924; Jenks, 1951). In 
the eastern part of the district, the Mitu Group is cov-
ered by a thick (up to 3000 m) Upper Triassic-Lower 
Jurassic carbonate sequence within the Pucará Group 
(Angeles, 1999). This carbonate sequence is principally 
composed, in the Cerro de Pasco open pit, of succes-
sions of sandy limestone, black bituminous limestone, 
beds with chert nodules as well as massive fossiliferous 
horizons and thick sequences of massive limestone. The 
Pucará Group west of the “Longitudinal Fault” is only 
about 300 m thick and consists of thin-bedded, light-
colored limestone (Jenks, 1951; Angeles, 1999). After 

multiple Eocene to Lower Miocene folding episodes 
characterized by a main NE-SW axial direction, late-
mid Miocene magmatic activity affected the region (Sil-
berman and Noble, 1977) and formed a diatreme-dome 
complex located west of the present open pit (Rogers, 
1983). Similar diatreme-dome complexes are known 
at Colquijirca (Bendezú, 2006) and Yanamate (Fig. 1). 
The Cerro de Pasco diatreme-dome complex was em-
placed in a zone of weakness, on the western margin of 
the Longitudinal Fault (Fig. 1). The diatreme is located 
west of a northerly trending anticline recognized in the 
central and southern part of the open pit (Fig. 2).

The diatreme-dome complex is 2.5 km in diam-
eter and formed in two phases (Einaudi, 1968; Rogers, 
1983). An early phase of explosive development pro-
duced a diatreme breccia (known locally as Rumiallana 
Agglomerate) which occupies most of the diatreme-
dome complex outcrop (Fig. 1). The diatreme breccia 
fragments are mainly dacitic in composition and include 
clasts of phyllite from the Excelsior Group, Mitu sand-
stone, limestone, and chert from the Pucará Group, as 
well as small amounts of altered porphyric igneous rock. 
Close to the northwest and southwest diatreme margins, 
tuffaceous dacitic volcanic rocks occur and contain ac-
cretionary lapilli. Rootless Pucará limestone and Mitu 
sandstone blocks are observed in the north-western part 
of the complex, indicating that these blocks collapsed 
into the diatreme. The second phase of the diatreme-
dome complex formation is characterized by dacitic 
to rhyodacitic porphyry dome intrusions which occur 
along the NW and N margins of the diatreme (Rogers, 
1983); these have been dated at 15.4 Ma (Baumgartner 
et al., Part II). East-west trending dykes of quartz-mon-
zonite porphyry (Bowditch, 1935) cut the diatreme and 
locally pass into the carbonate wall-rocks (Fig. 2). They 
have been dated at 15.35 and 15.16 Ma (Baumgartner 
et al. Part II). 

Field evidences allow an estimation on ero-
sion since the Mid-Miocene times. At the Santa Rosa 
area, the Mid-Miocene paleorelief in which pyroclastic 
dacitic rocks related to the diatreme-dome complex is 
located less than 100 m below the present surface (Fig. 
3). This implies that at the southeastern part of the dia-
treme, only rocks of the diatreme-dome complex were 
eroded. Taking into account the size of the diatreme and 
the lack of external volcanic deposits (except et Santa 
Rosa), this erosion was not more than in the order of 
hundreds of meters. Our estimate is in agreement with 
the estimates from Rogers (1983) of less than 1 km 
based on the geometry and texture of the porphyry dikes 
and domes. The cross sections in Figures 1 and 3 illus-
trate the post-volcanic surface with the indication of the 
present erosion surface.

The structural geology at Cerro de Pasco has been 
described by Amstutz and Ward (1956) and Ward (1961) 
and is summarized here. The E-W striking Matagente 
syncline (Fig. 2) plunges 30°E. The Cerro anticline is a 
broad, north-plunging anticline composed of Excelsior 
Group rocks (Fig. 2). The Longitudinal Fault mentioned 
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above was probably already active during the Triassic-
Jurassic, at the time of the Pucará Group deposition, as 
supported by the fact that its thickness is different on 
both sides of the Longitudinal Fault. The occurrence of 
the Upper Cretaceous-Eocene Shuco breccia and con-
glomerate (belonging to the Pocobamba Formation) 
consisting of Pucará clasts along the Longitudinal Fault 
is an additional evidence for the protracted tectonic ac-
tivity of the longitudinal fault. A complex set of faults 
is prominent in the Pucará carbonate rocks in the Cerro 
de Pasco open pit. The first set strikes N120°E, dips 
70-80°S south, and is present in the eastern part of the 
open pit (Fig. 2). The second set strikes N170°E, dips 
vertically and is mainly present in the southern part of 
the deposit while the third fault set strikes N35°E, dips 
80°E and is present in the northern open pit. The three 
faults sets are dextral and/or sinistral strike-slip faults 
and formed by compression in the later stages of fold-
ing. 

Mineralization

Einaudi (1977) divided mineralization at Cerro de 
Pasco into a “first” and “second” stage of ore deposition 
based on the different mineralization styles. In the pres-
ent work, this subdivision has been maintained and in 
addition, substages IA and IB have been distinguished 
on the basis of crosscutting relationships among them. 
It must be underlined that only stage II is geochronolog-
ically constrained and that stages IA, IB, and II could be 
all part of the same mineralization process.

Sampling and terminology used for mineralogical 
descriptions

Most part of the studied samples was devoted to 
stage II which had been lees studied in the past. This in-
cludes selected sampling from the main enargite-pyrite 
veins and carbonate replacement bodies and a detailed 
bench sampling of a particularly well zoned carbonate 
replacement body at Cuerpo Nuevo (Fig. 2). Further-
more, core logging and detailed sampling on a represen-
tative drill core of the Cayac Noruega body (CP-00-108, 
Fig. 2) was performed. Additional key samples were 
collected from the Manto V and the Colas orebodies 
(Fig. 2). The western enargite-pyrite veins n°25, 43, 44, 
and 79 were sampled and detailed sampling and logging 
in the Santa Rosa area was undertaken in cooperation 
with Y. Jobin and M. Henry (Jobin, 2004; Henry, 2006). 
For the first stage, only selective sampling in represen-
tative areas from the pyrite-quartz body in the open pit 
(mainly bench 4190) and the pyrrhotite pipes in the un-

derground mine (level 1200) was performed. 
A detailed bench mapping (two traverses) and 

sampling was undertaken at Cuerpo Nuevo (4320 
bench), where a clear zoning can be observed. In ad-
dition, core logging was performed at Cayac Noruega 
(drill core CP-00-108, Fig. 2). Mapping and sampling 
of the western enargite-pyrite veins, the pyrite quartz-
body as well as mapping, sampling and logging in the 
Santa Rosa area was undertaken. Minerals were identi-
fied by reflected- and transmitted-light microscopy. Se-
lected minerals were analyzed by electron microprobe 
(University of Lausanne), with wavelength dispersive 
x-ray spectrometry and energy dispersive spectroscopy. 
X-ray powder diffraction was performed for alteration 
minerals. ��������������������������������������������      FeS content of sphalerite was determined by 
electron microprobe analyses (EMPA) at the University 
of Lausanne, Switzerland (Appendix 1). Minor elements 
such as Cu, Cd, and Mn were analyzed. Copper and Mn 
contents were always below detection limits (<0.01 wt 
%) while Cd contents range from 0.01 to 0.6 percent 
(rarely up to 1%) and average 0.2 percent. Microscopic 
studies under transmitted light coupled with EMPA re-
veal that the FeS content can be roughly estimated using 
a color scale. 

First mineralization stage (IA and IB)

The replacement of Pucará Group rocks and to a 
lesser extent of the eastern part of the diatreme breccia 
(Fig. 2) by a large pyrite-quartz body constitutes min-
eralization stage IA. The pyrite-quartz body is 1800 m 
long and 150 m wide (in places up to 300 m). It has an 
elongated vertical, funnel-shape (Fig. 4 and 5). Below 
the 1800 level (~550 m), the pyrite-quartz body is nar-
rower and becomes a discontinuous sheath along the 
diatreme breccia-Excelsior shale contact and, according 
to Lacy (1949), at greater depth (below 750 m) it passes 
into the diatreme breccia and lies near the contact of a 
stock of quartz-monzonite porphyry. The western con-
tact of the pyrite-quartz body with the diatreme breccia 
is sharp (Fig. 2), while the eastern portion against the 
Pucará carbonate rocks is irregular, apparently reflect-
ing different facies of the replaced carbonate rocks. 
Relics of both Pucará carbonate and diatreme breccia 
rocks are observed within the pyrite-quartz body. Pyrite 
constitutes more than 90 percent of the body and black- 
and red-chalcedonic silica and quartz account for the 
remaining 10 percent. The red color of the chalcedonic 
silica is due to the presence of hematite. The elongated 
shape of the pyrite-quartz body (IA) and the replace-
ment bodies constituted by Fe-rich sphalerite (IB) sug-
gest that the first mineralization stage is controlled by 

Fig. 1: Regional geological map of the Cerro de Pasco district, central Peru, showing location of the major 
base-metal deposits. The Colquijirca district is located south of Cerro de Pasco. Note that the Cerro de Pasco de-
posit is located on the eastern edge of the diatreme-dome complex. Compiled from Rogers (1983), Angeles (1999) 
and Cerro de Pasco Geology staff. E-W cross sections A-A’ (modified from Jenks, 1951) with present erosion level 
and speculative reconstruction of the Mid-Miocene topography (modified from Jenks, 1951). Note that the collapsed 
blocks at the northwestern margin of the diatreme-dome complex are projected from 1km to the north.
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Fig. 2: Geological map of the Cerro de Pasco open pit showing rock units, faults and the location stages of min-
eralization. Based on maps of the Cerro de Pasco Geology staff. Note that UTM and local coordinates are shown.
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major structures such as the Matagente cross fold and 
the Longitudinal Fault. Following the contour of the py-
rite-quartz body and up to a distance of 50 m, an altera-
tion halo occurs and is characterized by the assemblage 
sericite-pyrite-quartz, typical of phyllic alteration (Fig 
6A). 

A paragenetic sequence for the first stage of min-
eralization is presented in Figure 7, which integrates 
the data of Einaudi (1968; 1977), Lacy (1949), and 
Bowditch (1935). In the present study, the pyrite in the 
pyrite-quartz body is termed, according to Lacy (1949), 
pyrite I. It has a grain size of 500 μm to 1 mm and is 
anhedral and subordinately octahedral or cubic. Non 
through-going minute cracks have been observed within 
the pyrite grains (Fig. 6C). Quartz occurs as black- and 
red- chalcedony as well as euhedral grains up to 1 cm 
in size. In addition, pyrite I is characterized by the pres-
ence of pyrrhotite inclusions (Fig. 6B). Trace amounts 
of chalcopyrite and arsenopyrite are present in inclu-
sions in pyrite I. Lacy (1949) reports stannite inclusions 
in pyrite I. 

Vertical pyrrhotite pipes pyrrhotite replaced the 
pyrite-quartz body. They grade outwards to Zn-Pb ore 
characterized by Fe-rich sphalerite mainly replacing ad-
jacent Pucará carbonate rocks, and to a lesser extent, 
Excelsior Group phyllite. In the northern part of the 
open pit, the pyrrhotite pipes dip to the south and in the 
southern portion of the pit, they dip to the north (Einau-
di, 1977). This symmetry reflects structural control, be-
ing the most important control the Matagente cross fold, 
a syncline whose axis trends E-W (Fig. 2). According to 
Einaudi (1968; 1977), three mineral associations of the 
pyrrhotite stage define an upward and outward zoning 
pattern relative to the centrally located pipe-like pyr-
rhotite bodies (Fig. 8). A deep-level assemblage com-
posed of pyrrhotite-pyrite-quartz with trace amounts of 
wolframite, cassiterite, and ilmenite. A deep- to inter-
mediate-level association of pyrrhotite + sphalerite + 
chalcopyrite + stannite which occurs locally as an as-
semblage (Einaudi, 1977) (Fig. 6D). An association of 
pyrrhotite + sphalerite + arsenopyrite (Fig. 6E) is pres-
ent throughout the whole vertical extent of the pipe-like 
pyrrhotite bodies. The latter association extends hori-
zontally into Zn-Pb ore up to 600 m from the pipe-like 
pyrrhotite bodies, where pyrrhotite disappears and ga-
lena becomes increasingly abundant (Einaudi, 1977). 
Fe-rich sphalerite (up to 25 mole % FeS, Fig. 9) shows 
large variations in FeS content along crystallographic 
growth zones, as a feature also described by Einaudi 
(1977). Generally, the overall zoning is characterized by 
decreasing FeS content from core to rim but, in detail, 
numerous oscillations in the Fe content are recognized. 
In addition, galena, quartz with minor pyrrhotite, arse-
nopyrite, marcasite, tennantite, chalcopyrite, chlorite, 
sericite, siderite, and calcite occur in the Zn-Pb ores. 
Fine-grained (average size  50 μm) pyrite intergrown 
with Fe-rich sphalerite is named pyrite II, maintaining 
the terminology of Lacy (1949). Late replacement of 
pyrrhotite by pyrite and marcasite occurs and displays a 
typical bird’s eye texture (Fig. 6F). 

Second mineralization stage

Introduction

The second mineralization stage comprises (i) 
enargite-pyrite veins (Cu-Ag-Au-(Zn-Pb)) hosted in 
the diatreme breccia and the pyrite-quartz body and lo-
cated on the western side of the deposit, and (ii) Zn-Pb-
(Bi-Ag-Cu) bodies replacing Pucará carbonate rocks, 
mainly in the eastern side of the open pit as well as in 
the center of the deposit, where they crosscut the py-
rite-quartz body and the Fe-rich sphalerite ores related 
to pyrrhotite pipes (e.g. Fig. 6H, N9940-E9000, under-
ground mine,). Crosscut relationships between enargite-
pyrite veins and carbonate replacement bodies could not 
be observed.

The recent development of the deposit coupled 
with our descriptions have shown that the second stage 
ores hosted in carbonate rocks on the eastern side of 
the open pit, in the Matagente and Diamante areas, are 
much more abundant than previously documented and 
presently represent the main mined ressource. There-
fore, they will be first described.

Second mineralization stage - Carbonate 
replacement orebodies 

Main orebodies-morphology

The main zoned Zn-Pb-(Bi-Ag-Cu) carbonate re-
placement orebodies are Cuerpo Nuevo, Manto V, Cay-
ac Noruega C, Rosita, Peggy and Cola C.N.A and Cola 
C.N.B (Fig. 2). These bodies follow sub-vertical faults 
trending N35°E, N120°E, and N170°E (Fig. 2 and 10), 
and locally favorable Pucará beds, mainly dolo-arenite 
horizons. The carbonate replacement orebodies have an 
irregular upward-flaring pipe-like shape with a diam-
eter ranging from 50 cm to 50 m (Fig. 10 and 11). Most 
of these bodies show an inclined plunge (between 25 
and 60°) in the direction of the diatreme-dome complex. 
The Matagente area contains two main orebodies, Cu-
erpo Nuevo and Manto V as well as two smaller ones, 
Peggy and Rosita (Fig. 2). The Cuerpo Nuevo orebody 
has a trend of N120°E, with an average plunge of 25° 
to the W (Fig. 12A); the plunge follows the plane direc-
tion of the main fault set which strikes N120°E with an 
average dip of 60° S. This orebody has a minimum size 
of approximately 400 m by 100 m and the down-plunge 
distance is at least 400m. The Manto V orebody trends 
east-west in its western part and bends to N60°W (i.e., 
direction of the main fault set) on its eastern end with a 
plunge of approximately 30° to the W (Fig. 4 and 11). 
The body is at least 500 m by 80 m in diameter with a 
minimum down-dip distance of 160 m. The upper por-
tion of the body is oxidized to an up-dip distance of 250 
m. 

The Cayac Noruega body is located in the Dia-
mante area and trends N170°E (direction of the main 
fault set in the southern part of the deposit) with a plunge 
of approximately 55°S (Fig. 2 and 12B). The size of the 



28

Part I

Fig. 4: N-S cross section (A-A’ in Fig. 2) showing pipe-like pyrrhotite bodies and related Zn-Pb mineralization 
emplaced in the pyrite-quartz body and in the Pucará carbonate rocks. Modified from Einaudi (1977).

Fig. 3: Regional cross section (B-B’ in Fig. 1) showing present day topography and Mid-Miocene paleorelief.
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body is 50 x 50 m with a minimum depth of 110 m. 
The San Alberto orebody trends N35°E and 

plunges 50°SW (Fig. 2) with a horizontal section of ap-
proximately 30 x 50 m at level 4300 with a minimum 
depth of 200 m in the direction of its plunge. It does 
not show clear zonation. This orebody is hosted by a 
polymictic breccia consisting of angular and sub-an-
gular Pucará Group clasts, up to 5 cm in size, with a 
rock flour matrix of the same composition (Fig. 6G). 
The breccia is an elongated NE-SW, subvertical body 
extending from the bench 4350 to 4100 and crosscuts 
bedding. In the benches of level 4200 and deeper, the 
breccia contains, in addition to Pucará carbonate frag-
ments, clasts of Excelsior Group phyllite. This breccia 
may be related to a diatreme apophyse controlled by 
faults following a N35°E direction. 

The Uliachín and El Pilar orebodies, located 500 
m south and 200 m east of the open pit, respectively 
(Fig. 2) also belong to the second stage carbonate re-
placement bodies and have been mined since ancient 
times.

Mineral assemblages and zoning

	Sulfide minerals found in contact without show-
ing reaction products are grouped into the term “assem-
blage” according to Barton et al. (1963). The symbol 
(-) joins minerals of a single assemblage. The term “as-

sociation” is used for all minerals appearing in a sample 
but not necessary in contact or are in contact but show 
reaction borders. The symbol (+) joins minerals that are 
present everywhere in the association and the symbol 
(±) precedes minerals that are not always present or are 
rare. 

	The orebodies replacing carbonate rocks ideally 
show the following zoning (Fig. 13): (1) A core zone 
comprises the assemblage famatinite-pyrite. It is sur-
rounded by (2) an intermediate zone with the assemblage 
pyrite-tetrahedrite + Bi2S3-Sb2S3 ss, and (3) an outer Zn-
Pb rich zone with the association pyrite + sphalerite + 
galena. (4) The outer-most zone is characterized by the 
association Fe-Mn-Zn carbonates + hematite + magne-
tite. The best developed zones are the pyrite-tetrahedrite 
+ Bi mineral-bearing intermediate zone and the sphal-
erite-galena−bearing outer zone, which are economic, 
whereas the core zone is only weakly developed, and 
in part absent. This zoning is typical for all orebodies in 
the Cerro de Pasco pit except San Alberto, where only 
the outer Zn-Pb and the outer-most zones are recog-
nized. Figure 14 shows a paragenetic sequence for each 
zone. This sequence must be viewed as the evolution of 
a fluid in time and space, therefore, minerals precipitat-
ing in the outer zones (right part of the diagram), may be 
contemporaneous with other minerals in the inner zones 
(left part of the diagram). Table 2 shows the chemical 
formula of uncommon sulphosalts present at Cerro de 

Fig. 5: B-B’B” cross section (in Fig. 2) through the diatreme and the first mineralization stage (including the 
pyrite-quartz body and the Zn-Pb ores) and the second stage veins in the diatreme breccia and replacement bodies 
hosted in Pucará carbonate rocks. These second mineralization stage orebodies are structurally controlled.
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Fig. 6: A) View on the Cerro de Pasco open pit looking north. The important features have been outlined. B) 
Microphotograph showing pyrite I with pyrrhotite blebs (reflected light, // nicols, CPR 433). C) Pyrite I from the 
pyrite-quartz body showing cracks (reflected light, // nicols, CPR 319).  D) Association of pyrrhotite with arsenopy-
rite and pyrite (reflected light, // nicols, fpe-131-3). E) Deep- to intermediate-level association of pyrrhotite, chal-
copyrite, and sphalerite occurring in the pipe-like pyrrhotite bodies (reflected light, // nicols, fpe-131-3). F) Pyrite 
replacing pyrrhotite in part showing bird eye texture (reflected light, // nicols, fpe-136-9). G) Polymictic breccia 
consisting of angular and sub-angular clasts of different facies of the Pucará Group rocks with a flour matrix of the 
same composition (CPR 99). H) Example of a second stage vein crosscutting the first stage Zn-Pb mineralization 
related to pyrrhotite in the central part of the open pit, 1200 Level, 8920-E, 9860-N. Abbreviations: asp = arseno-
pyrite; cp = chalcopyrite; sl = sphalerite; po = pyrrhotite; py = pyrite.
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Fig. 7: Paragenetic sequence for the first stage of mineralization (including observations of Bowditch, 1935, 
Lacy, 1949, Einaudi, 1968, 1977).
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Fig. 8: Schematic zoning of the first mineralization stage pipe-like pyrrhotite bodies and related Zn-Pb ores 
bearing Fe-rich sphalerite, based on Einauid (1977) and this study.
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Pasco. 

(1) Core zone (famatinite-pyrite)
	
The core zone is generally less than 5-20 cm 

wide and has been observed at the 4320 bench outcrop 
in the Cuerpo Nuevo orebody, in the Cayac Noruega, 
and Manto V orebodies. Cuerpo Nuevo consists of a 
well-zoned replacement body. The bulk rock texture is 
fine grained (150 µm) and friable, showing a grayish 
color. The sulfide assemblage in the core consists of fa-
matinite (Cu3SbS4)-pyrite. Famatinite occurs as subid-
iomorphic roundish grains (avg. 100 µm in diameter), 
in part showing crystallographic faces and commonly 

replaced and overgrown by tetrahedrite-tennantite (Fig. 
15D). Locally, tetrahedrite grains contain relics of fa-
matinite suggesting that the replacement of famatinite 
by tetrahedrite went nearly to completion. Famatinite 
is close to stoichiometry in composition, with arsenic 
contents less than 5 percent, (Table 3). Pyrite, named 
pyrite III, occurs as euhedral grains which average 80 
to 200 µm in diameter and is in direct contact with fa-
matinite and does not show any reaction rim. Late fine-
grained (<20µm) pyrite is present, generally dissemi-
nated within kaolinite. In the core zone, copper grades 
in hand specimens range up to 1 percent, locally up to 
4.8 percent (Table 4). 

In the core zone, alunite, quartz, and kaolinite 

Fig. 10: Three dimensional block diagram showing the Cerro de Pasco deposit with possible fluid path for the 
two mineralizing stages. The black arrow represents the first mineralization stage (IA and IB), mainly following the 
N-S structures and the white arrow the second mineralization stage. The fluids for the enargite-pyrite veins followed 
E-W structures while the fluids responsible for the carbonate replacement bodies followed structures along N35°E, 
N120°E and N170°E faults
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Fig. 11: 3D view of the Manto V orebody. The body has an upward-flaring pipe-like shape as shown in the scheme 
B. Above 4320 m, the body is oxidized to an Ag-rich material consisting mainly of Fe-oxides and silica (pacos).

occur, alunite is present as small idiomorphic crystals 
(10-40 µm) within famatinite and tetrahedrite (Fig. 15B 
and E). Quartz occurs as idiomorphic crystals frequent-
ly within pyrite (20-60 µm, Fig. 15C). The presence of 
abundant kaolinite (10-30% of the rock) is responsible 
for the rock being friable 

The core zone overprints an early quartz and py-
rite assemblage which deposited along the N120°E and 
N170°E faults present in the open pit (Fig. 2). Quartz 
occurs as euhedral grains with an average size of up to 
100 μm and pyrite occurs as subhdral to euhedral grains 
(up to 100 μm). Locally, pyrite contains rare inclusions 
of pyrrhotite (up to 20 μm), which could be attributed 
to the first stage. This assemblage appears to shield the 

vein walls and it may be necessary to the development 
of a high sulfidation assemblage in the core zone.

 (2) Intermediate zone (tetrahedrite-pyrite + Bi-
minerals)

Transition between the core and the intermediate 
zone is gradual and is marked by assemblages consist-
ing mainly of pyrite, tetrahedrite and Bi-minerals (Fig. 
14). The intermediate zone has been observed in the 
drillhole CP-00-108 and in the 4320 bench at Cuerpo 
Nuevo. The ore contains abundant pyrite (5 - 40%) and 
kaolinite/dickite and has a friable texture. The rock is 
generally fine-grained (150-200 µm), and pyrite and tet-
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Fig. 12: A) NE-SW cross section (D-D’ in Fig. 2) showing the geometry of zonation in the Cuerpo Nuevo orebody. 
Note that the lower part is unknown but has a continuation going down dip of the body. Core and intermediate zones 
have been merged (drawn from surface and drill hole data). B) NE-SW cross section (E-E’ in Fig 2) on the Cayac 
Noruega replacement body in the central part of the open pit (drawn from surface and drill hole data).
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rahedrite are visible at macroscopic scale (rarely up to 
1-2 mm, Fig. 15A). The silver content in the intermedi-
ate zone can locally reach up to 2000 g/t, bismuth up 
to 1 percent, copper up to 7 percent, antimony up to 5 
percent, zinc up to 1 percent, and lead up to 0.4 percent 
(Table 3). 

The main Ag-Bi-Cu sulfosalts include tetrahe-
drite, cuprobismutite (Cu10Bi12S23), bismuthinite-stibnite 
solid solution series (Bi2S3-Sb2S3), matildite (AgBiS2), 
emplectite (CuBiS2), and chalcopyrite. Tetrahedrite 
grains containing relics of famatinite occur suggesting 
that locally, the replacement of famatinite by tetrahe-
drite went nearly to completion (Fig. 15E). Electron mi-
croprobe analyses show two populations of tetrahedrite 
grains (Fig. 16). In addition single grains are commonly 
chemically oscillatory As-Sb zoned, the cores being 
Sb richer (Fig. 17A). Tetrahedrite replacing famatinite 
(Fig. 17C) falls in the composition field of tetrahedrite 
(Nickel, 1992) while the other population falls in the 
field of tetrahedrite-tennantite and Bi-bearing tetrahe-
drite. This latter population occurs always in the pres-
ence of bismuth minerals. Cu contents in tetrahedrite 
range from 34 to 43 wt percent, Sb and As contents of 
0.36-28.4 wt percent and 0.79-9.8 wt percent respec-
tively (Table 3). Tetrahedrite shows an average Bi con-
tent of 8 percent (up to 18%), Zn of 4 wt percent avg, 
and Fe of 2 wt percent (Table 3). Grains with bismuthi-

nite-stibnite solid solution series occur as laths and are 
strongly anisotropic in reflected light (crossed polars) 
with Sb2S3 contents between 16 to 26 wt percent. At the 
margin of grains of bismuthinite-stibnite solid solution 
series being replaced by tetrahedrite, a thin rim (<4 µm) 
of an undetermined mineral occurs (Fig. 17B). Emplec-
tite (~100 µm) is greenish in parallel nicols (reflected 
light) and is generally replaced by cuprobismutite and 
contains average Bi contents of 61.8 wt percent and Cu 
contents of 19.9 wt percent (Table 3). Cuprobismutite 
(up to 200µm) occur as laths and is characterized by 
a strong bright white color in reflected light. Bi con-
tents in cuprobismutite are 65 wt percent, 12 wt per-
cent Cu and between 2.9 to 4.7 wt percent Ag (Table 
3). Matildite forms in places an outer rim (5-10 µm) of 
bismuthinite-stibnite solid solution series, the whole be-
ing surrounded by tetrahedrite. Matildite is also present 
in xenomorphic grains within tetrahedrite, which aver-
ages 50 µm in diameter (Fig. 17D) and is close to stoi-
chiometry with 54.8 wt percent Bi, 28 wt percent Ag, 
and 16.5 wt percent S (Table 3). Chalcopyrite occurs in 
the tetrahedrite as small blebs (50-70 µm) and occurs in 
some places with covellite. Traces of covellite replace 
along fractures most Cu-bearing minerals. 

Additional sulfides that occur in the intermediate 
zone are minor antimonpearceite ((Ag,Cu)16(Sb,As)2S11), 
colusite, and sphalerite. Antimonpearceite is present as 
inclusions (40-50 µm in diameter) in tetrahedrite (Fig. 
17D). Antimonpearceite contains between 64.8 and 67 
wt percent Ag, 6.6 to 8 wt percent Cu, 5-7 wt percent Sb 
(one sample as low as 2 wt % Sb, Table 3), and between 
1 and 2 wt percent As. Bismuth contents reach up to 
4.8 wt percent (one sample up to 7.3 wt % Bi, Table 3). 
Colusite appears in two samples as small crystals (50 
µm) adjacent to tetrahedrite, and shows no replacement 
textures. A pyrite-tetrahedrite-colusite assemblage oc-
curs locally (Fig. 17E). Late pyrite occurs with kaolinite 
as small euhedral grains (10 µm) and cements brecci-
ated sphalerite (Fig. 17F). Sphalerite FeS composition 
ranges from 0.1 to 4 mol %, although the average value 
is less than 1 mol % (Fig. 9).

Kaolinite, quartz, alunite, and hinsdalite ((Pb,Sr)
Al3(PO4)(SO4)(OH)6), an aluminium phosphate sulfate 
(APS) mineral (Fig. 18A) occur in the intermediate 
zone. Alunite gives way to hinsdalite from the core 
to the intermediate zone. Hinsdalite and alunite occur 
locally as small euhedral grains (10 µm) within colusite. 
Barite is also present in the intermediate zone. Kaolinite 
and APS minerals contents vary in this zone from 5 to 
50 percent of the total material. APS minerals normally 
show Sr contents between 5.5 to 7.4 wt percent and 
Pb contents of 6.4 to 8.4 wt percent. Ca contents vary 
between 2.4 and 2.7 wt percent. Quartz occurs as 
euhedral grains in pyrite. 

(3) Outer zone (sphalerite + galena + pyrite ± 
Ag-sulfosalts)

	
Transitions from core to intermediate zone and to 

outer zone are gradual on macroscopic and microscop-

Table 2: Chemical formula of uncommon  sulfosalts and 
gangue minerals present at Cerro de Pasco
Minerals Chemical formula

    Major ore minerals
Famatinite Cu3SbS4

Tetrahedrite (Cu,Fe)12Sb4S13

Bi-tetrahedrite-tennantite (Cu,Fe,Bi,Zn,Ag)12(Sb,As)4S13

Bismutinite-stibnite solid solution 
series1

(Bi,Sb)S2

Cuprobismutite Cu10Bi12S23

    Subordinate ore minerals
Matildite AgBiS2

Emplectite CuBiS2

Antimonpearcite (Ag,Cu)(Sb,As)2S11

Colusite Cu26V2(As,Sn,Sb)S32

Proustite Ag3AsS3

Jordanite Pb14(As, Sb)6S23

   Gangue minerals
Alunite KAl3(SO4)2(OH)6 
Hinsdalite (Pb,Sr)Al3(PO4)(SO4)(OH)6 
Svanbergite (SrAl3(PO4)(SO4)(OH)6)

1  Bi content: 64.3-69.0%, Bi2S2 between 73.6 and 83.2
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ic scale. Macroscopically, the outer zone consists of a 
friable sphalerite-bearing material and near the outer-
most zone, it becomes more massive. Sphalerite is light 
brown or colorless and occurs mainly as small grains 
(average 50 µm to 1 mm, rarely up to 2mm in size). In 
the Manto V and Cuerpo Nuevo orebodies (Matagente 
area), as well at Cayac Noruega (Diamante area), low 
FeS contents predominate, ranging from 0 to 3.5 mole 
percent FeS (usually less than 1 mole percent FeS, Fig. 
9B-D). Figure 9G-I presents the second stage sphaler-
ite composition according the mineral zones defined 
above. In general, very low FeS contents (< 1 mole %) 
predominate over higher FeS contents (between 1 and 
3.5 mole %).

Galena is also present (50 µm to 1 mm, up to 5 
mm in size) and generally replaces or, less commonly, is 
replaced by sphalerite. In places, it overgrows sphalerite 
and pyrite. Whole rock analyses of typical ore show Zn 
contents up to 45 percent, Pb up to 6 percent, and silver 

up to 300 ppm (Table 4).
	When Ag-sulfosalts are present, they occur near 

to the contact to the intermediate zone and only in mi-
nor amounts (Table 3). Silver and Pb sulfosalts such as 
proustite (Ag

3
AsS

3
) and jordanite (Pb

14
(As,Sb)

6
S

23
), are 

present as ~50 to ~30 mm inclusions in galena replac-
ing pyrite (Fig. 18B). Sphalerite abundance diminishes 
through the outer to the outermost zone and galena is the 
main constituent of massive galena-bearing ores on the 
outer margins of the outer zone. Hinsdalite and svanber-
gite (SrAl3(PO4)(SO4)(OH)6) abundances decrease from 
the intermediate to the outer zone. Kaolinite is abundant 
in the outer zone and is responsible for the friable tex-
ture of the Zn-Pb ore. 

 ���� ��������������������������   �� ��������� �� ���(4) Outermost zone (magnetite + hematite + Fe-
Mn-Zn carbonates)

The outermost zone contains magnetite, hematite 

Fig. 13: Idealized zonation based on mapping of the 4320 bench and drill hole (CP-00-108) descriptions (modi-
fied from Baumgartner et al., 2003). For whole rock analyses of typical mineralized samples, see Table 5.
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(typically blades of 50-100 µm in length), and, adjacent 
to Pucará limestones, Fe-Mn-Zn carbonates. Sphalerite 
and galena are subordinate and constitutes 1-2 percent 
of the outer zone. These minerals occur intergrown with 
hematite and magnetite grains (up to 100 µm in size) 
and, rarely, with Fe-Mn-Zn carbonates. Sphalerite com-
position yields a slightly higher FeS content than in the 
outer zone (up to 4.7 mole %, Fig. 9J).

The FeS content of sphalerite is up to 4.5 mole 
percent. Mutual textural relationships between hema-
tite and magnetite are complex. Locally, hematite is re-
placed by magnetite and subsequently replaced by py-
rite (Fig. 18C and D). Late euhedral pyrite occurs with 
Fe-Mn-Zn carbonates. 

The outer margins of these zones are in places 
constituted by massive Fe-Mn-Zn carbonates typically 

(Fe0.4-0.9, Mn0.1-0.4, Zn0.1-0.25)CO3 (Table 5), that are eas-
ily recognized in the field because of their high specific 
gravity. These carbonate minerals contain euhedral py-
rite grains that are up to 50 µm in size. 

Summary 

The main ore mineral assemblages in each zone 
can be summarized as following (Fig. 14): the core zone 
contains mainly Cu-rich sulfosalts (such as famatinite), 
the intermediate zone consists of Cu-Ag-Bi sulfides and 
sulfosalts (including tetrahedrite and Bi-mineral), the 
outer zone is mainly Zn-Pb-rich (with sphalerite and 
galena), while the outer zone is Fe-rich (with magnetite 
and hematite). The texture of the core and intermediate 
zones varies generally with the pyrite and clay content. 

pyrrhotite
pyrite
marcasite
famatinite
tetrahedrite
Bi2S3-Sb2S3 ss.
antimonpearcite
colusite
cuprobismuthite
emplectite
chalcopyrite
sphalerite
matildite
galena
proustite
jordanite
stephanite
magnetite
hematite

quartz
carbonates
kaolinite
hinsdalite
alunite
woodhouseite
svanbergite
barite

mole% FeS in sphalerite

Core zone Intermediate zone Outer zone Outer most zone
Minerals

famatinite-pyrite pyrite + galena + sphalerite

Minerals present in the association

Major, ubiquitous
Common
Uncommon
Local, in minor amounts
Rare

zone

pyrite-tetrahedrite + 
Bi-minerals

Key

hematite+magnetite+

Assemblages or associations typical for a zone

0-2.5 mole % FeS 0-3 mole % FeS 0-6.5 mole % FeS

early quartz 
and pyrite

SECOND MINERALIZATION STAGE IN CARBONATE REPLACEMENT BODIES (IIB)

Fig. 14: Paragenetic sequence of the carbonate replacement orebodies. This sequence must be viewed as the 
evolution of a fluid in time and space, therefore, minerals precipitating in the outer zones (right part of the diagram), 
may be contemporaneous with other minerals in the inner zones (left part of the diagram)
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50 m

famatinite 

alunite

A B

1 cm

pyrite
quartz

100 m

C D

pyrite

tetrahedrite

famatinite

50 m

E F

tetrahedrite

alunite pyrite

50 m

100 m

Fig. 15: A) Hand specimen of the intermediate zone with abundant kaolinite and tetrahedrite (CPR 82). B-E) 
Typical views of the Cu-rich core and the Ag-B-rich intermediate zone in reflected light (plane polarized light if 
not indicated otherwise). B) Idiomorphic alunite within famatinite, Cuerpo Nuevo, oil immersion, CPR 149. C) 
Idiomorphic quartz within early pyrite, Diamante area, CPR 84. D) Tetrahedrite as subidiomorphic overgrowth 
on famatinite and partly as replacement, Cuerpo Nuevo, CPR 149. E) Idiomorphic alunite within pseudomorphic 
tetrahedrite after famatinite, oil immersion, CPR 149, Cuerpo Nuevo.
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50Sb As

Tetrahedrite replacing famatinite

Bi

TennantiteTetrahedrite

100
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100 50

Tetrahedite-tennantite in 
samples bearing Bi-minerals



      

in carbonate 
replacement bodies

Tennantite in enargite-pyrite veins

Fig. 16: Tetrahedrite-tennantite composition in second stage veins and carbonate replacement bodies. Note the 
two tetrahedrite-tennantite populations in replacement bodies, one Bi-poor (solid circles) and another Bi-rich (note 
the positive Bi-As correlation). Bi-rich tetrahedrite-tennantite occurs only in samples carrying Bi minerals such as 
bismuthinite-stibnite solid solution, emplectite, or cuprobismuthite. Classification based on Nickel (1992).

Table 3: Electron microprobe analyses on complex sulfosalts from the second stage replacement bodies and veins.

Mineral Sample S      
(wt %)

Fe  
(wt %)

Cu   
(wt %) 

Zn     
(wt %)

As    
(wt %)

Ag    
(wt %)

Sn    
(wt %)

Sb   
 (wt %)

Pb    
(wt %)

Bi    
(wt %)

Total

Core zone
famatinite cpr 149 30.12 0.04 43.50 0.02 4.00 0.02 0.17 22.46 0.00 0.00 100.33

famatinite cpr 149 29.41 0.01 43.78 0.00 3.40 0.04 0.25 22.84 0.00 0.03 99.74

famatinite cpr 149 29.98 0.02 43.88 0.00 3.59 0.01 0.13 22.70 0.00 0.03 100.33

enargite cpr 109 32.79 0.06 48.04 0.02 17.76 0.03 b.d.l. 0.49 n.a. 1.57 100.87

luzonite cpr 137 31.07 0.38 45.23 b.d.l. 11.76 0.03 n.a. 10.15 n.a. 0.03 98.74

Intermediate zone
tetraedrite cpr 149 24.98 0.15 37.07 7.73 0.79 0.39 0.20 28.45 0.00 0.00 99.77

Bi tetrahedrite cpr 149 23.29 1.22 36.91 6.82 2.67 1.38 0.14 22.97 0.00 4.24 99.64

tennantite cpr 109 28.15 1.64 43.82 6.12 18.00 0.00 n.a. 2.33 0.00 0.00 100.08

cuprobismutite cpr 81 18.41 0.10 12.70 0.07 0.00 3.30 0.00 0.34 0.00 65.62 100.55

emplectite cpr 81 18.36 0.08 19.81 0.06 0.00 0.12 0.00 0.14 0.00 62.07 100.68

matildite cpr 82  16.55 0.09 1.25 0.15 0.00 27.90 0.00 0.00 0.00 54.65 100.59

antimonpearcite cpr 82  15.07 0.05 7.77 0.14 0.65 65.70 0.00 7.54 0.00 3.38 100.31

bismutinite-stibnite ss. series cpr 149 20.27 0.04 0.52 0.11 0.00 0.07 0.15 11.20 0.00 67.95 100.31

proustite cpr 77 18.13 0.08 0.10 0.88 12.57 65.01 0.00 0.51 0.00 0.00 97.28

proustite cpr 77 17.80 0.04 0.00 0.45 12.02 65.77 0.00 1.16 0.00 0.00 97.25

proustite cpr 77 18.12 0.09 0.13 0.05 13.60 64.19 0.00 0.31 0.00 0.00 96.48

n.a. = not analyzed
b.d.l. = below detection limits
Cd was always below detection limits
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Fig. 17: Microphotographs from the core and intermediate zones. A) Famatinite crystal showing As-Sb compo-
sitional variations (BSE image, CPR 149). B) Overgrowths of tetrahedrite and bismuthinite-stibnite solid solution 
series on famatinite. A rim of matildite is observed. Note reflection anisotropy of famatinite. The undetermined 
mineral (grey) is too small to be identify, Cuerpo Nuevo, reflected light, // nicols, CPR 149. C) Famatinite replaced 
and overgrown by idiomorphic tetrahedrite (BSE, CPR 149). D) BSE image showing blebs of antimonpearcite and 
matildite within tetrahedrite. Without BSE, antimonpearcite is difficult to distinguish from tetrahedrite. BSE image 
reveals the texture of antimonpearcite. Matildite may also be mistaken with galena without a careful BSE observa-
tion (BSE image, CPR 82). E) Local assemblage of pyrite-tetrahedrite-colusite (reflected light, // nicols, CPR 84). 
F) Brecciated sphalerite cemented by late pyrite, reflected light, // nicols, CPR 74.
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proustite
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Fig. 18: A) BSE image showing hinsdalite, kaolinite, and pyrite from the intermediate zone, CPR 81. B) Proustite 
and jordanite as inclusions in galena, Cayac Noruega, (reflected light, // nicols, CPR 77. C-E) Photomicrographs 
of the outermost zone. C) Hematite replaced by magnetite (reflected light, // nicols, CPR 433). D) Pyrite replacing 
magnetite, magnetite replacing hematite (reflected light, // nicols, CPR 433). E) Magnetite replaced by earthy he-
matite (reflected light, // nicols, CPR 439)
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When pyrite is dominant over clays, the rock is massive, 
whereas when clays are dominant over pyrite, the rock 
is friable. For the  latter texture Fontboté and Bendezú 
(2001) use the term “sulfide rock”. In the core and inter-
mediate zone, the clays consist of kaolinite and dickite 
and they are generally accompanied by APS minerals, 
typical of relatively acidic solutions, including alunite 
(restricted to the core zone) and hinsdalite, svanbergite, 
and woodhouseite in the intermediate zone. Rarely, hin-
sdalite occurs in the outer zone. Kaolinite and quartz are 
present in the outer zone. In the outermost zone, carbon-
ates become the most abundant gangue.

Supergene oxidation of the carbonate-
hosted ores

Supergene oxidation of the carbonate-hosted ores 
reach down to a depth of 250 m below surface. In the 
eastern part of the deposits, supergene mineralization 
produced Ag- and Pb-rich oxidized ores (“pacos”) of 
economic importance in the past, mainly in the Mata-
gente area. These ores consist of quartz, calcite, limo-
nite, native silver, cerussite, jarosite, calamine, smith-
sonite, and anglesite (Bowditch, 1935; Amstutz and 
Ward, 1956). 

Second mineralization stage: Western 
enargite-pyrite veins in the diatreme-dome 

complex 

E-W trending fractures in the diatreme breccia, 
the pyrite-quartz body, and the Excelsior Group focused 
hydrothermal fluids which leached the rock and depos-
ited enargite-pyrite veins forming relatively irregular 
and up to 2 m wide (Cu-Ag-Au-(Zn-Pb) veins (Fig. 2). 
The leaching of the diatreme breccia and pyroclastic 
rocks resulted in the formation of vuggy quartz. Leach-
ing and fracture filling are important in the formation 
of the veins because leaching along veins increases the 
permeability of the diatreme breccia.  

These veins superimpose and crosscut the py-
rite-quartz body and the Zn-Pb ores of the first min-
eralization stage. The veins form horsetails within the 
pyrite-quartz body, which terminate to the east before 
entering in the carbonate rocks (Fig. 2). Veins strike 
generally N70-90°E; in the southern part of the pit the 
veins strike N120°E. The veins dip steeply, to the north 
in the southern part of the open pit, and to the south in 
the northern part (Fig. 19). They are anamostosing veins 
and reach a maximum length of 500 m, and extend to a 
depth of more than 760 m (Fig. 19). Width ranges from 

Fig. 19: North-south cross section showing limits of the pyrite-quartz body and relative position (projection) of 
all estimated copper veins and orebodies. Modified after Rivera (1970).
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a few cm to 2 m. Ward (1961) reported that some veins 
in the footwall of vein 43 were mined for enargite in 
their deeper levels and for galena and sphalerite in their 
upper portions, suggesting a vertical zonation. Locally, 
the mineralization is emplaced in a breccia composed of 
clasts of the pyrite-quartz body. Copper orebodies with-
in the pyrite-quartz body were reported by Graton and 
Bowditch (1936) and Ward (1961) but not observed in 
our study. According to Ward (1961), the mineralogy of 
the E-W enargite-pyrite veins in the western side of the 
open pit and orebodies located on the eastern part of the 
pyrite-quartz body  are similar, except that sphalerite 
and galena are more abundant in the orebodies. Tennan-
tite is reported to be argentiferous and hypogene chal-
cocite replaces chalcopyrite and bornite (Ward, 1961). 
The following section synthesizes observations on veins 
number 25, 43, 44, and 79 (Fig. 2), in part integrating 
results of Jobin (2004). 

Zoning and mineralogy

Zoning is present in the enargite-pyrite veins in 
the diatreme-dome complex but is less developed and 
the veins are thinner than in the replacement bodies in 
the carbonate rocks. A core zone (enargite-pyrite), an 
intermediate zone (tennantite-pyrite), as well as an outer 
zone (sphalerite + galena) are observed. From all zones, 
the best developed is the core, which was exploited until 
1950 for copper. In contrast, the outer Zn-Pb zone is 
much less developed than in the carbonate replacement 
bodies. A paragenetic sequence for each zone is shown 
in Figure 20. Note that, again, this sequence must be 
viewed as the evolution of a fluid in time and space; 
therefore, minerals precipitating in the outer zones 
(right part of the diagram), may be contemporaneous 
with other minerals in the inner zones (left part of the 
diagram). 

pyrite III
enargite
pyrite IV
luzonite
bornite
digenite
covellite
stibnite
bismuthinite-stibnite s.s
tennantite
chalcopyrite
sphalerite
galena

barite
quartz
alunite
kaolinite
dickite
svanbergite
hinsdalite
muscovite

mol% FeS in sphalerite

Core zone Outer zone

Assemblages and associations typical for a zone

Minerals

enargite-pyrite

Minerals present in the assemblage

Always
Commonly, but not always
Uncommonly
Not always and, where present, only in minor amounts
Rarely

zonation

pyrite-tennantit
e

Key

Intermediate
zone

pyrite + galena + 
sphalerite

0.24 -2.6 

?

supergene

SECOND MINERALIZATION STAGE IN DIATREME-HOSTED VEINS (IIA) 

Fig. 20: Paragenetic sequence of the second stage veins hosted in the diatreme breccia.
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Fig. 21: A) Vuggy quartz in the diatreme breccia with enargite filling the open spaces. B) Enargite-pyrite vein 
with luzonite replacing enargite and tennantite replacing luzonite (reflected light, // nicols, CPR 139). C) Alunite 
in pyrite-quartz body with pyrite coating alunite, indicating a hypogene origin of the latter (CPR 199). D) Chal-
copyrite replacing bornite along crystallographic planes (reflected light, // nicols, CPR 607). E) Brecciated pyrite 
cemented by chalcopyrite. F) Tennantite, sphalerite, and galena replacing luzonite along grain boundaries in an 
enargite-pyrite veins (reflected light, // nicols, Fpe-131-4). Abbreviations: bn = bornite; cp = chalcopyrite; cv = 
covellite; py = pyrite.
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Table 4:  Selected whole rock analyses of mineralized samples from the second stage replacement bodies hosted in Pucará 
carbonate rocks and from western veins hosted by the diatreme breccia.
Zone Sample Location Analytical 

methoda
Au  

(ppb)
Ag 

(ppm)
Bi 

(ppm)
Sb 

(ppm)
Cu 

(ppm)
As 

(ppm)
Sn 

(ppm)
Zn    
(%)

Pb   
(%)

Carbonate replacement bodies
core cpr 149 N-9964, E-9575, 

4320m
ICP + INNA <1 184 2385 31200 48018 4280 <1 0.8 1.3

intermediate cpr 82 CP-00-108 (34.00m) XRF <1 29100 10100 56600 77200 3200 <1 1.16 0.38
outer (close to 
intermediate)

cpr 77 CP-00-108 (13.00m) ICP + INNA <1 348 <1 473 262 1250 <1 3.75 >10

outer cpr 76 CP-00-108 (9.70m) XRF <1 150 <1 110 480 1090 <1 44.95 5.95
outermost cpr 89 CP-00-108 (74.70m) ICP + INNA <1 5 <1 101 22 33 <1 2.6 0.25

Western enargite-pyrite veins 
core zone cpr 109 W open pit ICP + INNA 416 186 267 5860 >99999 43100 b.d.l.b 0.38 0.02
core zone cpr 124 W open pit ICP + INNA b.d.l.b 103 14 7750 >99999 49700 b.d.l.b 0.08 0.1
core zone cpr 135 W open pit ICP + INNA 2960 81.2 49 795 8674 2670 b.d.l.b 0.004 0.03
intermediate cpr 137 W open pit ICP + INNA 11500 216 761 20300 >99999 10500 b.d.l.b 0.18 0.15
intermediate cpr 139 W open pit ICP + INNA 16200 216 268 11000 76404 27300 b.d.l.b 0.13 0.03

a Analytical methods: XRF = X-Ray Fluorescence Spectroscopy; INNA = instrumental neutron activation analysis; ICP = “near 
total” digestion ICP-MS.
b b.d.l. = below detection limit

Table 5: Representative electron microprobe analysis of carbonate minerals from the outermost zone from second stage 
replacement bodies.

Sample MgCO3 (wt%) CaCO3 (wt%) MnCO3 (wt%) FeCO3 (wt%) ZnCO3 (wt%) PbCO3 (wt%) sum
CPR 12 3.40 1.12 33.05 60.83 0.73 0.02 99.15
CPR 12 4.56 0.89 40.36 52.88 0.35 0.00 99.04
CPR 16 2.06 0.50 47.21 50.49 0.08 0.03 100.36
CPR 16 3.57 0.90 40.26 54.65 0.11 0.08 99.56
CPR 89 0.42 0.64 6.61 87.75 4.64 0.17 100.22
CPR 89 1.82 1.08 14.86 78.64 2.81 0.11 99.32
CPR 406 8.92 7.66 26.58 52.37 5.40 0.17 101.11
CPR 406 2.53 1.36 24.90 69.03 2.07 0.01 99.89
CPR 429 2.11 0.10 14.37 84.07 0.08 0.04 100.76
CPR 429 1.45 0.03 11.50 87.51 0.00 0.11 100.60
FPE 136-6 1.43 4.75 34.38 47.86 10.26 0.26 98.93
FPE 136-6 0.91 3.38 31.21 42.88 20.59 0.05 99.03
FPE 136-6 2.44 0.57 37.09 58.35 1.81 0.05 100.32
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Fig. 22: A) Network of oxidized veinlets containing goetite, jarosite, alunite, quartz, and zunyite. The outcrop 
is topographically prominent due to intense silicification, Venencocha area. B) Silicified body along a vein show-
ing advanced argillic alteration with a central oxidized vein or a network of oxidized veinlets containing goethite, 
jarosite, alunite, quartz, and zunyite, Venencocha area. C) zunyite (Al13Si5O2 (OH, F)18Cl) occurring in oxidized 
veins with advanced argilllic alteration mineral assemblages. CPR 384, Venencocha area. D) Transparent zunyite 
crystal in an oxidized vein in the Venencocha area. CPR 384. E) Pervasive advanced argillic alteration next to a 
massive oxidized vein, with alunite and quartz replacing a tuff. CPR 361, Venencocha area. F) Enlargement of E) 
with diaspore coexisting with quartz and alunite. CPR 361.
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Core zone (enargite+pyrite)

Prior to the deposition of enargite, early pyrite-
quartz occurs, which is weakly developed. This pyrite is 
named pyrite III in our paragenetic sequence and corre-
sponds to pyrite III of Lacy (1949). Enargite grains form 
massive aggregates and crystallize as well in the vugs of 
the vuggy quartz (Fig. 21A). Luzonite typically replaces 
enargite but in one sample, the contrary is observed. Py-
rite (named here pyrite IV (same nomenclature as Lacy, 
1949) replaces, coats, and is replaced by enargite and 
luzonite, indicating that pyrite precipitated during the 
entire enargite and luzonite deposition period. Repeated 
banding of pyrite and enargite occurs locally. 

In the inner-most part of the veins, enargite oc-
curs as xenomorphic grains (100 to 800 µm) which can 
reach up to 2 mm in size (Fig. 21B). Enargite As con-
tents range from 15 to 18.3 wt percent, Sb contents are 
less than 4 wt percent (Table 3). Antimony contents in 
luzonite reach 10 wt percent and As ranges from 11.7 
to 17.3 wt percent. Copper and arsenic grades in hand 
specimens are in the range of 8 percent and 2.6 percent, 
respectively (Table 4).

Alunite occurs in veins and is, in places, coated 
by pyrite (Fig. 21C). Alunite has not been observed in 

contact with enargite. Quartz and zunyite form an asso-
ciation with alunite. Barite plates, up to 1 cm, occur in 
the veins and overgrow enargite and pyrite, for example 
in veins 25. 

Several samples show concentrations of Au rang-
ing from 0.01 up to 16 g/t. These samples contain main-
ly enargite and tennantite. 

Intermediate zone (tennantite-pyrite+chalcopyrit
e+bornite+chalcocite)

Tennantite, pyrite, chalcopyrite, bornite, chalcoc-
ite, minor stibnite, bismuthinite, as well as bismuthi-
nite-stibnite s.s. are present in the intermediate zone. 
Tennantite replaces grain boundaries, as well as whole 
grains of enargite and luzonite. In turn, tennantite grain 
boundaries are replaced by sphalerite showing low FeS 
contents of < 2.6 mole percent. Chalcopyrite occurs as 
tiny grains (<150 μm) replacing enargite and luzonite, 
and overgrows tennantite. Furthermore, chalcopyrite re-
places bornite along crystallographic planes (Fig. 21D). 
Ubiquitous chalcopyrite is less abundant than tennan-
tite and locally infills brecciated pyrite (Fig. 21E). Stib-
nite, bismutinite, and bismutinite-stibnite s.s. generally 
consist of minute grains (< 20 μm) within enargite and 

Fig. 23: Time-space diagram for the magmatic-hydrothermal system of Cerro de Pasco. Geochronological data 
from Baumgartner et al. (Part II).
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luzonite (Jobin, 2004). Arsenic and Sb contents in ten-
nantite range from 13.3 to 18.8 wt percent As, 1.2 to 8 
wt percent Sb (Table 3).   

Svanbergite and hinsdalite, APS minerals, occur 
in the intermediate zone, and are accompanied by ka-
olinite and locally, sericite. 

Outer zone (sphalerite + galena+ pyrite)

Sphalerite and galena occur in the outer zone 
which has a typical width of a few mm to cm and is 
weakly developed. They are present as small grains (50 
to 200 μm), generally replacing tennantite. FeS content 
of sphalerite is low (< 2.6 mole %). Zinc and Pb were 
only economic in the upper portions of vein 43 (Ward, 
1961).

Small amounts of kaolinite and sericite are the 
only observed alteration minerals. Sericite in the outer 
zone is difficult to distinguish from that of the sericite-
pyrite-quartz alteration halo developed in the diatreme 
breccia at the contact with the pyrite-quartz body. 

Enargite-pyrite veins in the southern part of the 
deposit

In the southern part of the diatreme, a series of 
large enargite-pyrite veins, presently inaccessible, oc-
cupy curved and branched fractures (San Anselmo vein 
system, Bowditch, 1935). These veins strike from N60°-
70°E through E-W to S80°W (Ward, 1961). According 
to previous descriptions (Bowditch, 1935; Ward, 1961), 
the vein mineral assemblage is similar to the western E-
W enargite-pyrite veins hosted by the diatreme-breccia 
and the pyrite-quartz body. However, in the enargite-
pyrite veins in the southern part of the open pit, silver 
minerals such as Ag-rich tetrahedrite are more abun-
dant and chalcopyrite is present. Gold contents are high 
(Ward, 1961), although no values are published. Native 
gold has been reported by Lacy (1949) but gold miner-
als were not reported by Bowditch (1935). 

South of the main open pit, in the Santa Rosa pit 
(Fig. 2), high Au grades (up to 90 ppm, Henry, 2006) 
occur in strongly oxidized enargite-pyrite veins in the 
diatreme breccia and phyllite and shale of the Excelsior 
Group. These strongly oxidized veins contain goethite 
and earthy hematite accompanied by the alteration as-
semblage minerals alunite, zunyite, diaspore, and quartz. 
Pervasively advanced-argillic altered porphyritic rocks, 
probably quartz-monzonite dykes are present in the 
Santa Rosa open pit. Alunite crystals are often mantled 
with Fe-oxides and crystals do not exceed 300 µm in 
size. Petrographic observations on alunite reveal that in-
clusions of woodhouseite (CaAl3(PO4)(SO4)(OH)6), an 
aluminium-phosphate-sulfate (APS) mineral are abun-
dant. The oxidized veins lie on the prolongation of the 
southern Excelsior phyllite-hosted enargite-pyrite veins 
(San Anselmo, Bolognesi, and Cleopatra veins). 

Copper orebodies within the pyrite-quartz body

Ward (1961) reported more than 50 copper 
orebodies in the pyrite-quartz body (Fig. 19). The cop-
per bodies in the eastern extremity of the pyrite-quartz 
body were described to be pipes, possibly indicating 
the replacement of limestones (Ward, 1961). The cop-
per bodies contain enargite and tennantite, which is a 
similar assemblage to the enargite-pyrite veins in the 
diatreme-dome complex (Ward, 1961), rather than fa-
matinite and tetrahedrite which is more typical of the 
sulfides in the carbonate-replacement orebodies.

Oxidized veins at Venencocha

In the Venencocha area, located 2.5 km northwest 
of the open pit, oxidized veins occur and are mainly 
controlled by ring structures around the north and north-
western margins of the diatreme, possibly subsidence 
faults. The veins are hosted in both sedimentary rocks 
(Excelsior Group) and in the diatreme breccia. They 
consist of massive goethite-jarosite and minor earthy 
hematite. These veins show an advanced argillic altera-
tion halo (Fig. 22A and B) with, the mineral association 
alunite, quartz, diaspore with abundant zunyite (Fig. 
22C-F). The same alteration pattern, with similar mor-
phology and proportions, occurs in the enargite-pyrite 
veins in the western part of the open pit and could sug-
gest that the oxidized veins at Venencocha represent an 
oxidized equivalent of the enargite-pyrite veins. Gold 
anomalies have been detected in the center of the oxi-
dized veins and reach up to 1 g/t and decrease towards 
the borders of the veins.

At Venencocha, evidences of hydrothermal al-
teration in dacitic domes can be observed. This area 
was described by Noble et al. (1999) and interpreted 
as an epithermal disseminated high-sulfidation Au-Ag 
system. In this study, mapping was carried out in the 
Venencocha area and in the central-eastern part of the 
Cerro de Pasco diatreme. Alunite occurs only in small 
pervasively advanced argillic altered porphyritic intru-
sions and domes. The alteration is mainly composed 
of alunite and quartz with small amounts of zunyite. 
Pyrite is present almost exclusively as disseminations 
but only in small quantities and oxidized minerals are 
scarce. Locally, vuggy quartz is present. Gold anoma-
lies in the altered domes attain 0.2 g/t, but they increase 
in the oxidized veins and veins bound to small domes 
and porphyritic intrusions. To date, no economic gold 
mineralization has been found at Venencocha. With the 
available data, it appears as the most likely hypothesis 
that the gold anomalies in the Venencocha area are all 
related to the oxidized enargite-pyrite veins and not to 
an epithermal disseminated high sulfidation Au-Ag sys-
tem. 
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Discussion

Two mineralization stages

This present study confirms that two spatially 
related and partially superimposed mineralization stag-
es can be distinguished at Cerro de Pasco, as already 
recognized by Einaudi (1977). Mineralization stage IA 
consists of a pyrite-quartz body which replaces the east-
ern part of a Mid-Miocene diatreme-dome complex and 
adjacent Mesozoic Pucará carbonate rocks. The pyrite-
quartz body is, in turn, locally replaced during stage IB 
by pyrrhotite pipes which are zoned to arsenopyrite + 
pyrite and to Fe-rich sphalerite and galena, the latter 
mainly replacing carbonate rocks. The second miner-
alization stage is constituted by zoned enargite-pyrite 
veins hosted in the diatreme breccia and by carbonate 
replacement bodies in the Pucará rock located east of 

the diatreme. 
A time-space diagram for the magmatic-hydro-

thermal system at Cerro de Pasco including the geochro-
nological data of Baumgartner et al. (Part III) is shown 
in Figure 23. Stage II has been dated at 14.5 ± 0.08 - 
14.4 ± 0.07 Ma and the diatreme-dome complex at 15.4 
± 0.07 Ma. The age of stage I is not further constrained 
than by crosscutting relationships which indicate that it 
took place between these two events; the possibility that 
stage I and II are close in time cannot be excluded.

Also in other Cordilleran base metal deposits 
(Table 1) including the Miocene Peruvian deposits of 
Huanzalá, San Cristobal, and Morococha in Peru, a 
first stage with pyrite-dominated mineral assemblages 
and Fe-rich sphalerite and a second stage with Fe-poor 
sphalerite has been recognized (Fig. 24). At San Cris-
tobal, an early stage with pyrite-quartz-wolframite and 

Peru
   Cerro de Pasco
   Colquijirca
   Hunazala
   Hualgayoc
   Julcani
   Morococha
   San Cristobal
   Quiruvilca
   Yauricocha
   Pasto Buena
   Huarón
USA
   Main and East Tintic
   Butte Main Stage
   Magma
   Bisbee
   Bingham “non porphyry
   ores”

Mexico
   Cananea

Chile
   Chuquicamata
   La Escondida
   Collahuasi

Ore minerals evolutionDeposits

py-qtz (-W) enr tn-tt-cpy

First mineralization 
stage

Second mineralization 
stage

po-asp-sl
(Fe-rich)

sl (Fe-poor)-
gn

Fig. 24: Diagrammatic summary of ore minerals evolution at various Cordilleran deposits.
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log fS2 drop due to wall rock buffering and sulfur consumption. The black arrows shows the fluid environment of the 
first mineralization stage IA and IB), which is characteristic of low sulfidation states. Figure 25 illustrated in more 
detail these low sulfidation fluids. Enargite luzonite inversion between 275 and 300°C is after Maske and Skinner 
(1971). Brittle-ductile transition from Fournier (1999).
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arsenopyrite and Fe-rich sphalerite is followed by a late 
Fe-poor sphalerite, sulfosalts, and galena (Campbell, 
1983). At Huanzalá (Imai et al., 1985), pyrrhotite ap-
pears with pyrite as well as arsenopyrite and Fe-rich 
sphalerite, which is followed by a late stage with ten-
nantite and enargite and Fe-poor sphalerite. At Moro-
cocha (Petersen, 1965; Kouzmanov et al., 2006), the 
mineralogy of the manto Italia consists of pyrrhotite, 
magnetite, sphalerite, and galena and a second stage 
with enargite and Fe-poor sphalerite is recognized. At 
Colquijjirca (Bendezú, 2007), a similar two stage evo-
lution is recognized, whereby, the pyrite-quartz stage is 
not accompanied by pyrrhotite and Fe-rich sphalerite. 
In a diagrammatic summary of the ore evolution in sev-
eral Cordilleran base metal deposits (Fig. 23), most of 

the Peruvian Cordilleran deposits show an early event 
with pyrrhotite, arsenopyrite, and Fe-rich sphalerite. 
Some deposits such as Huanzalá and Bisbee have no 
substantial (Fe-poor) sphalerite-galena present around 
the enargite and tennantite/tetrahedrite mineralization.

This twofold mineralizing evolution, therefore, 
appears to correspond to a systematic pattern which, for 
the case of Cerro de Pasco, will be deciphered in the 
next sections.

Environment of deposition

The environment of deposition for the first and 
second mineralization stages can be determined with re-
actions and mineral assemblages, temperature of fluids, 
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redox conditions, and FeS content of sphalerite. The 
sulfidation state is independent of metal content and 
texture (Einaudi, 1994).

The fluid inclusion study on quartz reported by 
Baumgartner et al. (Part III) suggests that the pyrite-
quartz body formed at temperatures from 275 °C down 
to 200°C and fluid salinities ranging from 6.8 to 0.2 
wt percent NaCl equiv., while the pipe-like pyrrhotite 
bodies zoned outward to Zn-Pb mineralization formed 
at temperatures between 250 and 185 °C with fluid sa-
linities ranging from 4.3 to 1.1 wt percent NaCl equiv. 
The second stage of mineralization took place at tem-
peratures between 293 and 170 °C and fluid salinities 
from 7.5 to 0.2 wt percent NaCl equiv. Minimum pres-
sure estimates using liquid-vapor isochors (Brown and 
Lamb, 1989) for these salinities range between 50 to 70 
bars which correspond to a minimum depth formation 
of both stages between approximately 400-700 m below 
the water table (Baumgartner et al., Part III).

The pyrrhotite + S2 => pyrite mineral reaction 
(Table 6) and the presence of pyrrhotite is characteristic 
of low sulfidation states. The mineral reactions and as-
semblages (Table 6) of the core zones in the enargite-
pyrite veins and carbonate replacement bodies, and in 
particular the presence of enargite and famatinite, indi-
cate high sulfidation states. In the more external zones, 
the sulfidation states indicated by the mineral reactions 
(Table 6) suggest successively high and intermediate 
sulfidation states.

Iron content of sphalerite in equilibrium with 
pyrite or pyrrhotite is function of temperature and of 
the activity of S2, i.e., of the sulfidation state (pressure 
may be neglected for shallow environments, Barton and 
Toulmin, 1964; Scott and Barnes, 1971; Hayba et al., 
1985; Vaughan and Craig, 1997). Sphalerite in equilib-
rium with pyrite yielding very low Fe contents (< 0.1 
mole % FeS) indicates high sulfidation states, whereas 
low (0.1–5 mole % FeS) contents indicate high to inter-
mediate sulfidation states (Czamanske, 1974; Einaudi, 
1977; Einaudi et al., 2003). The electron microprobe 
analyses from all sphalerite stages at Cerro de Pasco 
revealed two sphalerite populations (Fig. 9). The first 
population corresponds to sphalerite associated with 
first-stage pyrrhotite pipes (Fig. 9A), which yields with 
FeS contents from 10 to 23.9 mole percent (Table 6). 
These values are consistent with previous data of Ein-
audi (1977) in sphalerite from the first stage Zn-Pb ores. 
A second population is characterized by low FeS, rang-
ing from 0.02 to 5 mole percent, with an average of 1 
mole percent, and corresponds to second mineralization 
stage. It includes analyses of sphalerite from the inter-
mediate, outer, and outer-most zones from carbonate 
replacement bodies and western enargite-pyrite veins 
(Fig. 9B-F). The fact that the second stage sphalerite 
from the outermost zone yields slightly higher FeS con-
tents (up to 4.7 mol %) can be explained by a decrease of 
the sulfidation state due to interaction of the fluids with 
the carbonate host rock. The sulfidation state derived 
from the FeS content in sphalerite is thus concordant 
with that indicated by the mineral reactions shown in 

Table 6, i.e. the first mineralization stage was deposited 
under low sulfidation state conditions while the second 
mineralization stage took place under high to intermedi-
ate sulfidation states.

The fluid pH indicated by the mineral alteration 
assemblage is also consistent with these findings. The 
quartz-sericite alteration halo at the margin of the py-
rite-quartz body suggests moderate acidic conditions 
for the first mineralization stage, typical of low sulfida-
tion state fluids. The recognized alteration assemblages 
of the second mineralization stage with development of 
vuggy quartz in the diatreme and deposition of alunite 
both in the enargite-pyrite veins and carbonate replace-
ment bodies, indicate very acidic fluids (below 2), a 
characteristic of high sulfidation state fluids (e.g., Ein-
audi et al., 2003).

In the pyrite-quartz body, red chalcedonic clasts 
suggest that locally oxidizing conditions were achieved 
in the first stage. However, the presence of pyrrhotite 
inclusions within pyrite and the development of stage 
IB with the pyrrhotite pipes indicate that the conditions 
were predominantly more reducing. The reaction hema-
tite => magnetite + O2 observed at the margin of car-
bonate replacement bodies indicates that second stage 
fluids were oxidizing, which is a characteristic of high 
sulfidation acidic fluids (Einaudi et al., 2003).

With this approach, it is possible to represent the 
evolutionary path of the depositional environment dur-
ing the first and the second mineralization stages. The 
depositional environment for the first mineralization 
stage has been plotted on a RH – 1000/T diagram (RH = 
log (fH2 / fH2O) and on a log fS2 – 1000/T (Fig. 25 and 
26, respectively) while for the second mineralization 
stages, the deposition environment evolution is only 
shown on a log fS2 – T diagram (Fig. 25). 

The first mineralization stage evolutionary path 
is represented by a black arrow labeled “IA” for the py-
rite-quartz body and “IB” for the pyrrhotite pipes and 
Zn-Pb ores (Fig. 25 and 26), whereas the second min-
eralization is symbolized by two grey arrows. Arrow II 
corresponds to the enargite-pyrite veins path, while the 
II’ arrow represents the carbonate replacement path.

First mineralization stage: Hydrothermal fluids 
were released from an underlying intrusion and chan-
neled upward probably along open conduits. Most 
likely the fluid/rock ratio increased with time and only 
minor interaction with the host rocks took place, allow-
ing the redox state of the fluid to be mainly controlled 
by the magmatic SO2/H2S gas buffer (arrow IA at T > 
400°C in Fig. 25 and 26). Essentially pyrite precipitated 
at slightly acidic pH (constrained by the alteration as-
semblage sericite-pyrite-quartz in the alteration halo 
generated by the pyrite-quartz body) at 250-300°C and 
formed the pyrite-quartz body. Its size probably reflects 
a substantial hydrothermal system providing sulfur-
rich fluids. The presence of hematite in red chalcedonic 
clasts within the pyrite-quartz body indicates that lo-
cally very oxidizing conditions were reached, possibly 
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due to low rock buffering. On the other side, the pres-
ence of pyrrhotite inclusions within pyrite suggests that 
at high temperature, the precipitation path crossed the 
pyrrhotite boundary. The pyrrhotite inclusions in pyrite 
might also represent an early history where the fluid 
was close to the pyrite-pyrrhotite boundary (Fig. 26) but 
then crossed the into the pyrite field around 250°C. In 
the late stages perhaps because decreasing fluid flux, the 
water/rock ratios decreased, favoring the precipitation 
of the pyrrhotite pipes at lower RH values. At Cerro de 
Pasco, the position of the rock buffer, which is depen-
dent of the mineral assemblage, is estimated to be lower 
than the Giggenbach “rock buffer” (an approximation 
for fresh andesite) plotted in Fig. 26. At depth, the rock 
buffer is the Excelsior shale and phyllite. These rocks, 
containing carbonaceous components, could lower the 
oxidation-sulfidation state of IB relative to IA. 

Second mineralization stage: Subsequently, hy-
drothermal fluids which were probably (Baumgartner 
et al., part III) of the same source as those from the 
first mineralization stage were released. The fluid were 
channeled upward along numerous fractures and faults 
at high fluid/rock ratios, limiting the interaction with the 
Excelsior Group phyllite and shale, whose buffering ca-
pacity had been locally lowered by the first stage altera-
tion. Thus, the sulfidation state of the fluid followed the 
magmatic SO2/H2S gas buffer (Fig. 25). Around 250-
300°C, the core zone famatinite-pyrite in the carbonate 
rocks and enargite-pyrite in the diatreme breccia would 
have precipitated from acidic fluids, followed by the in-
termediate and outer zones (Fig. 25). The recognized 
ore mineral zonation suggests that in both carbonate and 
diatreme host rocks, vein walls were sealed due to early 
quartz and pyrite deposition, which minimized the wall 
rock buffering potential as reported by Bartos (1989) 
for Yauricocha and Quiruvilca (Peru), Butte, and Main 
Tintic (USA). On entering fresh carbonate rocks, a dras-
tic drop of the sulfidation state of the fluid occurred as 
a response to pH increase (fS2 is pH and sulfur content 
dependent) and resulted in the precipitation in the outer 
zone of sphalerite and galena accompanied by hinsda-
lite and kaolinite (arrow II’, Fig. 25). 

Carbonate precipitation is interpreted to result 
from the increasing pH of the fluid due to increased flu-
id-rock interaction while moving away from the vein, 
as proposed by Rimstidt (1997). Although the evolu-
tionary path of the enargite-pyrite veins and carbonate 
replacement ores in fS2-T space show similar paths in 
Figure 25, the path slopes are different, which reflect 
the contrasting effect of the different host rocks, buffer-
ing being a more important control in carbonate rocks. 

We conclude that in the center of the depositional 
system, each successive increment of fluid, even at con-
stant flux, would be further shielded from the rock buffer 
due to effects of wall-rock alteration. This has been pro-
posed by Bartos (1989) for the progression with time in 
veins from relatively lower oxidation/sulfidation states 
to relatively higher oxidation/sulfidation states.

Despite the fact that large amounts of carbonate 
rocks are present in the Cerro de Pasco district, calc-

silicate minerals are absent. This may be due to the fact 
that garnet and pyroxene require temperatures ≥ 350°C, 
temperatures, i.e., hotter than those that prevailed at Cer-
ro de Pasco; although according to (Meinert, 1982), in 
H2O-rich fluids nearly devoid of CO2, which is expected 
in shallow environment such as Cerro de Pasco, gar-
net and pyroxene can form at temperatures lower than 
350°C (Meinert, 1982). It cannot be excluded that in the 
places with the highest temperatures, in particular along 
the contact of the vent during its emplacement, calc-sili-
cate minerals that might have formed were eradicated 
by later, lower temperature and acidic fluids.

Origin of zoning 

The fluid evolution in time and space responsible 
for the zoning in the second stage base metal depos-
its can be explained in terms of fluid advances and re-
treats of the hydrothermal activity in the sense of Bartos 
(1989) and Hemley and Hunt (1992). In the core zone 
from the western veins, enargite replaces luzonite, sug-
gesting a slight temperature increase with time at that 
point (Maske and Skinner, 1971). This is interpreted as 
fluid advances recorded by the mineral assemblages so 
that those from the inner zones prograde outwards and 
overprint minerals in the intermediate and/or the outer 
zones. According to Hemley and Hunt (1992), in the 
case of fluid progression, the preexisting minerals are 
destroyed and relics are scarce. 

The fact that famatinite is replaced and overgrown 
by tetrahedrite indicates that the intermediate zone en-
croached on the core zone (e.g. Cuerpo Nuevo). These 
replacements of tennantite by Fe-poor sphalerite sug-
gesting that outer zone encroached back on the interme-
diate one also indicates the effects of fluid retreat. This 
type of features have also been described by Meyer et 
al. (1968), Einaudi (1982), and Einaudi et al. (2003) as 
a late reversal of the overall temporal sequence, which 
occurs during the cooling of the hydrothermal system. 
When hydrothermal activity declines, the fluid flow re-
treats because of decreasing magmatic activity, and the 
amount of fluid circulating along structures through the 
rock diminishes.

The spatial and temporal extent of mineral zoning 
in the veins and replacement bodies is also a function of 
host rock. In the diatreme-hosted veins, sulfide deposi-
tion occurs within an irregular body of leached rocks 
(vuggy quartz), which may have been initially guided by 
a fault. The vuggy quartz, being a zone of weakness and 
readily fractured, is a site of high permeability, guiding 
later hydrothermal fluids. The host rock mineralogy and 
rate of precipitation govern the development of the size 
and mineralogy of the zone of deposition adjacent to the 
fault. In the veins hosted by the diatreme breccia and 
siliciclastic rocks, only the core zone is well developed, 
whereas the intermediate zone is less developed and the 
outer zone only weakly formed. This may be due to the 
non-reactive and relatively impermeable nature of the 
diatreme breccia and siliciclastic host rock, in places 
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where the vuggy quartz was not developed, or due to 
rapid deposition inhibiting infiltration or diffusion of 
the fluids in the wall rocks as suggested by Einaudi 
(1982). The more porous and soluble carbonate rocks 
permit percolation and formation of larger replacement 
orebodies with a well developed intermediate and outer 
zone due to buffering of the acidic fluids. 

Fluids pathways 

Einaudi (1977) reported that the Matagente vein 
system, eastern of the open pit, has the same strike and 
attitude as vein number 28 on the western side of the 
open pit (Fig. 2). He proposed that this spatial relation-
ship corresponds to a single event, although he did not 
find evidence of through-going structures to link these 
two occurrences. An undated (pre-1970) structural map 
from the Cerro de Pasco geology staff shows through 
going structures, mainly faults. During this study, we 
were not able to observe if a lateral continuity between 
enargite-pyrite veins on the western part of the open pit 
and carbonate replacement bodies east of the open pit 
exists, because the central part of the deposit has been 
mined out. The replacement bodies in carbonate rocks 
contain Sb-bearing ores, which are virtually As- and 
Au-free and bear only minor amounts of copper, where-
as enargite-pyrite veins contain Cu-As and Au bearing 
ores. Furthermore, most of the carbonate replacement 
bodies show an upward-flaring pipe-like morphology 
with inclined plunge (between 25 and 60°) in the direc-
tion of the diatreme-dome complex, suggesting that the 
hydrothermal fluids ascended from deeper levels and 
that no lateral feeding from the veins to the carbonate 
replacement bodies took place. Rather, both veins in the 
diatreme breccia and carbonate replacement bodies may 
be the result of parallel and divergent ascending fluid 
paths within the same hydrothermal system (Figure 10). 
The pyrite-quartz-body and the pyrrhotite pipes zoned 
to Zn-Pb ores were channeled mainly along a NS direc-
tion, probably along the Longitudinal Fault, while the 
enargite-pyrite veins were controlled by EW faults and 
the carbonate replacement bodies along N35°E, N°120E 
and N°170E. 

Conclusions

In this study, it is confirmed that two stages of 
mineralization took place at Cerro de Pasco. The first 
mineralization stage consists of a pyrite-quartz body 
(stage IA) and vertical pyrrhotite pipes zoned outwards 
to Zn-Pb Fe-rich sphalerite-bearing ores (stage IB). The 
second mineralization stage comprises western enargite-
pyrite veins hosted in diatreme breccia and in the pyrite-
quartz body as well as carbonate replacement bodies, 
which are located on the eastern and central part of the 
present open pit.  The second stage displays a marked 
mineral zonation, better developed in the carbonate re-
placement bodies and less marked in the enargite-pyrite 
veins. It consists of a core zone (famatinite/enargite-py-
rite), an intermediate zone (tetrahedrite/tennantite, py-

rite, and Bi-minerals), an outer zone (Fe-poor sphalerite-
galena) which is poorly developed in the enargite-pyrite 
veins, and an outermost zone (magnetite-hematite-Fe-
Mn-Zn carbonates).The outermost zone is absent in the 
enargite-pyrite veins. 

The mineral assemblages of the first stage are 
characterized predominantly by low sulfidation states as 
indicated by pyrrhotite inclusions in pyrite and by the 
pyrrhotite pipes and related Zn-Pb ores bearing Fe-rich 
sphalerite. However, the presence of hematite within 
quartz from the pyrite-quartz body suggests that the flu-
ids were locally oxidizing, which is typical for exsolv-
ing magmatic fluids. It is concluded that the magmatic 
fluids were reduced by interaction with Excelsior Group 
rocks. The second mineralization stage contains high 
to intermediate sulfidation state mineral assemblages 
bearing Fe-poor sphalerite. Alteration minerals from 
the first (quartz-sericite-pyrite) and second (alunite and 
other APS minerals, kaolinite) stage are consistent with 
the environment of deposition determined with reac-
tions and mineral assemblages, temperature of fluids, 
redox conditions, and FeS content of sphalerite. High 
sulfidation states and very acidic and oxidizing condi-
tions were achieved and maintained in the cores of the 
second stage orebodies, even in those replacing carbon-
ate rocks. This suggests that each successive increment 
of fluid, even at constant flux, was shielded from the 
rock buffer due to the effects of the wall-rock alteration 
itself. The fluid progression with time in single veins 
and orebodies was from relatively low oxidation/sul-
fidation states to higher oxidation/sulfidation states and 
then returning to lower oxidation/sulfidation states. The 
second mineralization stage fluids had a limited interac-
tion with the Excelsior Group phyllite and shale, whose 
buffering capacity had been locally lowered by the first 
stage alteration. 

The first stage pyrite-quartz body and the pyr-
rhotite pipes zoned to Zn-Pb ores are emplaced N-S, 
following the Longitudinal Fault and the Cerro anti-
cline whereas the second stage enargite-pyrite veins are 
controlled by EW faults and the carbonate replacement 
bodies along N35°E, N°120E and N°170E.

The morphology of the second mineralization 
stage Fe-poor sphalerite-bearing carbonate replacement 
bodies, located on the eastern side of the open pit, show 
an upward-flaring pipe-like form with inclined plunge 
(between 25° and 60°) in the direction of the diatreme-
dome complex, suggesting that the hydrothermal fluids 
ascended from deeper levels and that no lateral feeding 
from the veins to the carbonate replacement bodies took 
place. It is concluded that both veins in the diatreme 
breccia and carbonate replacement bodies may be the 
result of parallel and divergent ascending fluid paths 
within the same hydrothermal system. 
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Appendix 1: FeS content (% mol) in sphalerite from the Cerro de 
Pasco deposit

Sample
Fe

wt%
Zn 

wt%
S  

wt% sum
FeS

mol%

Fe-rich sphalerite from mineralization stage IB

3RD BENCH

cpr 306 9.15 55.44 33.68 98.26 15.85

cpr 306 13.57 51.71 33.89 99.17 23.48

cpr 306 12.63 52.03 33.52 98.19 21.84

cpr 306 8.73 56.48 33.65 98.87 15.08

cpr 306 7.49 58.44 33.78 99.71 12.90

cpr 306 7.54 58.32 33.65 99.50 12.97

cpr 306 8.58 57.56 33.41 99.55 14.71

cpr 306 10.00 55.32 33.70 99.02 17.26

cpr 306 11.02 55.41 33.74 100.17 18.93

cpr 306 2.82 63.12 33.44 99.38 4.84

cpr 306 12.25 53.97 33.53 99.75 21.01

cpr 306 12.25 53.17 33.73 99.14 21.14

cpr 306 12.63 53.06 33.94 99.63 21.82

cpr 306 10.60 55.31 33.40 99.31 18.20

cpr 306 10.36 55.48 33.83 99.67 17.86

cpr 306 8.39 56.95 33.22 98.56 14.41

cpr 306 3.19 64.30 33.63 101.12 5.44

cpr 306 12.16 52.87 33.80 98.84 21.05

cpr 306 11.58 54.75 33.68 100.01 19.89

cpr 306 3.61 63.01 33.11 99.73 6.15

cpr 306 4.05 62.31 33.67 100.03 6.96

cpr 306 12.94 51.72 33.97 98.63 22.49

cpr 306 13.82 51.77 33.98 99.57 23.89

cpr 306 12.56 52.60 33.86 99.02 21.74

cpr 306 12.51 53.39 33.92 99.82 21.59

cpr 306 11.41 53.95 33.72 99.08 19.70

cpr 306 7.34 59.21 33.31 99.86 12.54

cpr 306 11.28 54.68 33.90 99.87 19.46

cpr 306 2.74 62.78 33.20 98.72 4.70

cpr 306 12.49 52.39 33.91 98.78 21.66

cpr 306 8.51 57.44 33.41 99.36 14.61

cpr 306 12.76 52.85 33.64 99.25 21.99

cpr 306 9.08 57.15 33.93 100.16 15.64

cpr 306 3.54 62.65 33.31 99.51 6.07

cpr 306 4.57 62.05 33.46 100.08 7.82

cpr 306 12.34 53.07 33.83 99.23 21.32

cpr 306 12.59 53.49 33.74 99.82 21.66

cpr 306 7.70 58.40 34.23 100.33 13.31

cpr 306 1.28 64.96 32.89 99.13 2.17

cpr 306 13.57 51.71 33.89 99.17 23.48

cpr 306 12.63 52.03 33.52 98.19 21.84

cpr 306 8.73 56.48 33.65 98.87 15.08

cpr 306 7.49 58.44 33.78 99.71 12.90

cpr 306 7.54 58.32 33.65 99.50 12.97

cpr 306 8.58 57.56 33.41 99.55 14.71

cpr 306 10.00 55.32 33.70 99.02 17.26

cpr 306 11.02 55.41 33.74 100.17 18.93

cpr 306 2.82 63.12 33.44 99.38 4.84

Appendix 1:(Cont.)

Sample
Fe

wt%
Zn 

wt%
S  

wt% sum
FeS

mol%

cpr 306 12.25 53.97 33.53 99.75 21.01

cpr 306 12.25 53.17 33.73 99.14 21.14

cpr 306 12.63 53.06 33.94 99.63 21.82

cpr 306 10.60 55.31 33.40 99.31 18.20

cpr 306 10.36 55.48 33.83 99.67 17.86

cpr 306 8.39 56.95 33.22 98.56 14.41

cpr 306 3.19 64.30 33.63 101.12 5.44

cpr 306 12.16 52.87 33.80 98.84 21.05

cpr 306 11.58 54.75 33.68 100.01 19.89

cpr 306 3.61 63.01 33.11 99.73 6.15

cpr 306 4.05 62.31 33.67 100.03 6.96

cpr 306 12.94 51.72 33.97 98.63 22.49

cpr 306 13.82 51.77 33.98 99.57 23.89

cpr 306 12.56 52.60 33.86 99.02 21.74

cpr 306 12.51 53.39 33.92 99.82 21.59

cpr 306 11.41 53.95 33.72 99.08 19.70

cpr 306 7.34 59.21 33.31 99.86 12.54

cpr 306 11.28 54.68 33.90 99.87 19.46

cpr 306 2.74 62.78 33.20 98.72 4.70

cpr 306 12.49 52.39 33.91 98.78 21.66

cpr 306 8.51 57.44 33.41 99.36 14.61

cpr 306 12.76 52.85 33.64 99.25 21.99

cpr 306 9.08 57.15 33.93 100.16 15.64

cpr 306 3.54 62.65 33.31 99.51 6.07

cpr 306 4.57 62.05 33.46 100.08 7.82

cpr 306 12.34 53.07 33.83 99.23 21.32

cpr 306 12.59 53.49 33.74 99.82 21.66

cpr 306 5.40 60.75 32.85 98.99 9.21

cpr 306 7.70 58.40 34.23 100.33 13.31

cpr 306 1.28 64.96 32.89 99.13 2.17

cpr 306 9.15 55.44 33.68 98.26 15.85

undeground mine (Level 1200, 8920E-9860N, piso 19)

cpr 315 0.06 67.53 33.33 100.92 0.10

cpr 315 0.53 66.79 33.26 100.58 0.90

cpr 315 0.73 64.47 33.67 98.88 1.27

cpr 315 0.75 65.53 33.89 100.17 1.29

cpr 315 0.39 66.26 33.38 100.03 0.67

cpr 315 0.77 66.53 33.46 100.77 1.31

cpr 315 0.07 67.03 33.17 100.28 0.12

cpr 315 0.05 66.91 33.18 100.14 0.08

cpr 315 0.37 65.93 33.48 99.79 0.64

cpr 315 0.75 64.34 33.46 98.56 1.30

cpr 315 0.10 67.27 33.42 100.79 0.16

cpr 315 0.97 66.01 33.32 100.31 1.66

cpr 315 0.17 67.18 33.13 100.47 0.29

cpr 315 0.44 66.88 33.53 100.84 0.75

cpr 315 0.05 67.73 33.23 101.00 0.08

cpr 315 0.22 67.36 34.07 101.64 0.37

cpr 315 0.58 66.01 33.13 99.72 0.99

cpr 315 1.11 66.11 32.91 100.13 1.88

cpr 315 1.49 64.15 33.39 99.03 2.56
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Sample
Fe

wt%
Zn 

wt%
S  

wt% sum
FeS

mol%

cpr 315 0.68 65.15 33.10 98.92 1.16

cpr 315 0.44 65.57 33.41 99.42 0.76

cpr 315 0.19 66.96 33.14 100.28 0.32

cpr 315 0.33 65.43 33.31 99.07 0.56

cpr 315 0.78 65.57 33.16 99.52 1.34

cpr 315 0.17 65.96 32.99 99.12 0.29

cpr 315 0.26 66.76 33.46 100.47 0.44

cpr 315 0.09 66.85 33.05 99.99 0.16

cpr 315 0.22 66.48 33.23 99.93 0.38

cpr 315 0.28 66.39 33.45 100.12 0.47

cpr 315 1.06 65.75 33.60 100.41 1.81

cpr 315 0.21 66.15 33.39 99.75 0.35

cpr 315 0.14 67.04 33.04 100.22 0.24

cpr 315 0.23 66.11 33.31 99.65 0.40

cpr 315 0.72 65.76 33.03 99.52 1.23

cpr 315 0.63 65.86 33.44 99.94 1.09

cpr 315 0.09 66.84 33.54 100.46 0.15

cpr 315 0.79 65.09 32.99 98.87 1.35

cpr 315 0.19 66.42 33.28 99.88 0.32

cpr 315 0.23 66.97 33.09 100.29 0.40

cpr 315 0.12 66.75 33.38 100.25 0.21

cpr 315 0.54 65.90 33.52 99.96 0.93

cpr 315 0.79 66.17 33.24 100.20 1.35

cpr 315 0.65 65.97 33.16 99.78 1.11

cpr 315 0.29 65.85 33.08 99.22 0.49

cpr 315 0.17 66.01 33.30 99.48 0.29

cpr 315 1.45 65.27 33.41 100.13 2.48

cpr 315 3.63 61.83 33.89 99.36 6.28

cpr 315 0.09 67.21 33.03 100.33 0.16

cpr 315 0.62 66.61 33.56 100.78 1.06

cpr 315 1.18 65.44 33.02 99.64 2.00

cpr 315 0.04 66.76 32.92 99.71 0.06

cpr 315 0.14 66.74 32.95 99.83 0.23

cpr 315 0.68 65.96 33.18 99.82 1.16

cpr 315 0.78 65.72 33.41 99.91 1.34

cpr 315 0.52 65.82 33.36 99.71 0.89

cpr 315 0.88 65.68 33.50 100.07 1.51

cpr 315 2.29 64.86 33.60 100.75 3.91

cpr 315 1.30 65.95 33.43 100.67 2.21

cpr 315 6.19 61.07 33.05 100.31 10.51

cpr 315 1.52 66.17 32.91 100.60 2.58

cpr 315 0.17 67.45 33.10 100.73 0.30

cpr 315 1.49 66.12 32.79 100.40 2.52

cpr 315 0.72 65.94 32.87 99.53 1.22

cpr 315 0.36 67.00 32.46 99.82 0.61

cpr 315 0.85 67.32 33.07 101.25 1.44

cpr 315 1.15 66.70 33.53 101.39 1.96

cpr 315 0.46 67.12 32.57 100.16 0.78

cpr 315 0.44 66.79 32.87 100.10 0.75

cpr 315 0.85 65.96 33.07 99.88 1.45

cpr 315 1.16 64.99 33.05 99.21 1.98

Appendix 1:(Cont.)

Sample
Fe

wt%
Zn 

wt%
S  

wt% sum
FeS

mol%

cpr 315 5.44 61.17 33.47 100.08 9.31

cpr 315 0.22 66.72 33.40 100.34 0.37

cpr 315 0.71 67.02 33.30 101.03 1.21

cpr 315 0.13 67.09 32.97 100.19 0.22

cpr 315 11.88 55.50 33.93 101.30 20.34

cpr 315 2.29 65.57 33.22 101.08 3.88

cpr 315 1.13 66.36 33.19 100.69 1.93

cpr 315 0.41 66.42 33.42 100.25 0.71

cpr 315 1.13 66.36 33.19 100.69 1.93

cpr 315 0.34 67.84 32.94 101.13 0.57

cpr 315 1.13 66.36 33.19 100.69 1.93

Tajo W marmatite

cpr 464 0.29 66.71 32.65 99.65 0.49

cpr 464 0.21 66.98 33.24 100.44 0.36

cpr 464 0.18 66.66 33.23 100.07 0.31

cpr 464 0.17 66.62 33.32 100.11 0.28

cpr 464 0.47 66.67 33.40 100.54 0.80

cpr 464 0.26 66.65 33.37 100.28 0.45

cpr 464 4.02 63.27 33.65 100.95 6.88

cpr 464 12.54 53.14 33.85 99.53 21.64

cpr 464 13.24 52.58 34.03 99.86 22.88

cpr 464 0.13 67.16 32.89 100.18 0.22

cpr 464 4.48 62.00 33.09 99.57 7.64

cpr 464 1.06 66.26 33.01 100.34 1.81

cpr 464 9.01 57.12 33.18 99.32 15.41

cpr 470 8.61 57.50 33.24 99.36 14.74

Fe-poor sphalerite from mineralization stage IIB

Bench 4310 Matagente

cpr 37 1.48 65.92 32.96 100.36 2.51

cpr 37 0.46 66.68 32.82 99.96 0.77

cpr 37 1.21 65.94 32.84 99.99 2.05

cpr 37 0.19 62.85 0.01 63.05 0.22

cpr 37 1.10 67.11 32.81 101.02 1.86

cpr 37 0.17 66.60 32.64 99.41 0.29

cpr 37 0.27 66.86 32.85 99.99 0.46

cpr 37 1.14 66.42 32.76 100.33 1.92

cpr 37 0.81 66.96 32.91 100.68 1.36

cpr 37 0.40 67.20 32.64 100.24 0.68

cpr 37 2.85 65.06 32.80 100.72 4.82

cpr 37 0.57 67.42 32.67 100.66 0.96

cpr 37 0.36 67.32 32.49 100.16 0.61

cpr 37 0.83 67.22 32.81 100.86 1.39

cpr 37 0.75 66.50 32.56 99.81 1.27

cpr 37 1.50 66.74 32.55 100.79 2.53

cpr 37 0.74 66.56 32.94 100.23 1.26

cpr 37 0.28 66.55 32.91 99.74 0.48

cpr 37 0.40 66.76 32.97 100.13 0.69

cpr 37 0.09 66.25 32.86 99.20 0.15

Matagente Cuerpo Nuevo

cpr 51 0.85 66.43 33.09 100.38 1.45

cpr 51 0.33 65.54 33.40 99.27 0.56
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Sample
Fe

wt%
Zn 

wt%
S  

wt% sum
FeS

mol%

cpr 51 0.17 65.82 33.45 99.44 0.30

cpr 51 0.29 65.31 33.16 98.75 0.49

cpr 51 0.17 65.37 33.43 98.97 0.29

cpr 51 0.25 67.05 33.00 100.31 0.43

cpr 51 0.43 64.96 33.26 98.65 0.73

Bench 4310 Matagente area

cpr 148 1.00 67.24 33.27 101.51 1.70

cpr 148 0.69 67.01 32.72 100.41 1.16

cpr 148 0.71 66.98 32.91 100.61 1.20

cpr 148 0.27 67.91 33.02 101.20 0.45

cpr 148 0.70 67.62 32.61 100.94 1.19

cpr 148 0.54 67.89 32.75 101.18 0.90

cpr 148 0.44 67.63 32.64 100.71 0.74

cpr 148 0.39 67.41 32.72 100.52 0.66

cpr 148 0.47 66.88 33.26 100.61 0.81

cpr 148 1.01 66.71 32.61 100.34 1.70

cpr 148 0.41 68.34 32.67 101.43 0.69

cpr 150 1.84 63.61 32.32 97.76 3.12

cpr 150 1.19 63.55 32.48 97.22 2.04

cpr 150 1.06 64.17 32.23 97.46 1.80

cpr 150 0.97 63.23 32.54 96.74 1.67

cpr 150 1.60 63.88 32.26 97.74 2.72

cpr 150 0.72 64.08 32.20 97.00 1.22

cpr 150 0.43 64.70 32.71 97.84 0.73

cpr 150 0.29 64.26 32.29 96.83 0.49

cpr 150 2.78 61.15 33.34 97.27 4.82

cpr 150 1.05 63.67 32.40 97.12 1.80

cpr 150 1.43 63.03 32.10 96.56 2.44

cpr 150 1.63 63.37 32.48 97.47 2.78

cpr 150 1.49 63.05 32.45 97.00 2.56

cpr 151 0.84 64.21 32.33 97.38 1.43

cpr 151 0.95 64.58 31.95 97.47 1.60

cpr 151 1.12 63.87 31.73 96.71 1.89

cpr 151 0.66 65.89 33.10 99.65 1.13

cpr 151 0.80 64.54 32.75 98.09 1.36

cpr 151 0.93 62.82 32.19 95.95 1.60

cpr 151 1.19 64.47 32.16 97.82 2.02

cpr 151 1.50 67.19 32.83 101.53 2.53

cpr 151 1.29 63.92 32.18 97.38 2.19

cpr 153 0.49 67.30 33.00 100.78 0.83

cpr 153 2.06 65.97 32.71 100.74 3.48

cpr 153 0.28 66.95 32.94 100.16 0.47

cpr 153 0.38 67.89 32.85 101.13 0.64

cpr 153 0.64 66.76 32.69 100.09 1.08

cpr 153 0.41 66.56 32.93 99.91 0.70

cpr 153 0.61 66.36 32.88 99.86 1.04

cpr 153 0.28 67.22 32.74 100.24 0.47

cpr 153 0.31 67.55 32.97 100.83 0.53

cpr 153 0.52 67.44 33.04 101.00 0.87

Appendix 1:(Cont.)

Sample
Fe

wt%
Zn 

wt%
S  

wt% sum
FeS

mol%

San alberto

cpr 483 0.43 66.58 33.64 100.65 0.73

cpr 483 0.71 65.20 33.65 99.55 1.22

cpr 483 0.70 66.90 33.73 101.33 1.19

cpr 483 0.31 66.57 33.42 100.30 0.53

cpr 483 1.23 67.04 33.36 101.63 2.08

cpr 483 1.24 66.00 33.35 100.59 2.12

cpr 483 0.78 66.57 33.45 100.79 1.32

cpr 483 1.31 65.63 33.66 100.59 2.25

cpr 483 1.15 64.66 33.03 98.84 1.97

cpr 483 0.49 66.70 33.47 100.66 0.83

cpr 483 1.22 65.57 33.59 100.37 2.08

cpr 483 0.55 66.11 33.32 99.97 0.93

cpr 483 0.55 66.14 33.34 100.03 0.93

cpr 483 1.40 65.50 33.65 100.55 2.39

cpr 483 0.96 66.85 33.57 101.38 1.64

cpr 483 2.00 65.17 33.69 100.86 3.42

cpr 483 0.67 67.21 33.84 101.72 1.14

cpr 483 1.13 66.83 33.80 101.76 1.93

cpr 483 0.90 66.47 33.13 100.50 1.53

cpr 483 1.70 65.70 33.07 100.48 2.89

cpr 483 0.78 67.24 33.46 101.48 1.33

cpr 483 1.11 66.61 33.55 101.27 1.89

cpr 483 0.86 66.80 33.59 101.25 1.47

cpr 483 0.90 66.46 33.54 100.91 1.54

cpr 483 0.48 67.40 33.63 101.51 0.81

Fe-rich mixed crosscut by Fe-poor sphalerite in the center of 
open pit and underground

DDH CP-00-108

cpr 75 10.96 55.79 33.75 100.50 18.80

cpr 75 6.80 61.04 34.17 102.01 11.65

cpr 75 11.32 55.90 33.77 100.99 19.38

cpr 75 1.30 64.91 33.03 99.25 2.22

cpr 75 0.70 66.04 32.97 99.71 1.19

cpr 75 1.21 63.78 33.07 98.06 2.09

cpr 75 0.79 64.83 32.58 98.20 1.35

cpr 75 11.32 55.90 33.77 100.99 19.38

cpr 75 1.30 64.91 33.03 99.25 2.22

cpr 75 0.70 66.04 32.97 99.71 1.19

cpr 75 1.21 63.78 33.07 98.06 2.09

cpr 75 0.79 64.83 32.58 98.20 1.35

cpr 75 10.96 55.79 33.75 100.50 18.80

cpr 75 6.80 61.04 34.17 102.01 11.65

cpr 76 5.89 61.85 33.79 101.54 10.06

cpr 76 0.53 66.58 33.72 100.82 0.90

cpr 76 1.34 65.62 33.26 100.22 2.29

cpr 76 0.50 65.44 33.53 99.46 0.86

cpr 76 0.23 67.80 33.28 101.31 0.39

cpr 76 0.71 66.64 33.18 100.53 1.21

cpr 76 0.50 67.60 33.35 101.44 0.84
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Sample
Fe

wt%
Zn 

wt%
S  

wt% sum
FeS

mol%

cpr 76 0.96 66.94 33.41 101.31 1.63

cpr 76 3.56 62.43 32.30 98.29 6.04

cpr 76 13.44 52.30 34.10 99.84 23.25

cpr 82 0.04 65.86 32.77 98.67 0.07

cpr 82 0.04 65.24 32.85 98.13 0.06

cpr 82 0.01 64.91 33.16 98.08 0.02

cpr 82 0.15 64.75 33.36 98.27 0.25

cpr 82 0.20 65.32 32.72 98.24 0.33

cpr 82 0.04 67.31 33.16 100.51 0.07

cpr 82 0.07 67.60 33.32 100.98 0.11

cpr 82 0.07 66.33 33.40 99.79 0.11

cpr 82 0.06 67.43 33.42 100.91 0.10

cpr 82 0.06 65.33 33.29 98.68 0.10

cpr 82 0.13 66.57 33.44 100.14 0.22

cpr 82 0.08 65.76 33.48 99.33 0.14

cpr 82 0.06 67.18 33.47 100.71 0.10

cpr 82 0.05 66.52 33.45 100.02 0.09

cpr 82 0.16 67.20 33.23 100.59 0.27

cpr 82 0.12 65.77 33.45 99.34 0.20

cpr 85 0.31 68.04 33.22 101.57 0.52

cpr 85 1.37 65.78 33.53 100.68 2.34

cpr 85 1.40 66.36 33.39 101.14 2.38

cpr 85 1.40 65.35 33.32 100.07 2.39

cpr 85 0.71 66.68 33.56 100.95 1.21

cpr 85 0.67 66.64 33.32 100.62 1.13

cpr 90 1.11 66.39 33.52 101.02 1.90

cpr 90 1.40 66.00 33.56 100.96 2.38

cpr 90 1.37 66.31 33.54 101.23 2.34

cpr 90 1.20 66.28 33.31 100.79 2.04

cpr 90 0.59 66.70 33.59 100.88 1.00

cpr 90 0.44 66.78 33.30 100.52 0.76

cpr 90 0.49 66.31 33.59 100.39 0.84

cpr 90 0.48 66.77 33.57 100.82 0.81

cpr 90 1.14 66.79 33.47 101.40 1.93

cpr 90 0.31 66.97 33.75 101.03 0.54

cpr 90 1.72 65.96 33.45 101.13 2.92

cpr 90 1.77 66.01 33.23 101.01 3.01

cpr 90 0.39 67.69 33.37 101.44 0.66

cpr 90 0.51 67.55 33.61 101.66 0.87

Diamante area 4200 bench

cpr 417 12.64 51.66 33.43 97.72 21.87

cpr 417 10.38 55.26 33.21 98.86 17.81

cpr 417 7.13 57.64 32.81 97.57 12.23

cpr 417 5.00 61.53 32.94 99.47 8.51

cpr 417 5.39 59.12 32.93 97.45 9.28

cpr 417 0.44 65.54 32.49 98.47 0.75

cpr 417 0.31 64.75 32.59 97.65 0.53

cpr 417 0.25 65.41 32.61 98.27 0.43

cpr 417 0.19 66.82 32.92 99.93 0.32

cpr 417 0.14 67.12 33.19 100.45 0.24

Appendix 1:(Cont.)

Sample
Fe

wt%
Zn 

wt%
S  

wt% sum
FeS

mol%

cpr 417 1.41 65.85 32.95 100.21 2.39

cpr 417 2.23 63.06 32.81 98.10 3.82

cpr 417 1.89 64.48 32.96 99.33 3.22

cpr 417 8.03 58.41 33.70 100.14 13.78

cpr 417 0.99 66.23 33.54 100.77 1.69

Diamante area 4200 bench

cpr 418 2.40 65.02 32.29 99.72 4.05

cpr 418 1.14 66.91 33.30 101.35 1.93

cpr 418 1.05 66.58 33.08 100.71 1.77

cpr 418 1.10 66.52 33.24 100.86 1.87

cpr 418 1.25 65.85 32.54 99.64 2.12

cpr 418 1.50 65.47 32.57 99.54 2.53

cpr 418 0.72 67.24 32.77 100.74 1.22

cpr 428 1.38 67.36 32.72 101.45 2.32

cpr 428 0.65 67.74 32.53 100.92 1.09

cpr 428 0.69 67.03 32.76 100.49 1.16

cpr 428 0.72 66.82 32.70 100.24 1.22

cpr 428 1.00 67.84 32.42 101.26 1.68

cpr 428 0.71 66.81 32.91 100.42 1.20

cpr 428 0.67 67.67 32.91 101.26 1.14

cpr 428 0.72 67.36 32.96 101.04 1.22

cpr 428 0.98 66.84 32.36 100.17 1.64

cpr 428 1.01 67.17 33.37 101.55 1.71

cpr 428 0.92 67.24 33.12 101.29 1.56

cpr 428 0.93 67.28 33.25 101.46 1.58

cpr 428 1.45 66.73 33.11 101.30 2.46

cpr 428 1.67 66.83 32.70 101.20 2.81

cpr 428 1.34 66.40 32.66 100.40 2.26

cpr 428 2.02 65.85 32.58 100.45 3.40

cpr 428 1.62 66.36 32.82 100.80 2.74

cpr 428 1.29 65.98 33.03 100.30 2.19

cpr 428 1.62 66.57 32.99 101.18 2.73

cpr 428 1.76 65.80 32.89 100.45 2.99

cpr 428 2.65 65.06 33.31 101.02 4.50

cpr 428 1.73 66.25 32.65 100.62 2.91

cpr 428 12.51 53.59 33.64 99.74 21.50

cpr 428 9.02 58.22 32.20 99.44 15.19

cpr 428 8.99 58.41 33.28 100.67 15.29

cpr 428 2.81 64.58 32.64 100.02 4.75

cpr 428 3.52 64.45 32.19 100.15 5.90

cpr 428 2.06 65.98 32.30 100.34 3.45

cpr 428 1.40 67.36 32.84 101.59 2.35

cpr 428 1.44 66.65 32.91 101.00 2.43

cpr 428 1.20 66.73 32.77 100.69 2.02

cpr 428 0.92 66.43 32.61 99.96 1.55

cpr 428 1.28 66.25 32.95 100.47 2.17

cpr 428 0.99 67.40 32.74 101.14 1.67

cpr 431 7.70 58.43 33.80 99.93 13.26

cpr 431 6.13 61.26 33.64 101.03 10.47

cpr 431 6.35 60.49 33.45 100.29 10.85

cpr 431 0.29 67.21 33.14 100.63 0.49
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Sample
Fe

wt%
Zn 

wt%
S  

wt% sum
FeS

mol%

cpr 431 0.18 67.69 33.25 101.11 0.30

cpr 431 0.25 67.81 33.24 101.30 0.43

cpr 431 8.06 58.71 33.58 100.35 13.80

cpr 431 7.67 59.33 33.46 100.45 13.10

cpr 431 1.51 66.28 33.34 101.13 2.57

cpr 431 0.39 67.20 33.30 100.89 0.66

cpr 431 0.54 66.59 33.33 100.46 0.92

cpr 431 0.36 66.86 33.36 100.59 0.62

cpr 431 1.02 66.38 33.44 100.84 1.74

cpr 431 1.81 65.64 33.21 100.66 3.07

cpr 431 6.67 60.47 33.52 100.66 11.39

cpr 431 8.89 58.15 33.70 100.73 15.21

cpr 431 2.10 65.15 33.26 100.52 3.58

cpr 431 0.21 67.42 33.41 101.04 0.35

cpr 431 8.75 57.15 33.71 99.60 15.06

cpr 431 7.31 59.81 33.72 100.84 12.51

cpr 431 5.53 61.23 33.52 100.28 9.46

cpr 431 1.07 66.80 33.05 100.91 1.82

cpr 431 2.18 64.94 33.23 100.34 3.71

cpr 431 0.38 66.95 33.23 100.56 0.65

cpr 431 0.88 66.45 33.09 100.43 1.50

cpr 431 9.54 57.19 33.81 100.54 16.37

2nd ramp NE

cpr 457 8.24 59.19 31.04 98.47 13.70

cpr 457 4.36 62.60 32.06 99.02 7.34

S open pit

cpr 482 0.06 67.82 33.76 101.64 0.10

cpr 482 0.02 67.26 33.36 100.64 0.04

cpr 482 0.01 67.38 33.47 100.87 0.02

cpr 482 0.15 67.03 33.45 100.63 0.26

cpr 482 0.15 67.67 33.32 101.14 0.25

cpr 482 0.19 66.96 33.43 100.58 0.32

cpr 482 4.08 62.63 33.52 100.22 6.98

cpr 482 0.13 66.87 33.40 100.40 0.22

cpr 482 0.16 66.61 33.33 100.10 0.27

cpr 482 1.89 63.01 33.76 98.67 3.28

cpr 482 5.53 60.90 33.92 100.34 9.51

cpr 482 0.29 66.26 33.73 100.28 0.50

cpr 482 0.16 67.48 33.38 101.02 0.27

cpr 482 6.84 60.27 33.97 101.07 11.73

cpr 482 10.45 55.70 33.94 100.09 18.01

cpr 482 0.03 66.71 33.46 100.20 0.04

cpr 482 5.56 60.84 33.97 100.38 9.58

cpr 482 4.72 60.26 33.66 98.64 8.16

cpr 482 2.61 63.87 33.59 100.07 4.48

cpr 482 6.87 59.40 34.65 100.93 11.92

cpr 482 6.17 60.04 33.80 100.01 10.61

cpr 482 4.66 62.03 33.58 100.27 7.98

cpr 482 0.99 65.70 33.36 100.06 1.70

cpr 482 3.51 61.31 33.29 98.11 6.05
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Timing and duration of the Mid-Miocene magmatic-

hydrothermal system of the Cerro de Pasco polymetallic 
deposit, Central Peru:

An integrative U-Pb, 40Ar/39Ar, Rb-Sr, and Pb isotope 
study.

Regina Baumgartner, Lluís Fontboté Richard Spikings, Maria Ovtcharova, Jens Schneider

Department of Mineralogy, University of Geneva, 13 Rue des Maraichers, Switzerland

And Lawrence Page

Department of Geology, Lund University, Sölvegatan 12, 22362 Lund, Sweden

Abstract

The Cerro de Pasco epithermal Cordilleran base metal deposit, located in central Peru, is constituted by two 
mineralization stages which are spatially and genetically related to a Mid-Miocene diatreme-dome complex. In or-
der to gain information on the absolute duration of the magmatic-hydrothermal system at Cerro de Pasco, U-Pb age 
determinations and Hf isotope determinations on single zircon grains as well as a step-wise IR-CO2 laser 40Ar/39Ar 
age determinations on biotite from intrusive rocks, on sericite, and alunite related to the first and second mineraliza-
tion stage, respectively, have been conducted. This study has been complemented by Rb-Sr and Pb isotope analyses 
of sericite and associated pyrite.

The single zircon U-Pb survey reveals that the ages of an accretionary lapilli tuff from a collapsed block 
within the diatreme (15.36 ± 0.03 Ma), a dacitic porphyry dome in the diatreme (15.40 ± 0.07 Ma) and two quartz-
monzonite porphyritic dykes emplaced into the diatreme-dome complex (15.35 ± 0.35 Ma and 15.16 ± 0.03 Ma) are 
comprised within a time span of 350’000 yr . No field evidence has been found so far that magmatic activity at the 
surface could have started earlier than the formation of the diatreme-dome complex.

Step-wise IR-CO2 laser 40Ar/39Ar ages have been obtained on the second mineralization stages alunite samples 
from advanced argillic altered domes and from halos of oxidized enargite-pyrite veins in the Venencocha and Santa 
Rosa, located on the northwestern margin of the diatreme-dome complex and on the southern part of the Cerro de 
Pasco open pit, respectively. 40Ar/39Ar alunite ages cluster between 14.54 ± 0.08 and 14.41 ± 0.07 Ma. This age 
consistency suggests that advanced argillic alteration related to the second mineralization stage at Cerro de Pasco 
has been produced during a short period of around 100’000 yr. Three alunite ages at 12.39 ± 0.06, 12.13 ± 0.07 Ma, 
and 10.94 ± 0.1 Ma, outliers of the main age cluster (14.5 - 14.4 Ma), are interpreted to have probably experienced 
resetting by late circulating fluids. Therefore, magmatic-hydrothermal activity at Cerro de Pasco appears to have 
lasted for around 1 My, from 15.4 to 14.5 Ma, a relatively short time span for such a large mineralized system but 
in the same range as at the nearby Mid Miocene Colquijirca District. 

An attempt to date more precisely the first mineralization stage, bracketed in time between the quartz-mon-
zonite dykes and the second mineralization stage, i.e. between 15.1 and 14.5 Ma, has failed because 40Ar/39Ar ages 
obtained on sericite occurring in the alteration halo of the pyrite-quartz body are not reliable probably due to inher-
ited argon derived from micas contained in Paleozoic clasts within the diatreme breccia. 

 Rb-Sr data for sericite and Pb isotopes measured on pyrite and sericite indicates binary geochemical mix-
ing between Miocene magmatic and Paleozoic basement sources. Lead isotopic compositions of pyrite and sericite 
(206Pb/204Pb = 18.743 - 18.922, 207Pb/204Pb = 15.629 - 15.660, 208Pb/204Pb = 38.789 - 38.958) are comparable to those 
published previously of galena at Cerro de Pasco, Colquijirca, San Cristobal, and Morococha, and are explained by 
magmatic mixing of enriched upper mantle-derived lead and radiogenic upper crustal rocks lead.
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Introduction

The timing and duration of ore-forming mag-
matic-hydrothermal systems is a fundamental question 
for the genesis of mineral deposits related to magmatic 
intrusions, such as porphyry copper deposits, epither-
mal precious metal high-sulfidation and epithermal 
Cordilleran-type base metal deposits. These are known 
worldwide in settings of various geological ages but are 
most common in Tertiary host rocks. During the last 20 
years, geochronological research on intrusion-related 
deposits has been conducted in order to constrain the 
lifespan of hydrothermal activity (e.g. Warnaars et al., 
1978; Snee et al., 1988; Marsh et al., 1997; Masterman 
et al., 2005)�����������������������������������������     . ���������������������������������������    It appears that protracted magmatic-hy-
drothermal systems persisting several million years and 
comprising multiple magmatic events and two or more 
main hydrothermal pulses are common characteristics 
of porphyry copper systems (e.g., Chuquicamata and La 
Escondida, Ossandón et al., 2001; Padilla Garza et al., 
2001). Single hydrothermal pulses would last generally 
in the order of 50’000 to 100’000 y (Henry et al., 1997; 
Muntean and Einaudi, 2001; Seedorff et al., 2005).

The Cerro de Pasco polymetallic deposit is locat-
ed in central Peru and is spatially related to a Mid-Mio-
cene diatreme-dome complex. The deposit is mainly 
hosted by Mesozoic carbonate rocks (Pucará Group) 
and the diatreme-dome complex itself. The timing of 
the ore-forming, magmatic-hydrothermal events at 
Cerro de Pasco was only poorly known. Silberman and 
Noble (1977) reported a K/Ar study on the magmatic 
rocks but no ages were available for minerals related 
to the mineralization. This paper presents a geochro-
nological study of volcanic rocks, intrusive dykes, and 
selected hydrothermal mineral phases from the Cerro de 
Pasco district. High-precision single zircon U-Pb and 
stepwise IR-CO2-laser 40Ar/39Ar geochronology on bio-
tite, sericite and alunite has been combined with field 
observations to resolve the chronology and duration of 
magmatic and of ore-forming hydrothermal events. This 
study has been complemented by Rb-Sr and Pb isotope 
analyses of sericite and associated pyrite in order to 
trace the source of these elements and by a petrographic 
and geochemical study of the analyzed volcanic rocks. 

This paper is a companion paper of Baumgart-
ner and Fontboté (Part I) where a detailed mineralogical 
study on the first and second mineralization stages with 
an emphasis on the environment of deposition is re-
ported. In addition, a detailed fluid inclusion and stable 
isotope study is reported by Baumgartner et al. (Part III) 
indicating that the ore-forming fluids were principally 
issued from mixing between magmatic fluids and isoto-
pically exchanged meteoric waters for both mineraliza-
tion stages. In the second stage, sporadic incursions of 
SO2 vapor plumes acidified the diluted brines. 

Regional Geology

The Cerro de Pasco district (10°41S, 76°16W) lies 
on the Andean plateau, at an elevation of 4300 m.a.s.l.. 

It is located in the flat slab segment of the Peruvian An-
des, corresponding to the Nazca ridge subduction since 
the Mid-Miocene (Rosenbaum et al., 2005 and refer-
ences therein) and causing the gap of the present-day 
volcanism (Barazangi and Isacks, 1976; Hasegawa, 
1981; Pilger, 1981; Gutscher et al., 2000; Rosenbaum 
et al., 2005). Recent studies (Rosenbaum et al. 2005; 
Hampel 2002, Gutscher et al. 1999) have attempted a 
kinematic reconstruction for the Nazca ridge and Inca 
plateau (Gutscher et al., 1999) for the Miocene (15-5 
Ma) and concluded that the arrival of the Nazca ridge 
at the subduction zone occurred in the mid-Miocene (15 
Ma, Rosenbaum et al., 2005). This timing may corre-
spond approximately to the magmatic and related hy-
drothermal activity at Cerro de Pasco.

A regional N-S “Longitudinal Fault” juxtaposes 
Paleozoic metamorphic rocks with Mesozoic sedimen-
tary rocks in the area (Fig. 1). In the Cerro de Pasco open 
pit, the Longitudinal Fault is believed to be represented 
by high-angle N15°W striking reverse faults (Fig. 2). 
The main part of the Longitudinal Fault is probably not 
observable because it most likely coincides with the 
emplacement of the diatreme but it is more obvious N 
and S of the diatreme. The oldest rocks exposed in the 
Cerro de Pasco district are Devonian metamorphosed 
shale, phyllite, and quartzite, which belong to the Ex-
celsior Group (Jenks, 1951). This Group is unconform-
ably overlain by Permo-Triassic Mitu Group redbeds 
consisting of sandstone and conglomerate derived from 
continental erosion of mainly volcanic sequences. They 
contain milky quartz pebbles and Excelsior Group-de-
rived argillaceous material. In the eastern part of the dis-
trict, the Mitu Group is covered by a thick (up to 3000 
m) Upper Triassic-Lower Jurassic carbonate sequence 
belonging to the Pucará Group (McLaughlin, 1924; 
Jenks, 1951; Angeles, 1999). This sequence is mainly 
composed of dolomite, doloarenite, cherty dolomite, bi-
tuminous dolomite, and fossiliferous massive dolomite. 
To the west of the longitudinal fault, the Pucará Group 
is only 300 m thick and consists of thin-bedded, light 
colored limestone (Jenks, 1951; Angeles, 1999). Fol-
lowing multiple Early Miocene deformation episodes, 
the region was affected by intense magmatic activity 
during the Mid-Miocene, forming large diatreme-dome 
complexes in the Cerro de Pasco and Colquijirca dis-
tricts, the latter located 10 km to the south of Cerro de 
Pasco (Fig. 1). At Yanamate, located 4 km to the south-
east of Cerro de Pasco, a smaller diatreme-dome com-
plex occurs (Fig. 1). 

Mineralization at Cerro de Pasco is mainly con-
centrated along the eastern margin of a diatreme-dome 
complex (Fig. 1 and 2) which is 2.5 km in diameter and 
emplaced along the Longitudinal Fault separating the 
Pucará Group limestone and Excelsior Group phyl-
lite (Fig. 1). The diatreme-dome complex is composed 
mainly of a diatreme breccia, dacitic porphyritic domes 
and quartz-monzonite porphyritic dykes, described be-
low. The diatreme breccia (historically named Rumial-
lana agglomerate) mostly occupies at present the larger, 
inner portion of the diatreme (Fig. 2). In the Santa Rosa 
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Fig. 1: Geology (modified from Bendezú et al. 2003) and schematic west-east (A-A’) cross section of the Cerro 
de Pasco district. The lower cross-section illustrates the Mid-Miocene topography at Cerro de Pasco.
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Fig. 2: Geological map of the diatreme-dome complex, compiled from Rogers, (1983) and Huanqui (1994) and 
of the Cerro de Pasco open pit. U-Pb ages on zircon and 40Ar/39Ar ages on biotite and alunite are shown. Abbrevia-
tions are: alu = alunite, bt = biotite, and zr = zircon.
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area, in the southern part of the open pit, diatreme brec-
cia occurs outside the diatreme probably as a pyroclastic 
flow. It consists of angular to sub-rounded clasts of vari-
able size (1-100 mm) and of different origin (Fig. 3A) 
including clasts of Excelsior phyllite, Mitu sandstone, 
Pucará limestone, tuff clasts, and a small portion of al-
tered porphyritic igneous rocks occur within the brec-
cia. Lacy (1949) reported the presence of volcanic glass 
which was either altered to sericite or recrystallized to 
form a fine mat of intercalating feldspar laths. 

Base surge deposits such as accretionary lapilli 
showing cross-bedding have been observed in the 
northwestern part of the diatreme (Fig. 3B and C). The 
base surge deposits present in the diatreme do not show 
lateral continuity and are thus believed to be blocks of 
subaerial ring tuff collapsed into the diatreme. Large 
blocks of Mitu and Pucará Group wall-rock collapsed 
into the diatreme occur mainly on the northwestern side 
of the diatreme.

 Dacitic to rhyodacitic porphyritic domes are em-
placed at the southwestern (Rogers, 1983) and northern 
margins of the diatreme (Fig. 2 and 3E). Flow banding 
defining domal structures can be observed and Silber-
man and Noble (1977) report local subhorizontal flow 
foliation.

The diatreme-dome complex is cut by E-W-trend-
ing dykes and irregular bodies of quartz-monzonite por-
phyries (Fig. 2). These magmatic bodies pass into the 
Pucará carbonate rocks (Fig. 3G). In the vicinity of the 
pyrite-quartz body, the dykes are altered to sericite-py-
rite. Lacy (1949) and Silberman and Noble (1977) re-
port the presence in the underground mine of albitized 
quartz-monzonite porphyry dykes which cut the E-W 
enargite-pyrite veins. They cut a vein at the 1400 and 
1600 levels (3915 and 3855 m) of the underground mine 
and similar dykes are observed at the 2500 level (3565 
m) along the northeastern side of the diatreme. 

Structural aspects characteristic of the diatreme, 
such as ring faults can be observed mainly along its 
northern and eastern margins. Furthermore, a structural 
control of the diatreme emplacement is obvious since 
it lies on a major regional fault, the Longitudinal Fault. 
A complex fault set is present in the open pit and fol-
lows N35°E, N90°E, N120°E, and N170°E orientations 
and dip vertically (Fig. 4). The N35°E, N120°E, and 
N170°E faults are interpreted by Ward (1961) sinistral 
and/or dextral strike slip faults which formed by com-
pression in the later stages of folding.

Hydrothermal alteration and 
mineralization

Mineralization at Cerro de Pasco is mainly con-
centrated along the eastern margin of a diatreme-dome 
complex (Fig. 1 and 2) in carbonate rocks as well as in 
the diatreme breccia rocks and consists of two miner-
alization stages. A detailed mineralogical study on the 
two mineralization stages has been presented by Einaudi 
(1977) and Baumgartner and Fontboté (Part I) and the 
following section is a summary of their descriptions. 

The first mineralization stage includes a large 
pyrite-quartz body and pyrrhotite bodies zoned to Zn-
Pb ores bearing Fe-rich sphalerite emplaced in Pucará 
carbonate rocks. An alteration halo composed of seric-
ite, pyrite, and quartz is present in the quartz-monzo-
nite porphyritic dykes and the diatreme breccia rocks 
in contact with the pyrite-quartz body (Fig. 5A and C). 
The pipe-like pyrrhotite bodies zoned to Zn-Pb ores 
bearing Fe-rich sphalerite (Fig. 6) are characterized by 
low sulfidation state assemblages (pyrrhotite, Fe-rich 
sphalerite, arsenopyrite as well as pyrite, Fe-rich sphal-
erite). The first mineralization stage is possibly formed 
by diluted brines (0-11 wt % NaCl equiv at 190 to 275 
°C, Baumgartner et al., Part III)

The second mineralization stage consists of Cu-
Ag-(Au-Zn-Pb) enargite-pyrite veins hosted in the dia-
treme breccia on the western part of the open pit and Zn-
Pb-(Bi-Ag-Cu) Pucará carbonate-hosted replacement 
bodies in the eastern and central open pit. The core zone 
of both veins and replacement bodies are characterized 
by high sulfidation assemblages (enargite/famatinite-
pyrite) and advanced argillic alteration including alu-
nite (KAl3(SO4)2(OH)6) and quartz while the intermedi-
ate and outer zones are characterized by intermediate 
sulfidation state assemblages (tennantite/tetrahedrite- 
and Fe-poor sphalerite-pyrite) and advanced argillic to 
argillic alteration (hinsdalite, dickite, kaolinite). On the 
northwestern margin of the diatreme-dome complex, 
in the Venencocha area, located 2.5 km away from the 
open pit (Fig. 2), pervasively altered domes and altered 
halos of oxidized veins, trending N50°E to N90°E and 
hosted in sedimentary rocks and diatreme breccia, con-
tain alunite, zunyite (Al13Si5O20(OH,F)18Cl), and quartz, 
typical of advanced argillic alteration (Fig. 7 and 8). 
The same alteration pattern occurs also in the Santa 
Rosa area. The oxidized veins at Venencocha and Santa 
Rosa are interpreted to be the equivalent of the second 
mineralization stage enargite-bearing veins in the west-
ern part of the Cerro de Pasco open pit (Baumgartner et 
al. Part III) because they show the same orientation and 
contain the same alteration minerals. The oxidized and 
acidic ore-forming fluids of the second mineralization 
stage were possibly diluted brines (0.5 to 11 wt % NaCl 
equiv at 180 to 260°C).

Relative chronology of magmatic-
hydrothermal events and previous 

geochronological work

At Cerro de Pasco, the following observations 
concerning the crosscutting relationships of magmatic 
rocks and mineralization stages can be made: (i) the 
quartz-monzonite porphyry dykes cut the diatreme and 
pass into the carbonate rocks, (ii) the quartz-monzonite 
porphyry dykes are cut by the two mineralization stages; 
Lacy (1949) reports the presence of late albitized dykes 
which would cut the enargite-pyrite veins of the second 
mineralization stage. During this work, this observation 
could not be reproduced. Concerning the mineralization 
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Fig. 3: Photo and microphotographs of rocks and textures from the diatreme-dome complex. A) Diatreme breccia 
showing clasts of the Excelsior, the Mitu and the Pucará Group. Note that the sample is slightly propyllitic altered. 
B) Outcrop of accretionary lapilli inside the diatreme showing cross bedding. C) Macroscopic sample showing the 
accretionary lapilli in a matrix of ash. D) Microscopic view of an accretionary lapilli with a rim-type texture (double 
crossed nicols, CPR 602). E) Dacitic dome cropping out in the southwestern margin of the diatreme-dome complex. 
Sample location of CPR 603. F) Microscopic view and texture of a dacitic dome (CPR 603) showing a slight propyl-
litic alteration. G) Open pit view (looking to the east)with quartz-monzonite porphyry dykes passing into carbonate 
rocks. Sample location for CPR 472. H) Microphotograph of a quartz-monzonite porphyry dyke (CPR 472, double 
crossed nicols).  



73

Part II

Fig. 4: Geological map of the Cerro de Pasco open pit showing the rock units, the structure, and the different 
mineralization stages, based on maps of the Cerro de Pasco Geology staff. Lines labeled A-A’ indicate location of 
cross sections in Fig. 6
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stages, crosscutting relationships indicate that (i) the 
pyrite-quartz body is replaced by the pyrrhotite pipes; 
(ii) the first stage Zn-Pb ores bearing Fe-rich sphalerite 
constitute the external part of a zoned sequence around 
the pyrrhotite pipes; and (iii) the first mineralization 
stage pyrite-quartz body and the Zn-Pb ores bearing Fe-
poor sphalerite are cut by the second stage enargite-py-
rite veins and carbonate replacement bodies (Fig. 9).  

In a previous geochronological study (K-Ar) 
of the diatreme-dome complex rocks, Silberman and 
Noble (1977) reported five K-Ar ages from biotite, pla-
gioclase and sanidine samples. According to Silberman 
and Noble (1977) biotite, plagioclase and sanidine were 
collected from “units intruded after the emplacement of 
the Rumillanana Agglomerate” i.e. the diatreme breccia, 
and “before the formation of the pyrite-quartz body and 
various economically important orebodies”. The quartz-
monzonite porphyry dykes were dated at 15.0 ± 0.5 Ma, 
14.6 ± 0.4 Ma, and 14.2 ± 0.4 Ma and the dacitic domes 
at 14.8 ± 0.4 Ma and 14.0 ±  0.4 Ma (Fig. 2). A sanidine 
from an albitized quartz-monzonite porphyry dyke, in-
terpreted as cutting the enargite-pyrite veins, yielded 
an age of 15.2 ± 0.2 Ma. Silberman and Noble (1977) 
concluded that the latter age suffered from extraneous 
argon and should be around 1 Ma younger. In addition 
they concluded that the 14 Ma ages were possibly reset 
by hydrothermal alteration because most of the sanidine 

samples were sericitized. 
In the Colquijirca district, 10 km to the south of 

Cerro de Pasco, a porphyritic dacitic dome occurring at 
Huacchuacaja at the western part of the diatreme dome 
complex of Marcapunta, (Fig. 1) has been dated with 
40Ar/39Ar on three biotite concentrates by Bendezú et al. 
(2003), yielding ages at 12.43 ± 0.06 Ma, 12.7 ± 0.1 Ma, 
and 12.9 ± 0.1 Ma. This dome is slightly altered, with 
biotite being locally replaced by chlorite, which might 
affect the 40Ar/39Ar age. At the Colquijirca deposit, Ben-
dezú et al. (2003) and Bendezú (2007) report absolute 
ages of Cordilleran base metal and high sulfidation Au-
(Ag) mineralization using 40Ar/39Ar on alunite. Alunite 
samples related to the Au-(Ag) epithermal ores have 
been dated between 11.90 ± 0.07 and 11.10 ± 0.06 Ma 
and those from the Cordilleran base metal ores yield 
ages ranging from 10.83 ± 0.06 to 10.56 ± 0.08 Ma. 
These authors conclude that the duration of the mag-
matic-hydrothermal cycle was at least of 1.5 My. 

At Yanamate, the diatreme-dome complex lo-
cated between Cerro de Pasco and Colquijirca (Fig. 1), 
two slightly discordant plagioclase and whole rock K/
Ar ages on a granodioritic porphyry stock are reported 
by Soler and Bonhomme (1988). The dated plagioclase 
phenocrysts and the whole rock are partly sericitized 
and give two ages of 13.1 ± 1.1 and 15.2 ± 0.4 Ma, re-
spectively, both of which are considered by the authors 

A

2 cm 

B

2 cm

C

1 mm

D

Fig. 5: A) Open-pit view of the pyrite-quartz body with its sericite-pyrite alteration halo in the diatreme breccia. 
B) Albitized dyke occurring in the underground mine. C) Diatreme breccia altered to sericite-pyrite. D) Book biotite 
in transversal section showing expanded accordion-like textures with interbanded calcite and muscovite, occurring 
in the albitized quartz-monzonite dykes.
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Fig. 6: N-S cross section (A-A’ in Fig. 4) showing pipe-like pyrrhotite bodies and related Zn-Pb mineralization 
emplaced in the pyrite-quartz body and in the Pucará carbonate rocks. Modified from Einaudi (1977).

AC D

5 cm 

Fig. 7: A) Oxidized vein with goetite, jarosite, alunite, quartz, and zunyite (Al13Si5O2 (OH, F)18Cl). The advanced 
argillic alteration halo in the host rock (here the diatreme breccia) is composed of quartz, alunite, zunyite, and 
diaspore, Venencocha area. B) Enlargement of an oxidized vein with its advanced argillic halo. Outcrop of sample 
CPR 360, Venencocha area.
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Fig. 8: A) zunyite (Al13Si5O2 (OH, F)18Cl) occurring in oxidized veins with advanced argilllic alteration mineral 
assemblage. CPR 384, Venencocha area. B) Transparent zunyite crystal in an oxidized vein in the Venencocha area. 
CPR 384. C) Pervasive advanced argillic alteration next to a massive oxidized vein, with alunite and quartz replac-
ing a tuff. CPR 361, Venencocha area. D) Enlargement of C) with diaspore coexisting with quartz and alunite. CPR 
361. E) Advanced argillic altered dome with phenocryst of biotite leached and filled with quartz and alunite. Matrix 
of porphyric rock is mainly composed of quartz. CPR 347, Venencocha area. F) Enlargement of E) showing that 
diaspore is also present in the advanced argillic alteration (CPR 347).
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as a minimum age for the emplacement of the stock.

Analytical techniques

Major and trace elements of selected volcanic 
and intrusive rocks from Cerro de Pasco were deter-
mined by XRF at the University of Lausanne, Switzer-
land. Rare-earth elements were analyzed at the Ecole 
Polytechnique Fédérale, Lausanne, Switzerland, using 
a Perkin-Elmer Plasma 2000 ICP-AES

Zircons were prepared by standard mineral sepa-
ration and purification methods (crushing and milling; 
concentration via Wilfley Table or hand washing; mag-
netic separation; heavy liquids). A selection of least-
magnetic zircon crystals from each sample was mount-
ed in epoxy resin and imaged by cathodoluminescence 
to control whether the population contains inherited 
cores.

In order to minimize the effects of secondary lead 
loss, the “CA (chemical abrasion) - TIMS” technique 
was employed involving high-temperature annealing 
followed by a HF leaching step (Mattinson, 2005). An-
nealing was performed by loading 20-40 zircon grains 
of each sample in quartz crucibles and placing them into 
a furnace at 880°C for approximately 60 hours. Sub-

sequently, zircon from each sample was transferred in 
3ml screw-top Savillex vials together with ca. 120 µl 
concentrated HF for the leaching (chemical abrasion) 
step. Savillex vials were arranged into a Teflon par ves-
sel with 2 ml concentrated HF, and placed in an oven 
at 180°C for 12-15 hours. After the partial dissolution 
step the leachate was completely pipetted out and the 
remaining zircon were fluxed for several hours in 6N 
HCl on a hotplate at ~80°C, rinsed in ultrapure H2O and 
then placed back onto the hot plate for an additional 30 
minutes 4N HNO3 “clean-up” step. The acid solution 
was removed and the fractions were again rinsed sever-
al times in ultra-pure water and acetone in an ultrasonic 
bath. Single zircon (or rarely 2 zircons) were selected, 
weighed and loaded for dissolution into precleaned 
miniaturized Teflon vessels. After adding a mixed 205Pb-
235U spike, the zircon samples were dissolved in 63 µl 
concentrated HF with a trace of 7N HNO3 at 180°C for 
6 days, evaporated and redissolved overnight in 36 µl 
3N HCl at 180°C. Pb and U were separated by anion 
exchange chromatography (Krogh, 1973) in 40 µl mi-
cro-columns, using minimal amounts of ultra-pure HCl, 
and finally dried down with 3 µl 0.2N or 0.06N H3PO4.

The majority of U-Pb isotopic analyses were per-
formed at ETH Zurich using a Finnigan MAT 262 mass 

Fig. 9: Time-space diagram for the magmatic-hydrothermal system of Cerro de Pasco.
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spectrometer equipped with an ETP electron multiplier 
backed by a digital ion counting system. The multiplier 
was calibrated by repeated analyses of the NBS 982 
standard using the 208Pb/206Pb ratio of 1.00016 for mass 
bias correction (Todt et al., 1996), and the U500 stan-
dard, in order to correct for the 0.3% multiplier inherent 
logarithmic rate effect (Richter et al., 2001). Some of 
the isotopic analyses were performed at the University 
of Geneva (Switzerland) on a THERMO ELECTRON 
TRITON mass spectrometer equipped with a linear 
MasCom electron multiplier, showing no second-order 
non-linearity. Mass fractionation effects were corrected 
for 0.09±0.05 per a.m.u. for the MAT 262 and 0.12±0.05 
per a.m.u. for the TRITON. Both lead and uranium were 
loaded with 1 µl of silica gel-phosphoric acid mixture 
(Gerstenberger and Haase, 1997) on outgassed single 
Re-filaments, and isotope ratios determined by sequen-
tial measurement of all ion beams on the electron multi-
plier. Total procedural common Pb concentrations were 
measured at values between 0.4 and 7 pg (two extreme 
values of 11 and 43 pg, respectively) and were attrib-
uted solely to laboratory contamination. Based on the 
average values for 13 blank determinations in the Ge-
neva laboratory 2004–2005, the common lead contribu-
tion was corrected for using the following Pb isotopic 
composition: 206Pb/204Pb: 18.5±0.6% (1σ), 207Pb/204Pb: 
15.5±0.5% (1σ), 208Pb/204Pb: 37.9±0.5% (1σ), The un-
certainties of the spike and blank lead isotopic compo-
sition, mass fractionation correction, and tracer calibra-
tion were taken into account and propagated to the final 
uncertainties of isotopic ratios and ages. The ROMAGE 
program was used for age calculation and error propa-
gation (Davis, unpublished). The international R33 
standard zircon (Black et al., 2004) has been dated at an 
age of 419.3 ± 0.3 Ma (2 σ) for 18 repeated determina-
tions on both MAT 262 (ETHZ) and Triton (Univ. of 
Geneva) mass spectrometers. Calculation of concordant 
ages and averages was done with the Isoplot/Ex v.3 pro-
gram of Ludwig (1999). Ellipses depicted in concordia 
diagrams represent 2 sigma uncertainties. Averages at 
95% confidence level.

The Hf fraction was isolated using Eichrom Ln-
spec resin, and measured in static mode on a NuPlasma 
multicollector ICP-MS using an Aridus nebulizer for 
sample introduction at ETH Zürich. Zircons are com-
monly characterized by extremely low 176Lu/177Hf of 
less than 0.005. Hf isotopic values were corrected for 
in-situ radiogenic ingrowth from 176Lu, but remained 
within the analytical uncertainty of the measured 176Hf/
177Hf ratios. The Hf isotopic ratios were corrected for 
mass fractionation using a 179Hf/177Hf value of 0.7325 
and normalized to 176Hf/177Hf = 0.28216 of the JMC-
475 standard; isotopic ratios for CHUR are according to 
Blichert-Toft and Albarède (1997).

A total of 17 samples were prepared for 40Ar/39Ar 
analysis. Samples containing sericite and biotite were 
crushed and sieved, followed by careful handpicking 
under a binocular microscope to obtain high-quality 
separates. Alunite samples were directly extracted from 

cavities and handpicked under the binocular. All sam-
ples were ultrasonically cleaned for 5 - 15 min. in de-
mineralized water. Final samples amounts attained ca. 
0.1 to 18.9 mg of alunite (100 μm and 2 mm in size), 6.5 
to 7.5 mg of biotite (400 μm and 1.2 mm in size), and 6 
to 15.9 mg of sericite (100-400 μm in size).

The irradiation of mineral separates for 40Ar/39Ar 
analysis was carried out in two batches in the Triga re-
actor at Oregon State University (OSU), USA. All min-
erals were irradiated for 15 hours in the 1 MW, Cd-lined 
CLICIT facility at OSU and J values were calculated 
via the irradiation of fish canyon tuff sanidines (28.02 ± 
0.16 Ma, Renne et al., 1998), which were separated by 
distances of <1 cm, throughout the columnar irradiation 
package.

The majority of step-wise IR-CO2 laser 40Ar/
39Ar analyses were performed at the Lund University, 
Sweden, using a Micromass 5400 mass spectrometer, 
equipped with a faraday and an electron multiplier. The 
stainless steel extraction line includes two SAES C50-
ST101 Zr-Al getters. 

Some of the isotopic analyses were carried out at 
the University of Geneva, Switzerland, using an Argus 
(GV Instruments), multi-collector mass spectrometer, 
equipped with four high-gain (10E12 ohms) faraday 
collectors for the analysis of 39Ar, 38Ar, 37Ar and 36Ar, as 
well as a single faraday collector (10E11 ohms) for the 
analysis of 40Ar. At Geneva, the automated, UHV stain-
less steel gas extraction line incorporates one SAES 
AP10 getter, and one SAES GP50-ST707 getter. In 
both Lund and Geneva labs, the extracted gas from alu-
nite grains was cooled to ~-150°C by a Polycold P100 
cryogenic refrigeration unit mounted over a cold finger. 
Single grains of alunite, biotite, and sericite were step-
heated using a defocused 50W CO2 laser (30W, MIR10 
IR (CO2) at the Geneva University laboratory) rastered 
over the samples to provide even-heating of the grains. 
Samples were measured on the electron multiplier and 
time-zero regressions were fitted to data collected from 
ten cycles (twelve in the Geneva laboratory) over the 
m/e range 40-36. Peak heights and backgrounds were 
corrected for mass discrimination, isotopic decay of 
39Ar and 37Ar and interfering nucleogenic Ca-, K- and 
Cl-derived isotopes. The high stability of the faraday 
baseline measurements renders it unnecessary to record 
baselines during each analysis. Error calculations in-
clude the errors on mass discrimination measurement, 
and the J value. 40Ar, 39Ar, 38Ar, 37Ar and 36Ar blanks 
were calculated before every new sample and after ev-
ery three heating steps.

For samples measured in the Lund Laboratory 
(Sweden), 40Ar blanks were between 4.0 and 2.0E-16 
moles. Blank values for m/e 39 to 36 were all less than 
7E-18 moles. Age plateaus were determined using the 
criteria of Dalrymple and Lamphere (1971), which spec-
ify the presence of at least three contiguous incremen-
tal heating steps with concordant ages, that constitute 
>50% of the total 39Ar released during the step-heating 
experiment. The entire analytical process is automated 
and utilizes the 
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Mass Spec software modified specifically for this 
laboratory and originally developed at the Berkeley 
Geochronology Center by Al Deino. 

For samples measured in the Geneva laboratory, 
40Ar blanks were between 6.5E-16 and 1.0E-15 moles. 
Blank values for m/e 39 to 36 were all less than 6.5E-17 
moles. Age plateaus were determined using the criteria 
of Dalrymple and Lamphere (1971). The automated an-
alytical process uses the software ArArCalc (Koppers, 
2002).

Rb-Sr and Pb isotope analysis of sericite samples 
CPR 3, CPR 21, CPR 498, and CPR 499 involved a 
leaching step using weak HCl to remove possible con-
taminants from the surface and easily exchangable sites 
of the sheet silicates that may disturb their Rb-Sr system 
(e.g. Schneider et al., 2003). Separate isotope analyses 
were performed on both leached residues (R) and cor-
responding leachates (L) of the sericite samples. For 
the leaching experiments, purified 1 N HCl (1 ml) was 
used. Each sample was weighed and leached on a hot 
plate (80°C) for 15 min. Residues and leachates were 
separated by repeated centrifugation and rinsing with 
ultrapure water until neutral reaction of the supernate. 
Only the first 1 N HCl leachate was used for Rb-Sr anal-
ysis, all water washes were discarded. The sample splits 
were dried and the dry residues weighed again and com-
pletely dissolved in a 3:1 mixture of 22 N HF and 14 N 
HNO3. Two pyrite separates carefully handpicked from 
samples CPR 3 and CPR 499 were repeatedly washed 
with clean ethanol and ultrapure water and subsequent-
ly weighed and dissolved in 14 N HNO3 without further 
chemical pretreatment. All solutions were totally spiked 
with a highly enriched, mixed 87Rb-84Sr tracer that al-
lows for determination of Sr concentrations by isotopic 
dilution and 87Sr/86Sr ratios from one mass-spectromet-
ric run. They were then dried at 110°C and subsequent-
ly rewetted with 3 N HNO3. Rubidium, strontium and 
lead were chemically separated with 3 N HNO3 using 
EICHROM Sr resin on 50 µl Teflon columns, follow-
ing the methods of Horwitz et al. (1991a; 1991b). The 
first 600 µl of HNO3 wash were collected and used for 
measurement of Rb. Sr was stripped from the columns 
with 1 ml of H2O. Subsequently, Pb was eluted from 
the same column with 1 ml of HCl 6 N. The Pb cut was 
further processed through a 50 µl column containing 
precleaned EICHROM Pre Filter Resin.

For mass spectrometry, Sr was loaded with 
TaCl5-HF-H3PO4 solution (Birck, 1986) onto W single 
filaments. Rb was loaded with DDW onto the evapo-
ration ribbon of a Ta double-filament assemblage and 
Pb loaded onto single Re filaments using silica gel-
H3PO4 bedding. All isotopic measurements were per-
formed on a FINNIGAN MAT 262 solid-source mass 
spectrometer running in static multicollection mode at 
ETHZ. Sr isotopic ratios were normalized to 88Sr/86Sr = 
0.1194. Repeated static measurements of the NBS 987 
standard over the duration of this study yielded an aver-
age 87Sr/86Sr ratio of 0.71025 ± 4 (2σ mean, n = 22). Pb 
isotopic ratios were corrected for mass fractionation us-
ing a mean discrimination factor of 0.085 ± 0.006 (2σ) 

%/[amu], based on replicate measurements of the NBS 
SRM 981 common lead (n=31) standard. Errors and er-
ror correlations were calculated after Ludwig (1980). 
Individual uncertainties (2σ) are given for Pb isotope 
ratios and Rb-Sr elemental concentrations and isotope 
ratios (Table 1). Samples containing less than 10 ppm 
Sr were corrected for maximum total procedure blanks 
(n=6) of 30 pg Sr, for all other samples the blank values 
were found to be negligible (< 0.5 wt-% of the analyzed 
sample Pb, Rb and Sr amounts).

Model isochron regressions of Rb-Sr data were 
calculated after Ludwig (2001) using the ISOPLOT/Ex 
version 2.49 program, palaeomixing line regressions 
were performed after Schneider et al. (2003). All re-
gressions are based on individual analytical errors. The 
goodness of fit has been tested by means of the MSWD 
parameter, according to Wendt and Carl (1991). The de-
cay constant used for the age calculations was λ87Rb = 
1.42 x 10-11 a-1 (Steiger and Jäger, 1977) and errors on 
the model ages are quoted at the 2σ level.

Petrology and geochemistry of the 
magmatic rocks

The accretionary lapilli tuffs occurring in the 
northwestern part of the diatreme-dome complex show 
lapilli particles size varying from ca. 0.2 to 0.5 cm in 
diameter and are composed of a core of coarse-grained 
ash surrounded by a fine-grained rim; the change of 
grain size between the core and the rim is abrupt (Fig. 
3D). They are classified as rim-type accretionary lapilli 
after the nomenclature of Schumacher and Schmincke 
(1995). 

Dacitic porphyritic domes show medium grain-
sized phenocryst of plagioclase (0.2 - 0.5 cm), biotite, 
resorbed quartz, and amphibole (Fig. 10B). Biotite is 
much more abundant than amphibole, which can be lo-
cally absent. The fine-grained groundmass is composed 
of the same minerals as the phenocrysts, with zircon and 
apatite as common accessories. Within altered domes, 
plagioclase is replaced by calcite and sericite, while am-
phibole and biotite are replaced by rutile and chlorite 
(Fig. 3F). 

 Porphyritic dykes intruding the diatreme and the 
Pucará carbonate rocks are light grey, medium to fine 
grained and carry phenocrysts of sanidine up to 6 cm 
long, resorbed quartz (up to 5 mm in size), plagioclase 
(1 to 2 mm), biotite (2 mm) and scarce amphibole (Fig. 
3H, 10A and C). Biotite is the major ferromagnesian 
mineral and is characterized by abundant inclusions of 
rutile and apatite. Remnants of amphibole are occasion-
ally found within irregular patches of biotite. Sphene 
occurs in wedge-shaped crystals and apatite is common 
as euhedral grains up to 1 mm long. Zircon grains are 
small (up to 400 µm) and elongated. There is little vari-
ation in texture or grain size within the intrusive dykes. 
In the central portions they carry abundant xenoliths 
(Lacy, 1949).

Porphyritic albitized dykes vary in color from 
beige to green and the texture is porphyritic with phe-
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nocrysts of orthoclase and blocky plagioclase (Fig. 5B). 
Quartz and biotite are less abundant than in the quartz-
monzonite porphyry. The groundmass is composed of 
quartz, orthoclase, albite and chlorite and generally 
shows flow textures. Book biotite is frequently chlori-
tized or altered to muscovite. In transversal section, the 
book biotite often shows expanded accordion-like tex-
tures with interbanded calcite (Fig. 5C). 

Major and trace element results for selected rep-
resentative samples of magmatic rocks (accretionary la-
pilli, dacitic porphyritic domes, quartz-monzonite por-
phyry dykes) from Cerro de Pasco are presented in Ta-

ble 2. Due to important hydrothermal circulation in the 
diatreme-dome complex and in the mine area, most of 
the rocks are altered. Only rocks showing weak altera-
tion (generally propyllitic) were selected. Furthermore, 
only samples with LOI lower than 5 percent have been 
taken into account. Figure 11A shows the total alkali 
versus silica (TAS) diagram after Le Bas et al. (1986) 
and Figure 11B shows the Zr/TiO2 versus Nb/Y and 
SiO2 versus Zr/TiO2 ratios diagrams (cf. Winchester 
and Floyd, 1977). In the total alkali versus silica TAS 
diagram after Le Bas et al. (1986) the volcanic rocks 
plot in the dacite field whereas one intrusive rock plots 

A

2 cm

B

1 cm

C D

E F

1 cm1 cm 

1 cm1 cm

Fig. 10: Photographs of igneous rocks. A) Quartz-monzonite porphyry showing phenocrysts of plagioclase al-
tered to calcite (CPR 472). B) Dacite from a dome in the southwestern part of Venencocha showing propyllitic 
alteration (CPR 603). C) Quartz-monzonite porphyry dyke within the diatreme-dome complex with phenocrysts 
of biotite and plagioclase (CPR 604). D) Porphyritic granodiorite from Yanamate (CPR 605). E) Sample for the 
dacitic dome at Huacchuacaja in the Colquijirca district (CPR 606).
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Fig. 11: A) Total alkali versus silica (TAS) diagram after Le Bas et al. (1986) and B) shows the Zr/TiO2 versus 
Nb/Y and SiO2 versus Zr/TiO2 ratios diagrams (cf. Winchester and Floyd, 1977).

ppm), Ni (3 - 22 ppm), and Nb (8 - 15 ppm) contents are 
relatively low. REE patterns normalized to chondrite 
(Nakamura, Potts et al., 1981) are characterized by a 
strong fractionation, with LREE enrichment and HREE 
depletion (Fig. 12), low Yb (0.5 - 1.17 ppm), and high 
LaN/YbN (20 - 60). Kay (1978) introduced the term ada-
kite for magmatic and volcanic rocks characterized by 
SiO2 ≥ 56 wt-%, Al2O3 ≥ 15 wt-% (rarely lower), MgO 
< 3 wt-%, strongly fractionated REE with the HREE de-
pleted (Yb < 1.8 ppm, Y < 18 ppm) and LREE enriched 

at the limit of the quartz-monzonite and granodiorite 
field and the a second intrusive rock is depleted in to-
tal alkali due to hydrothemal alteration. In the Zr/TiO2 
versus Nb/Y diagram (cf. Winchester and Floyd, 1977), 
Figure 11B, most of the samples lie in the trachy-andes-
ite field, which could suggest that the analyzed samples 
are enriched in incompatible elements, probably due to 
alteration. 

Trace element abundances show high Sr contents 
(350 - 1260 ppm) and Sr/Y ratios (20 to 100). Cr (9 - 44 
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Table 2: Representative major and trace element abundances in the Cerro de Pasco rocks. QM, quartz-monzonite; 
QMP, quartz-monzonite porphyry; D, dacite; DP, dacite porphyry

Sample
CPR 472 
QMP

CPR 602    
D

CPR 603 
DP

CPR 604 
QMP

CPR 372 
QMP

CPR 392 
QMP

CPR 344 
QM

CPR 388 
QMP

CPR 389 
QMP

SiO2 65.30 64.43 64.89 64.06 60.63 62.27 67.24 62.49 65.51

TiO2 0.64 0.72 0.76 0.79 0.98 0.85 0.70 0.92 0.72

Al2O3 14.87 15.75 15.25 15.47 15.46 15.64 16.16 15.68 15.30

Fe2O3 2.80 5.24 3.35 3.87 4.37 4.15 3.62 4.35 3.14

MnO 0.13 0.10 0.07 0.06 0.07 0.13 0.03 0.07 0.06

MgO 1.07 1.21 1.67 1.81 1.87 1.81 0.66 1.78 1.08

CaO 2.87 1.72 3.16 3.79 4.56 3.41 1.64 4.38 2.92

Na2O 0.71 2.21 4.00 3.44 4.05 3.29 3.58 3.83 3.41

K2O 6.93 3.16 3.05 3.15 2.39 3.41 3.98 2.89 3.57

P2O5 0.27 0.27 0.34 0.31 0.45 0.42 0.32 0.44 0.32

LOIa 4.21 4.88 3.70 3.77 5.05 4.06 1.76 2.35 3.43

Total 99.69 99.69 100.23 100.51 99.87 99.46 99.69 99.18 99.46

Mg#b 27.65 18.73 33.21 31.86 29.98 30.39 15.37 28.98 25.63

Ba 934 603 990 741 909 2283 576 3362 883

Rb 466 150 96 110 67 92 129 77 109

Sr 89 342 944 650 1260 1175 569 1491 1088

Y 8 20 11 12 14 13 8 14 11

Cr 14 23 17 17 13 9 9 14 13

Ni 6 12 7 9 6 5 3 7 3

Nb 8 13 10 12 12 13 15 12 10

Zr 241 215 173 169 176 165 154 158 169

Hf 7 8 7 5 7 8 7 8 8

La 41.80 47.87 50.69 60.78 51.30 43.80 30.80 41.80 49.40

Ce 93.00 95.09 101.97 101.37 115.00 98.80 67.50 102.50 102.50

Pr 10.30 11.01 11.66 10.81 13.20 11.80 7.70 11.80 11.30

Nd 43.20 42.26 45.07 40.64 55.60 47.30 29.90 51.30 46.00

Sm 7.50 6.69 5.56 6.88 9.80 8.50 5.40 9.50 8.00

Eu 1.57 1.64 1.33 1.31 2.02 1.88 1.25 1.95 1.72

Gd 2.80 3.72 4.92 3.40 3.80 3.60 2.20 4.00 3.20

Tb n.d 0.62 0.41 0.40 n.d n.d n.d n.d n.d

Dy 1.70 3.33 2.53 2.36 2.10 2.10 1.50 2.30 2.00

Ho 0.34 0.64 0.20 0.42 0.43 0.36 0.35 0.44 0.37

Er 0.80 2.27 0.89 1.07 1.00 0.80 0.80 0.90 0.90

Tm 0.10 0.31 0.22 0.23 0.15 0.10 0.12 0.13 0.12

Yb 0.50 1.97 0.90 1.65 0.60 0.50 0.50 0.60 0.60

Lu 0.07 0.26 0.18 0.15 0.08 0.06 0.06 0.08 0.09

Th 12 4 9 9 6 6 11 8 11

Pb 17 19 17 20 12 15 179 49 27

Ga 23 23 21 22 22 22 24 21 23

Zn 64 66 159 78 84 80 67 78 105

Cu 8 55 17 79 14 20 12 15 12

Co 21 11 8 10 31 55 6 11 8

V 51 101 76 91 108 82 71 89 70

S 165 2788 2508 163 1900 2051 87 635 743

Sc 3 9 9 9 10 7 5 10 7

As 10 29 10 <3< 4 7 7 5 28
aLoss On Ignition at 950°C
b100*MgO/(MgO+Fe2O3)
Abbreviations are: QMP = Quartz-monzonite porphyry, QM = Quartz-monzonite, DP = dacite porphyry, D = dacite
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(Martin, 1999), and high Sr concentrations (rarely < 
400 ppm, Defant and Drummond, 1990). In a Sr/Y vs. 
Y and a (LaN/YbN) vs. YbN discrimination diagram, both 
which are the most relevant for characterizing adakitic 
rocks (Reich et al., 2003), extrusive and intrusive rocks 
at Cerro de Pasco plot well in the adakite field of Martin 
(1999; Fig. 13). The possibility that the elevated Nb/Y 
ratio and the position of these rocks in the adakite field 
may be due to removal of Y and HREE during alteration 
cannot be discarded. 

U-Pb geochronology results

Zircon U-Pb dating was carried out on magmatic 
rocks from the diatreme-dome complex at Cerro de Pasco, 
including the accretionary lapilli tuff, the dacitic dome, 
quartz-monzonite porphyritic dykes, and an albitized 
quartz-monzonite dyke. Additionally, zircon U-Pb dat-
ing in a dacitic dome at the Yanamate diatreme-dome 
complex (CPR 605, Fig. 10D) and in a dacitic dome in 
the Colquijirca district, at Huacchuacaja (CPR 606, Fig. 
1 and 10E) has also been achieved. This latter dome has 
been previously dated by Bendezú et al. (2003) on bio-
tite using 40Ar/39Ar. Sample locations are given in Fig-
ure 2, except for the albitized quartz-monzonite sample 
which has been collected in the underground mine (level 
1400, gallery 1484-E). Analyzed zircons are euhedral, 
up to 300 µm in size, slightly pink, and short and long 
prismatic. When observed under cathodoluminescence 
(Fig. 14), all zircons display oscillatory and sector zon-

ing that is typically igneous (Hoskin and Schaltegger, 
2003). All zircons except those from sample CPR 472 
from a quartz-monzonite dyke contain magmatic sector 
zoning which often shows replacement by structureless 
high-luminescent zones. In a quartz-monzonite sample 
(CPR 604), replacement or recrystallization processes 
occur in the magmatic zones. Old inherited zircon cores 
have not been observed. Some grains are cracked or 
contain inclusions of apatite.

Table 3 gives all U-Pb results, Table 4 gives Hf 
isotopes results, and Concordia plots are reported in 
Figure 15. In Figure 16, εHf data are plotted versus the 
206Pb/238U ages. Hafnium isotopes were analyzed from 
zircon of each sample except for CPR 606 and CPR 
609). 

Accretionary lapilli tuff (CPR 602)

One accretionary lapilli tuff sample has been col-
lected on the northwestern part of the diatreme-dome 
complex (Fig. 2). Two U-Pb analyses of zircons (CPR-
602/2 and CPR-602/10) yield older ages and are assumed 
to represent xenocrysts or contain inherited components 
(see Fig. 14B). The remaining six zircons analyses are 
concordant and yield a weighted mean 206Pb/238U age of 
15.36 ± 0.03 Ma (MSWD = 0.76; Fig. 15B) is consid-
ered to be the crystallization age. Hf isotopic ratios were 
determined from two of the zircons and yielded initial 
eHf values between -1.1 and -1.5 (Table 4, Fig. 16).
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Fig. 12: Chondrite-normalized REE diagram from domes and dykes at Cerro de Pasco. Normalizing factors 
after Nakamura (Potts et al., 1981).
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Fig. 14: Cathodoluminescence photomicrographs of analyzed zircon A) from a quartz-monzonite porphyry dyke 
outside the diatreme (CPR 472), B) From an accretionary lapilli tuff (CPR 602) C) From a dacitic dome on the 
south western margin of the diatreme-dome complex (CPR 603), D) From a quartz-monzonite porphyry dyke in the 
diatreme (CPR 604),E) from a porphyritic dacite at Yanamate (CPR 605).
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Dacitic dome (CPR 603)

A porphyritic dactic dome located at the western 
margin of the diatreme (Fig. 2) has been sampled. Eight 
analyzed zircons (sample CPR 603) show a large varia-
tion in 206Pb/238U age in excess of analytical variations. 
All analyses are concordant within the analytical errors 
and a weighted mean 206Pb/238U age of 15.40 ± 0.07 Ma 
(MSWD = 5.8; Fig. 15C) is regarded to be the best esti-
mate for the crystallization age. Hf isotopic ratios were 
determined from two of the zircons and yielded initial 
εHf values between -2.8 and -3.9 (Table 4, Fig. 16).

Quartz-monzonite porphyritic dykes (CPR 472 and 
604)

Two quartz-monzonite porphyritic dykes have 
been analyzed. The first sample (CPR 604) has been 
collected in the central part of the diatreme-dome com-
plex (Table 5, Fig. 2) and shows propyllitic alteration 
(Table 2) while the second one (CPR 472) is hosted in 
carbonate rocks in the northern part of the open pit (Fig. 
2) and is nearly unaltered. Three zircon grains from 
sample CPR 472 are concordant within analytical errors 
and give a weighted mean 206Pb/238U age of 15.35 ± 0.05 
Ma (MSWD = 0.86, Fig. 15A. Hf isotopic ratios yield 
initial εHf values scattering between -1 and -3.4 (Table 
4 and fig. 16). 

Seven zircons from sample CPR 604 (Table 3) 
were analyzed and the data define two partly overlap-
ping clusters in the concordia diagram (Fig. 15D). Three 
of the seven analyzed zircons (CPR-604/1; CPR-604/2; 
CPR-604/3) have a high analytical error due to the ex-
cess common lead in analysis. They are overlapping the 
remaining four analyses and thus are part of the upper 
and lower cluster. The upper cluster of four ellipses 
(CPR-604/1; CPR-604/2; CPR-604/3 and CPR-604/4) 
is concordant and gives a weighted mean 206Pb/238U 
age of 15.47 ± 0.04 Ma (MSWD = 0.66). The younger 
cluster is also concordant and six points (CPR-604/1; 
CPR-604/2; CPR-604/3; CPR-604/5; CPR-604/7 and 
CPR-604/9) define a weighted mean 206Pb/238U age of 
15.16 ± 0.04 Ma (MSWD = 1.03; Fig. 15D). All seven 
analyses give a weighted mean 206Pb/238U age of 15.27 
± 0.15 Ma (MSWD = 20). Only one grain (CPR-604/7) 
with a small analytical error contributes to the upper 
cluster. This does not allow to conclude whether this is 
a result of inheritance of a slightly older lead compo-
nent, or of protracted growth. Since the majority of data 
with small analytical errors belongs to the cluster giv-

ing younger ages, it is proposed that the weighted mean 
206Pb/238U age of 15.16 ± 0.04 Ma may be considered 
as the minimum age of this quartz-monzonite porphyry 
dyke. Hf isotopic ratios were determined from three of 
the zircons and yielded initial εHf values between -0.3 
and -2.4 (Table 4, Fig. 16).

Albitized quartz-monzonite dykes (CPR 609)

Four long prismatic and two short prismatic frac-
tions were analyzed from this sample. The short-pris-
matic ones show inheritance of old lead component 
(CPR-609/4 and CPR-609/5). The remaining four long 
prismatic zircons have variable degree of lead loss, 
which is not eliminated by the applied technique. A sin-
gle analysis (CPR-609/1) is close to the concordia curve 
at 15.40 Ma. Therefore, based on analyses CPR-609/1, 
CPR-609/2, CPR-609/3 and CPR-609/6 we calculate an 
upper intercept at 15.63 ± 0.83 Ma (MSWD = 1.2, Fig. 
15G), and consider this result is regarded to be the best 
estimate for the age of these zircons. 

Yanamate granodiorite porphyry stock (CPR 605)

At Yanamate, the granodioritic stock has been 
sampled (Fig. 1) and the four analyzed zircon (CPR 
605) are concordant within analytical errors or subcon-
cordant and yield a weighted mean 206Pb/238U age of 
15.92 ± 0.05 Ma (MSWD = 1.2, Fig. 15E). The slight 
shift towards higher 207Pb/235U values is considered to 
be an analytical artifact due to unresolved molecular in-
terferences on masses 204 and 207. This does not influ-
ence the 206Pb/238U.

Huacchuacaja dacitic dome (CPR 605)

A dacitic dome, the same as the one dated by Ben-
dezú et al. (2003), has been sampled and four zircons 
from sample CPR 606 yield data which are concordant 
within analytical error, defining a weighted mean 206Pb/
238U age of 12.12 ± 0.03 Ma (MSWD = 0.67, Fig. 15F) 

40Ar/39Ar geochronology

Due to its high K contents (7-8%), biotite is gen-
erally suitable for 40Ar/39Ar geochronology. Neverthe-
less, biotite is highly susceptible to alteration to chlorite 
and even minor amounts of chlorite seems to have seri-
ous effects on biotite’s argon systematics, generally due 
to 39Ar recoil in low-retentivity chlorite (Lo and Onstott, 
1989). Moreover, they demonstrated that this kind of 

Fig. 15: U-Pb Concordia diagrams: A) Zircon from an E-W quartz-monzonite porphyry dyke, B) zircon from an 
accretionary lapilli tuff inside the diatreme-dome complex, C) Zircon from a dacitic dome, D) Zircon from a quartz-
monzonite porphyry dyke in the southwestern part of the diatreme-dome complex, E) Zircon from a porphyric dacite 
from the Yanamate, F) Dacitic dome from Huacchuacaja, Colquijirca district. G) Zircon from albitized quartz-mon-
zonite dyke, the lower intercept is undistinguished from 0. Intercepts and 2s uncertainties were calculated using a 
program by Ludwig (1999)
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Fig. 16: U-Pb age versus epsilon Hf for zircon from volcanic and plutonic rocks at Cerro de Pasco. All zircon 
plot in negative values, see text for explanations

Table 4. Hf results on zircon
sample Age (Ma) 176Hf/177Hf ± 2s T2 (DM)

176Hf/177Hf 
176Hf/
177Hf 

176Hf/
177Hf eps Hf eps Hf ±2s (Ga)

standard value normalised (T) (0) (T) model age
CPR 472
CPR 472/1 15.35 0.283 0.000 0.282 0.283 0.283 -3.7 -3.4 0.5 1.21
CPR 472/2 15.35 0.283 0.000 0.282 0.283 0.283 -1.3 -1.0 0.5 1.07
CPR 472/3 15.35 0.283 0.000 0.282 0.283 0.283 -3.2 -2.9 0.5 1.18

CPR 602
CPR 602/1 15.36 0.283 0.000 0.282 0.283 0.283 -1.9 -1.5 0.5 1.10
CPR 602/2 15.36 0.283 0.000 0.282 0.283 0.283 -1.4 -1.1 0.5 1.08

CPR 603
CPR 603/1 15.4 0.283 0.000 0.282 0.283 0.283 -4.2 -3.9 0.5 1.24
CPR 603/3 15.4 0.283 0.000 0.282 0.283 0.283 -3.1 -2.8 0.5 1.18

CPR 604
CPR 604/1 15.27 0.283 0.000 0.282 0.283 0.283 -2.8 -2.4 0.5 1.16
CPR 604/2 15.27 0.283 0.000 0.282 0.283 0.283 -0.7 -0.3 0.5 1.03
CPR 604/3 15.27 0.283 0.000 0.282 0.283 0.283 -2.3 -2.0 0.5 1.13
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disturbances in a biotite spectrum will result if as little 
as 1% chlorite is present. The closing temperature for 
biotite ranges from 345 to 280°C (Snee, 2002).

The amenability to date hydrothermal sericite 
by the 40Ar/39Ar method has been shown by Perkins et 
al. (1990) and Snee et al. (1988). White mica separated 
from sericitized diatreme breccia and quartz-monzonite 
porphyry was in general coarse-grained (100-400 μm). 
Pervasive ground mass sericite was not selected for dat-
ing. Impurities, most commonly rutile, generally con-
stituted between less than 1 to 3 % of each sample. The 
susceptibility to the effects of reactor-induced loss of 
39Ar (recoil) in sericite has been documented by Turner 
and Cadogan (1974) as well as to incorporation of ex-
traneous argon (Dalrymple and Lanphere, 1969). The 
closing temperature for muscovite (2M1 structural state, 
Snee et al., 1988) ranges from 325 to 270°C. 

Alunite is amenable for the 40Ar/39Ar method be-
cause potassium is an important cation in the structure 
of this mineral (McDougall and Harrison, 1999). Fur-
thermore, Vasconcelos et al. (1994) suggested that 39Ar 
loss during neutron irradiation is not creating a problem 
despite the fine-grained crystal size of alunite, in con-

trast to muscovite. The closing temperature for alunite 
has been evaluated between 200 and 210°C by Juliani et 
al. (2005) and Landis et al. (2005). 

All step-wise IR-CO2 laser 40Ar/39Ar experiments 
results are displayed as age spectra (Fig. 17 and 18). 
Plateaus were defined using the criteria of Dalrymple 
and Lamphere (1971) and Fleck et al. (1977) specify-
ing the presence of at least three contiguous gas frac-
tions that together represent more than 50% of the to-
tal 39Ar released from the sample and for which no age 
difference can be detected between any two fractions 
at the 95% confidence level. Furthermore, ages have 
also been calculated with the inverse isochron method 
(Fig. 19 and Table 6, McDougall and Harrison, 1999). 
Inverse isochron diagrams allow to test the assumption 
made in the plateau ages where any trapped non-radio-
genic Ar has an atmospheric composition (40Ar/36Ar = 
295.5). Most alunite isochron ages calculated using pla-
teau steps are indistinguishable from the plateau ages 
and give atmospheric trapped Ar compositions. On the 
contrary, all sericite and one biotite calculated isochrons 
give trapped 40Ar/36Ar ratios equivalent to 295.5 within 

Table 5: Location of dated samples in the Cerro de Pasco and Colquijirca districts

Sample Location UTM coordinates Description
CPR 602 Venencocha 360806 E, 8821005N, acretionnary lappili tuff
CPR 603 Diatreme SW  360255E, 8820377N dactitic to rhyodacitic porphyry

CPR 604 Diatreme S 360838E, 8820315 N
quartz-monzonite porphyric dyke with magmatic 
pyrite (separate for S isotopes 

CPR 605 Yanamate 18361524E, 8810913N porphyric rock from Yanamate
CPR 606 Huacchuacaja Porphyric dome from Huacchuacaja near Colqui
CPR 961 W part of main open pit sericite
CPR 1151 W part of main open pit sericite
CPR 31 W part of main open pit sericite
CPR 211 W part of main open pit sericite
CPR 4982 W part of main open pit sericite
CPR 4992 W part of main open pit sericite
CPR 3441 Venencocha biotite
CPR 4721 dyke in main open pit biotite
CPR 191 W part of main open pit alunite
CPR3471 Venencocha alunite
CPR 3791 Venencocha alunite
CPR 3801 Venencocha alunite
CPR 3511 Santa Rosa pit alunite
CPR 3601 Venencocha alunite
CPR 3651 Venencocha alunite
CPR 3811 Venencocha alunite
CPR 5082 Santa Rosa pit alunite
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CPR 21 Sericite
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Fig. 17: 40Ar/39Ar age spectra for biotite and sericite samples analyzed by step-wise IR-CO2 laser
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CPR 381 Alunite

14.54 ± 0.06 Ma
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Fig. 18: 40Ar/39Ar age spectra for alunite samples analyzed by step-wise IR-CO2 laser
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CPR 115
sericite
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Fig. 19: Inverse isochron correlation diagram for biotite, sericite, and alunite.
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Fig. 19: (Cont.)
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Fig. 20: Summary geochronology diagram of U-Pb and 40Ar/39Ar results from this study and including previous 
studies. Error bars shown are ± 2s. Abbreviations are sa = sanidine, plag = plagioclase, wr = whole rock.
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Fig. 21: Photomicrographs of dated alunite. A) Woodhouseite inclusion in alunite present in the advanced ar-
gillic alteration of a dome. CPR 347, Venencocha area. B) Alunite present in the advanced argillic alteration 
assemblage in a dome, CPR 380, Venencocha area. C) Idiomorphic grain of woodhouseite in alunite, CPR 351, 
Venencocha area. D) Alunite filling a leached vug in the advanced argillic altered halo from an oxidized vein in 
the diatreme breccia. CPR 365, Venencocha area. E) Alunite present with quartz in the advanced argillic alteration 
assemblage in a dome. CPR 379, Venencocha area. F) Coarse-grained alunite from a vein, CPR 381, Venencocha 
area. For sample locations, see Fig. 2.
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Table 6: Summary of 40Ar/39Ar age data from Cerro de Pasco

Sample Location Mineral
Plateau age 
(Ma ± 2 σ)a

Inverse isochron 
age (Ma ± 2 σ)b

Isochron-
derived MSWDc

40/36 ratio of 
intercept (± 2 σ)

Alteration halo produced by pyrite-quartz

CPR 961 W open pit (in diatreme breccia) sericite 18.15 ± 0.17 18.35 ± 0.17 2.1 282 ± 10
CPR 1151 W open pit (in diatreme breccia) sericite 17.23 ± 0.08 17.15 ± 0.09 1.3 302 ± 3
CPR 31 W open pit (in diatreme breccia) sericite 17.00 ± 0.07 17.16 ± 0.11 0.92 283 ± 8
CPR 211 W open pit (in quartz-monoznie 

dyke)
sericite 17.57 ± 0.08 17.88 ± 0.12 0.84 276 ± 7

CPR 4982 W open pit (in diatreme breccia) sericite 17.49 ± 0.16 12.50 ± 5.10 1.46 524 ± 310
CPR 4992 W open pit (in diatreme breccia) sericite 16.36 ± 0.28 16.15 ± 1.34 1.71 315 ± 138

Diatreme tuff and crosscutting dyke, respectively

CPR 3441 Venencocha biotite 15.92 ± 0.07 15.88 ± 0.07 0.38 304 ± 12
CPR 4721 dyke in main open pit biotite 15.14 ± 0.06 15.19 ± 0.04 1.9 275 ± 7

Cordillleran veins in volcaniclastic rocks

CPR 191 W part of main open pit alunite 10.94 ± 0.10 10.97 ± 0.20 0.21 294 ± 11

Advanced argillic altered domes and dyke

CPR 3471 Venencocha alunite 12.13 ± 0.07 12.09 ± 0.09 1.2 297 ± 2
CPR 3791 Venencocha alunite 14.50 ± 0.09 14.43 ± 0.08 1.4 297.0 ± 2.0
CPR 3801 Venencocha alunite 14.53 ± 0.08 14.51 ± 0.06 0.36 296 ± 3
CPR 3511 Santa Rosa pit alunite 12.39 ± 0.06 12.35 ± 0.08 1.3 297.0 ± 1.7

Advanced argillic altered halos of oxidized veins

CPR 3601 Venencocha alunite 14.41 ± 0.07 14.43 ± 0.04 0.61 294.6 ± 1.5
CPR 3651 Venencocha alunite 14.52 ± 0.12 14.4 ± 0.3 0.53 297 ± 5
CPR 3811 Venencocha alunite 14.54 ± 0.06 14.59 ± 0.07 0.17 293 ± 3
CPR 5082 Santa Rosa pit alunite 14.13 ± 0.71 13.78 ± 1.08 1.96 310 ± 11

1Samples analyzed in the 40Ar/39Ar lab at Lund University, Sweden
2Samples analyzed in the 40Ar/39Ar lab at the University of Geneva, Switzerland
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Fig. 22: Schematic north-south longitudinal section of the Cerro de Pasco-Colquijirca districts following the 
main ore bodies (AB section in Fig. 1). Selected alunite 40Ar/39Ar and U-Pb ages are shown (modified from Bendezú 
et al., 2004).
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A

B

Fig. 23: Backscattered and element distribution 
mapping images in alunite on sample CPR 351, Venen-
cocha area. A) BSE image of alunite with an inclusion 
of woodhouseite and Ca, K, and Na distribution maps. 
B) BSE image of woodhouseite inclusions in alunite 
(CPR 351, Venencocha area) with Ca, K, Na, and P 
distribution maps.

For the 40Ar/39Ar ages, errors are at 2σ level of 
precision for the plateau. Integrated results of 40Ar/39Ar 
and U-Pb analysis are summarized in Fig. 20 and a nu-
merical summary is shown in Table 6. In order to give 
some informations on the analyzed samples, micropho-
tographs are shown in Figure 21. A Colquijirca-Cerro 
de Pasco district cross section in Fig. 22 illustrates the 
obtained geochronologic ages (AB in Fig. 1).

Quartz-monzonite dyke

Two age spectra on biotite from two quartz-mon-
zonite porphyry dykes were obtained. The sample CPR 
472 shows an undisturbed age spectrum and yields a 
plateau at 15.14 ± 0.06 Ma (Fig. 17B). The inverse iso-
chron age is 15.19 ± 0.04 Ma and the 40Ar/36Ar ratio is 
275 ± 7 (Fig. 19A). The 206Pb/238U age for zircons from 
the same sample yields an age of 15.35 ± 0.05 Ma (Fig. 
15A). This latter age is slightly older than the 40Ar/36Ar 
one but can be considered concordant within the 40K and 
238U decay constant uncertainties (ca. 1% younger K-
Ar, Min et al., 2000).

The age spectrum of sample CPR 344 is highly 
disturbed and L-shaped. The plateau gives an age of 
15.92 ± 0.07 Ma and the inverse isochron gives 15.88 
± 0.07 Ma (Fig. 17A and 19B). This sample is fairly 
altered and the presence of chlorite in biotite could ac-
count for the disturbed spectra. The presence of chlorite 
affects the argon systematic due to 39Ar recoil, and dis-
turbs the age spectra. During the step-heating, early gas 
releases may consist of weakly-held argon formed dur-
ing 39Ar recoil and consequently, the obtained plateau 
gives probably an anomalously high apparent age (also 
higher than the zircon U-Pb age of CPR 472). 

Hydrothermal event

First mineralization stage (sericite)

Five age spectra obtained on sericite (CPR 3, 
CPR 98, CPR 115, CPR 498, and CPR 499) from the 
altered diatreme breccia adjacent to the pyrite-quartz 
body are all disturbed (Fig. 17C-H) and the plateaus 
range between 16.36 and 18.15 Ma. 

The age spectrum for sample CPR 3 shows ex-
cess argon (40ArE) in the first degassing step while the 
next steps form a plateau (Fig. 17C). The plateau gives 
an age at 17.00 ± 0.07 Ma and an inverse isochron age 
of 17.16 ± 0.11 Ma (Fig. 19C, Table 6). This suggests 
that extraneous argon was trapped in the sericite and 
could have affected the plateau age. 

The CPR 96 age spectrum also shows excess ar-
gon and the plateau gives an age of 18.15 ± 0.17 Ma 
(Fig. 17E) and an inverse isochron age of 18.35 ± 0.17 
Ma (Fig. 19E, Table 6).

The age spectrum of sample CPR 115 reveals a 
disturbed spectrum in the first degassing steps and yields 
a plateau at 17.23 ± 0.08 Ma (Fig. 17F) and an inverse 
isochron age of 17.15 ± 0.09 Ma (Fig. 19F, Table 6 ). 

The sample CPR 498 age spectrum is disturbed 
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but a plateau age can be calculated at 17.49 ± 0.16 Ma 
(Fig. 17G), with an inverse isochron age of 12.50 ± 5.10 
Ma. The inverse isochron age shows a large error that 
deviates significantly from the plateau age (Fig 19G, 
Table 6). 

Sample CPR 499 yields an age spectrum which 
is slightly disturbed and gives a plateau age at 16.36 
± 0.28 Ma (Fig. 17H) and an inverse isochron age of 
16.15 ± 1.34 Ma (Fig. 19H, Table 6). 

A sericite sample (CPR 21) from a dyke adjacent 
to the pyrite-quartz body and altered to sericite, pyrite, 
and quartz, reveals an age spectra at 17.57 ± 0.08 Ma 

errors and in some cases, different ages. 
Most of the analyzed alunite and biotite samples 

yield apparently undisturbed age spectra displaying a 
plateau and all of them (except biotite sample CPR 344) 
appear to represent simple argon closure with no subse-
quent thermal disturbances (McDougall and Harrison, 
1999), although thermal disturbances are not always 
reflected in the spectra (Hanson et al., 1975; Lee et al., 
1991). The analyzed sericite samples show disturbed 
age spectra and discordant isochron ages with trapped 
40Ar/36Ar ratios differing from the standard value of 
295.5. 

87Rb/86Sr
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Fig. 24: A) and B) 87Sr/86Sr vs. 87Rb/86Sr diagram where all samples display a linear correlation with R = 0.98 
but reflect a high data scatter around the best-fit line which is obvious especially for the sericite residues. Abbrevia-
tions are: R = residue, L = leachate, P = pyrite.
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Fig. 25:  87Sr/86Sr vs. 1000/Sr mixing diagram where the sericite residues (R) form a linear array (R = 0.98) that 
may reflect a disturbed binary mixing line. Abbreviations are R = residue.

and shows excess argon (40ArE) at least in the 3 first 
steps and probably also in the following steps (Fig. 17D 
and 19D). 

Second mineralization stage

The alunite sample CPR 19 from an enargite-py-
rite vein (fine-grained ~50 µm) located on the western 
side of the open pit, yields an undisturbed age spectrum 
with a plateau at 10.94 ± 0.1 Ma (Fig. 18H) and a con-
cordant 10.97 ± 0.2 Ma inverse isochron age (Fig. 19H, 
Table 6). 

All alunite samples from the Venencocha area 
related to advanced argillic altered veins (CPR 360, 
CPR 365, and CPR 381) and domes (CPR 379, and 
CPR 380). Alunite crystals from veins are generally be-
tween 300 and 800 µm in size and in one sample (CPR 
381), coarse-grained crystals occur 1-4 mm in size). 
Petrographic examination of alunite crystals reveals 
that it contains inclusions. These include woodhouseite 
(CaAl3(PO4)(SO4)(OH)6), quartz, and rutile. Generally, 
the latter two inclusions contribute to no more than 1 
volume percent of the sample. SEM images and ele-
ment mapping show that Ca, K, Na and P concentra-
tions vary widely within a single grain of alunite and 
woodhouseite (Fig. 23). K2O contents are 8.88 and 9.08 
wt percent (Table 7). Alunite crystals from domes are 
generally euhedral, pinkish and up to 500 µm in size. 
Electron microprobe analyses on alunite from domes 
reveal K20 contents between 7.51 and 8.11 wt percent 
(Table 7).

Most of the alunite samples gave well-defined 
plateaus at around 14.5 Ma (Fig. 18, Table 6) except 
for sample CPR 347 which yields a younger age (12.13 

Ma). Within errors, all these ages are nearly indistin-
guishable. 

The vein alunite from sample CPR 360 yields 
an undisturbed age spectra at 14.41 ± 0.07 Ma, sample 
CPR 365 gives an age at 14.52 ± 0.12 Ma, and sample 
CPR 381 gives an age of 14.54 ± 0.06 Ma (Fig. 18A, 
B, E, Table 6). Corresponding inverse isochron ages for 
CPR 360, CPR 365, and CPR 381 are all concordant 
and 40Ar/36Ar ratios are close to the atmospheric value 
within errors (Fig. 19B and E, Table 6).

Three alunite samples (CPR 347, CPR 379 and 
CPR 380) from altered dome at Venencocha have been 
dated. Sample CPR 347 yields a distinctly younger 
plateau age of 12.13 ± 0.07 Ma (Fig. 18F). The age 
spectrum looks undisturbedand the inverse isochron is 
concordant (12.09 ± 0.09 Ma, Fig. 19G, Table 6). The 
spectrum of sample CPR 379 from an altered dome at 
Venencocha shows a plateau at 14.50 ± 0.09 Ma (Fig. 
18C) and appears to be undisturbed. The inverse iso-
chron (14.43 ± 0.08 Ma) is concordant with the plateau 
age (Fig. 19C, Table 6). The other altered dome sample 
from Venencocha (CPR 380) gives an undisturbed age 
spectrum at 14.53 ± 0.09 Ma and the plateau age is con-
cordant with the isochron age (14.51 ± 0.06 Ma, Fig. 
18D and 19D). 

 The two alunite samples from the Santa Rosa 
area from an advanced argillic altered dome and from 
oxidized veins surrounded by an advanced argillic halo 
have been analyzed. The first alunite sample (CPR 508) 
yields a slightly disturbed age spectrum with a plateau 
age at 14.13 ± 0.71 Ma (Fig. 18I). This age is compa-
rable to the other ages of about 14.5 Ma within errors. 
The inverse isochron age is less precise, giving 13.78 
± 1.08 Ma (Table 6). The second alunite sample (CPR 
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Fig. 26: Conventional Pb-Pb diagrams showing subprovinces Pb isotope composition after Macfarlane et al. 
(1990). Inserts show Pb isotope composition sericite and pyrite analyzed in this study and galena from Cerro de 
Pasco (Mukasa et al., 1990) and other localities (see legend).
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351) yields an undisturbed age spectrum at 12.39 ± 0.06 
Ma (Fig. 18G) with a concordant inverse isochron age 
of 12.35 ± 0.08 Ma (Fig. 19F, Table 6). The age of 12.39 
± 0.06 Ma is slightly older but approaches the 12.13 Ma 
of an oxidized vein at Venencocha.

Rb-Sr analyses

The results of Rb-Sr isotopic analyses on sericite 
residues (R), corresponding HCl leachates (L) and py-
rites (P) are presented in Table 1. Rb and Sr concentra-
tions of residues are based on their dry sample weights 
after leaching. Since the mass of components removed 
by HCl leaching cannot be exactly determined with 
confidence and may be biased due to material loss dur-
ing centrifugation, we give no Rb and Sr concentrations 
for the HCl leachates. Sericite residues CPR 3, CPR 489 
and CPR 499 from altered diatreme breccias have low 
Sr concentrations between ca. 7 and 15 ppm, whereas 
sericite CPR 21 from an altered quartz-monzonite por-
phyry has about 782 ppm Sr. This may result from the 
different nature of the altered host rocks (89 ppm for 
CPR 472). The sericite Rb contents are all high (448 
- 820 ppm) which results in generally high 87Rb/86Sr ra-
tios between 157 and 291, except for sample CPR 21 
which has an exceptionally low 87Rb/86Sr ratio of 2.07. 
The 87Sr/86Sr ratios of the high-Rb/Sr samples CPR 3, 
CPR 498 and CPR 499 (0.72547 - 0.75561) reflect sig-
nificant accumulation of radiogenic Sr, whereas 87Sr/86Sr 
of CPR 21 remains at a low value of 0.70781. The cor-
responding HCl leachates vary in 87Rb/86Sr between 2.3 
and 19.05, with 87Sr/86Sr = 0.70682 - 0.71088. As can 
be expected for sulfides, both the Rb and Sr elemental 
concentrations of pyrites CPR 3 and CPR 499 do not 
exceed the ppb range (230 - 290 ppb). Their 87Sr/86Sr 
ratios are identical within errors at ca. 0.7071 and 87Rb/
86Sr shows different but comparable values of 2.38 and 
2.83, respectively.

In the 87Sr/86Sr vs. 87Rb/86Sr space (Fig. 24A), all 
samples display a linear correlation with R = 0.98 but 
reflect a high data scatter around the best-fit line which 
is obvious especially for the sericite residues (R). This a 
priori excludes any geochronologically meaningful iso-
chron regression for both the entire sample set and the 
sericite residues alone. In a 87Sr/86Sr vs. 1000/Sr mixing 
diagram (Fig. 25), the sericite residues (R) form a linear 
array (R = 0.98) that may reflect a disturbed binary mix-
ing line. However, time-integrated palaeomixing line 
calculations following Schneider et al. (2003) yielded 
no geochronologically interpretable results. This may 
indicate either unsystematic, heterogeneous isotopic 
and compositional mixing, or post-formational distur-
bance of the Rb-Sr system in the sericite, or both.

HCl leachates (L) CPR 3, CPR 498 and CPR 499 
are well correlated (R = 1) in the 87Sr/86Sr vs. 87Rb/86Sr 
diagram whereas leachate CPR 21 deviates significantly 
towards higher 87Rb/86Sr and 87Sr/86Sr values (Fig. 24B). 
Isochron regression of these leachates excluding sam-
ple CPR 21 results in a statistically robust Rb-Sr age of 
10.43 ± 0.18 Ma (MSWD = 0.13), comparable to the 

40Ar/39Ar age of 10.94 Ma obtained for alunite sample 
CPR 19 from an enargite-pyrite vein (Fig. 18). The ini-
tial 87Sr/86Sr of the isochron is 0.70648 ± 0.00001.

Assuming that the sericite samples (R) and the 
components removed by HCl leaching (L) were precipi-
tated coevally from the same alteration fluids, two-point 
isochron model ages can be calculated from correspond-
ing R-L samples pairs (Table 8). All ages obtained are 
discordant between 7.98 and 14.05 Ma, corresponding 
inititial 87Sr/86Sr ratios Sri(t) are similar only in the case 
of sample pairs CPR 3 and CPR 499. R-L pairs CPR 3, 
CPR 21 and CPR 499 give Rb-Sr ages comparable to 
some of the 40Ar/39Ar ages obtained for alunite. In this 
context, the 7.98 Ma Rb-Sr age defined by sample pair 
CPR 498 appears to be unusually young.

The pyrite (P) from samples CPR 3 and CPR 499 
plot next to the correlation line defined by HCl leach-
ates CPR 3, CPR 498 and CPR 499 but do not display 
a clear overall relationship to the Rb-Sr systematics 
of the leached sericite samples (R) and corresponding 
HCl leachates (L) (Fig.24b). Three-point isochron re-
gressions of R-L-P triplets for samples CPR 3 and CPR 
499 give very high MSWD values (197 and 1564, re-
spectively) and are therefore insignificant. Two-point 
isochrons calculated for corresponding pyrite (P) and 
leached sericite (R) yield 11.83 ± 11 Ma (Sri(t) = 0.70672 
± 0.00004) for sample CPR 3 and 13.94 ± 0.09 Ma (Sri(t) 
= 0.70655 ± 0.00003) for CPR 499, respectively. These 
ages are again discordant but comparable to the corre-
sponding R-L ages calculated for samples CPR 3 and 
CPR 499 (Table 8).

Pb isotopes

Pb isotope data for the sericite residues (R), cor-
responding HCl leachates (L) and associated pyrite 
(P) are listed in Table 1 and depicted in conventional 
Pb-Pb diagrams (Fig. 26). These also include four data 
points for Cerro de Pasco galena samples from Mukasa 
et al. (1990), as well as galena samples from Moroco-
cha (Gunnesch et al., 1990), San Cristobal ����������(Gunnesch 
et al., 1990; Moritz et al., 2001), Colquijirca (Fontboté 
and Bendezú, 2001)��������������������������������      , and Pasto Bueno (Doe and Zart-
man, 1979)����������������������������������������        for comparison.������������������������      All Cerro de Pasco sam-
ples (206Pb/204Pb = 18.743 - 18.922, 207Pb/204Pb = 15.629 
- 15.660, 208Pb/204Pb = 38.789 - 38.958) plot along the 
extension of the Stacey and Kramers (1975) average 
crustal Pb growth curve which indicates lead sources lo-
cated in crustal reservoirs. Overall, they form relatively 
homogeneous populations in both Pb-Pb diagrams (Fig. 
26). Variations may partly result from instrumental mass 
fractionation effects. The pyrite samples CPR 3 (P) and 
CPR 499 (P), the HCl leachates of sericite (L) and most 
of the Cerro de Pasco galena lead isotope composi-
tions from Mukasa et al. (1990) plot all within a narrow 
range of 206Pb/204Pb values (18.746 - 18.781), indicat-
ing similar lead sources. The leached sericite samples 
(R) are shifted systematically towards higher Pb isotope 
ratios). 
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Table 7: Representative electron microprobe composition of alunitea from Cerro de Pasco

Sample CPR 347 CPR 360 CPR 361 CPR 367 CPR 380 CPR 381 CPR 383 CPR 394 CPR 37 CPR 15

Na2O 0.82 1.29 1 0.86 0.71 0.64 0.94 1.85 2.79 2.31

K 2O 8.11 9.08 6.9 7.41 7.51 8.88 8.86 7.69 6.34 5.85

BaO 0 0.05 0.19 0.22 0.07 1.11 0.13 0.21 0.25 0.07

SrO 0.03 0.06 0.1 0.1 0.14 0.36 0.2 0.1 0.13 0.1

Al2O3 33.9 30.83 33.85 33.57 33.92 30.23 33.33 34.2 33.97 33.57

SO3 40.76 41.12 40.66 40.62 40.99 40.88 40.61 39.49 39.87 42.14

P2O5 0 0 0.17 0.1 0.27 0.04 0.15 0.05 0.03 0.05

H2O
b 16.68 18.38 16.54 16.92 16.27 18.26 16.72 15.12 15.7 18.19

F- 0.12 0.07 0.39 0.05 0.91 0.53 0.06 0.18 0.06 0.05

Total 100.42 100.87 99.8 99.85 100.78 100.91 101 98.89 99.15 102.32

Na 0.11 0.17 0.13 0.11 0.09 0.09 0.12 0.24 0.36 0.3

K 0.74 0.84 0.64 0.68 0.69 0.84 0.8 0.69 0.57 0.53

Ba 0 0 0.01 0.01 0 0.03 0 0.01 0.01 0

Sr 0 0 0 0 0.01 0.02 0.01 0 0.01 0

∑A site 0.85 1.01 0.78 0.81 0.79 0.97 0.93 0.94 0.94 0.83

Al 2.98 2.75 3.01 2.99 2.99 2.75 2.9 2.97 2.95 2.93

∑R site 2.98 2.75 3.01 2.99 2.99 2.75 2.9 2.97 2.95 2.93

S 2.18 2.24 2.2 2.2 2.2 2.27 2.15 2.09 2.11 2.24

aAlunite samples were analysed using a Cameca SX50 electron microprobe at the University of Lausanne, Switzerland. 
Instrumental conditions were: accelerating voltage 15 kV, beam current of 10 nA, and a sport size of 15 mm. 
 bWeight% H2O calculations were based on observed values for sulfur, phosphorus, potassium, sodium, barium, strontium, and 
fluorine, and alunite stochimonetry using formula AR3(SO4)2(F,OH)6, in which A refers to the large cations K+, Na+, Ba+, and Sr+, 
and R is Al3+

Table 8. Two-point isochron model ages for R-L pairs of sericite, samples CPR 3, CPR 21, CPR 498, and CPR 499
R-L-Pair Two-point isochron model age ± 2 σ [Ma] Sri(t) ± 2 σ

CPR 3 11.96 ± 0.11 0.70622 ± 0.00003

CPR 21 12.42 ± 0.18 0.70745 ± 0.00001

CPR 498   7.98 ± 0.07 0.70656 ± 0.00001
CPR 499 14.05 ± 0.09 0.70629 ± 0.00002
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Discussion

Geochronologic and Hf isotopic constraints of the 
magmatic rocks

Figures 20 and 22 summarize the U-Pb and 
40Ar/39Ar ages presented in this study, the diatreme-
dome complexes at Cerro de Pasco, Colquijirca, and 
Yanamate, together with regional geochronologic data 
from the literature (Silberman and Noble, 1977; Soler, 
1991; Bendezú et al., 2003). The oldest zircon age is 
that of Yanamate (15.92 ± 0.05 Ma), which is the only 
diatreme-dome complex for which related mineraliza-
tion is not known. The obtained age is older than the 
possibliy reset K/Ar (whole rock and sanidine) ages of 
15.2 ± 0.4 Ma and 13.1 ± 1.1 Ma, respectively, reported 
by Soler and Bonhomme (1988). The zircon age for 
the Colquijirca diatreme-dome complex is the young-
est (12.12 ± 0.03 Ma) of the three dated diatreme-dome 
complexes. This age is younger than the biotite 40Ar/39Ar 
ages reported by Bendezú et al. (2003) ranging from 
12.4 ± 0.06 and 12.9 ± 0.1 Ma. Two of the biotite ages 
are inverse isochron ages because no plateau ages could 
be obtained, which reflect that the system has been dis-
turbed. The third biotite age (12.43 ± 0.06 Ma) yields a 
good plateau and is older than the U-Pb age on zircon 
obtained in this study (12.12 ± 0.03 Ma). At Colquijirca, 
precious-metal high sulfidation mineralization dated on 
alunite between 11.9 and 11.1 Ma and Cordilleran base 
metal mineralization dated on alunite between 10.5 and 
10.8 Ma are closely related in time and space with the 
diatreme-dome complex (Bendezú et al., 2003; Bend-
ezú, 2007). 

At Cerro de Pasco, the U-Pb zircon ages on the 
magmatic rocks at Cerro de Pasco range from 15.40 ± 
0.07 to 15.16 ± 0.04 Ma and are in agreement with the 
relative chronology deduced from field observations 
(Fig. 22). The accretionary lapilli tuff within the dia-
treme is the first recorded magmatic event at 15.36 ± 
0.03 Ma. The dated dacitic dome yields an age at 15.40 
± 0.07 Ma. This age is within errors identical to that of 
the accretionary lapilli tuff. The U-Pb ages on quartz-
monzonite porphyry dykes suggest that their emplace-
ment lasted for at least 20’000 yrs from 15.35 ± 0.05 Ma 
to 15.16 ± 0.04 Ma. In one sample (CPR 603), the seven 
analyzed zircon grains define two clusters at 15.47 ± 
0.04 Ma and 15.16 ± 0.04 Ma. These ages may reflect 
protracted zircon growth, which could suggest that 
magmatism might have started before the first recorded 
magmatic ages (15.40 ± 0.07 Ma). The biotite 40Ar/39Ar 
of one of the quartz-monzonite dykes yields an age at 
15.14 ± 0.06, Ma which is considered to be concordant 
to the zircon U-Pb on the same dyke (15.35 ± 0.05 Ma). 
The other dated biotite of two quartz-monzonite dyke 
shows an age at 15.92 ± 0.07 Ma is older than the ob-
tained U-Pb ages on magmatic rocks. This biotite has 
certainly been affected by alteration which transformed 
it partly to chlorite, disturbing the Ar system.

The age obtained on the albitized quartz-monzo-
nite dyke (15.63 ± 0.83 Ma) has an error larger than 

the other analyzed zircons. This is due to the presence 
of inherited old lead components. Even considering 
the large errors, this age is older than the hydrothermal 
event (14.5-14.4 Ma) and it has to be concluded that 
the dated quartz-monzonite dyke was emplaced before 
the enargite-pyrite veins and not after as assumed for a 
similar dyke by Silbermann and Noble (1977) based on 
field descriptions of Lacy (1949). It should be noted that 
Silbermann and Noble (1977) obtained a 15.2 ± 0.02 
K/Ar age which they considered to be incorrect, but in 
the light of the new zircon U-Pb age at 15.65±0.83 Ma 
could be geologically meaningful. 

εHf values for all zircon samples from magmatic 
rocks are negative and range between -1 and -4 (Fig. 16, 
Table 4), indicating crustal sources of magmatic liquids. 
Model ages range between 1.2 and 1.0 Ga which are 
ages typical for the Grenville-Sunsas orogeny (Dalziel 
et al., 1994; Santos et al., 2002; Chew and Schaltegger, 
2007). This implies that the Mid-Miocene magmas at 
Cerro de Pasco (and probably at Colquijirca and Yana-
mate) were derived or strongly contaminated by old 
continental crust mainly formed during the Grenville-
Sunsas orogeny. There is no significant difference in 
εHf between the accretionary lapilli tuff, the dykes and 
the dome.

Failed attempt to date the first mineralization 
stage 

The sericite samples from the alteration halo ad-
jacent to the pyrite-quartz body present in the diatreme 
breccia rocks and from the quartz-monzonite dyke yield 
ages between 18.15 ± 0.17 and 16.36 ± 0.28 Ma. These 
ages are considered to be geologically not significant be-
cause they are older than the zircon U-Pb ages obtained 
for the host rocks (15.4 to 15.1 Ma, the diatreme breccia 
is assumed to have an age close that of the accretionary 
lapilli tuff, 15.36 ± 0.03 Ma, and to that of the dated 
dome, 15.40 ± 0.07 Ma). Various factors can lead to old-
er apparent ages. In the case of sericite, nuclear recoil 
occurs generally during the irradiation if the material is 
fine-grained. In the nuclear reaction 39K(n,p)39Ar, the re-
sulting 39ArK can be potentially lost, which increases the 
40Ar/39Ar ratio of the material and yields anomalously 
old ages (Turner and Cadogan, 1974). During the sepa-
ration, therefore only coarse-grained sericite was select-
ed (100-400 μm). Since the recoil distance, which will 
vary with the energy of the incoming neutrons, has been 
calculated to extend up to 0.5 μm (Turner and Cadogan, 
1974), 39ArK recoil on coarse-grained (>100 μm) min-
eral separates appears to be unimportant (Huneke and 
Smith, 1976). Nevertheless, the existence of subgrain 
diffusional domains could permit 39ArK recoil even in 
coarse-grained sericite. 

Alternatively, the presence of extraneous radio-
genic argon can lead to older apparent ages (Dalrymple 
and Lanphere, 1969), and may consist of two types − 
excess 40Ar and inherited 40Ar. Excess 40Ar results from 
other than in-place radioactive decay while inherited 
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40Ar is incorporated in a system from mineral grains 
that retain an older reservoir of argon (Snee, 2002). As 
previously noted, some age spectra show argon excess. 
Small quantities of excess 40Ar are involved in sample 
CPR 3, CPR 21, and CPR 96, because only the lower 
temperature extraction steps are affected, which results 
in a L-shaped spectrum. The age spectrum of the sericite 
sample CPR 21 (hosted in a quartz-monzonite dyke) re-
veals until the last steps, a decrease in the apparent age, 
suggesting that excess argon affected the whole sample. 
Since the other anomalously old sericite age spectra 
(CPR 115, CPR 498, and CPR 499) do not show argon 
excess, another process must be suggested. The elevat-
ed 40Ar/36Ar ratios of samples CPR 115, CPR 498, and 
CPR 499 can be explained as a result of incorporating 
radiogenic 40Ar from degassing potassium-rich or old 
rocks (Heizler and Harrison, 1988). That the analyzed 
sericite contains inherited 40Ar from an older reservoir 
is likely and this is supported by the Rb-Sr results on 
sericite and pyrite (see below). In a Sr mixing diagram 
(Fig. 25), a good linearity between 87Sr/86Sr vs. 1000/Sr 
is observed, suggesting that the different sericite sam-
ples reflect mixtures between detrital and newly-formed 
mica. The detrital mica could derive from the Excelsior 
Group phyllite present as clasts in the diatreme breccia. 
Thus, a significantly older reservoir of argon could have 
been incorporated in sericite grains and would therefore 
lead to older 40Ar/39Ar ages. We conclude that the ob-
tained sericite ages do not have any geological signifi-
cance.

Age constrains for the second mineralization stage

The first and possibly more significant age clus-
ter for the second mineralization stage ranges from 14.5 
to 14.4 Ma and is defined by alunite samples from the 
Venencocha area. Taking into account its large error, the 
alunite age at 14.1 ± 0.71 Ma from Santa Rosa (Table 6) 
is also compatible with the 14.5 - 14.4 Ma range. This 
age range is overlapped by K/Ar ages obtained by Sil-
berman and Noble (1977) on altered plagioclase, sani-
dine and biotite from a dacitic dome and a quartz-mon-
zonite dyke from the diatreme-dome complex at Cerro 
de Pasco. Therefore, it can be suggested that around 
14.5 Ma, a hydrothermal event took place producing the 
advanced argillic alteration in domes, quartz-monzonite 
dykes and formed the enargite-pyrite veins at Venenco-
cha and Santa Rosa. 40Ar/39Ar of alunite from altered 
domes and from halos around oxidized veins at Venen-
cocha are in the same range (Fig. 20, Table 4). 

The 12.39 ± 0.06 Ma, 12.13 ± 0.07 Ma, and 10.94 
± 0.10 Ma ages of the second cluster have the problem 
that each sample gives different ages over a time span 
which, in addition, is unrealistically long. The age scat-
ter could point to a disturbance of the Ar system. Per-
haps, late fluid circulation could have reset the alunite 
ages. That the fluid circulation can not be excluded is 
supported by the fact that the nearby Colquijirca dis-
trict experienced the main phases of fluid circulation be-
tween 12.43 and 10.5 Ma (Bendezú, 2007). The hypoth-

esis that the alunite ages have been in part reset by late 
fluid circulation is also supported by the stable isotope 
study which showed that oxygen and hydrogen isotope 
composition of fluids in equilibrium with the two alunite 
samples giving ages at 12.13 ± 0.07 and 12.39 ± 0.06 
Ma (CPR 347 and CPR 351) deviate from the assumed 
mixing line meteoric-magmatic water (Baumgartner et 
al, Part III). Furthermore, these alunite samples have in-
clusions of woodhouseite (Ca-bearing aluminium-phos-
phate-sulfate mineral), which are absent in the first clus-
ter alunite age. These inclusions could act as pathways 
for Ar loss during late fluid circulation, disturbing the 
alunite crystals. When these disturbed grains are step-
heated, they should show evidence of argon loss in the 
age spectrum. The fact that this cannot be observed in 
the spectra shown in Fig. 18 could be due to dehydroxi-
lation of the alunite during heating which would mask 
the disturbance, and result in an apparent undisturbed 
age. 

From the geological and metallogenic point of 
view, there are also reasons to question the younger alu-
nite ages at 12.39 ± 0.06, 12.13 ± 0.07 Ma, and 10.94 
± 0.1 Ma. If these ages were correct, they would imply 
the existence of three hydrothermal pulses (~14.5 Ma, 
~12.2 Ma, and ~10.9 Ma) during the formation of es-
sentially the same type of high sulfidation ores during 
the second mineralization stage and that the time gap 
separating each of the three pulses would be in the or-
der of 1-2 Ma. Although this scenario is not impossible, 
it cannot be sustained by only three alunite scattered 
40Ar/39Ar ages which, in addition, present indications of 
disturbance in the argon system. 

Pb isotopes and Rb-Sr analyses 

The obtained Pb isotope composition of pyrite 
coincides with that of galena of Cerro de Pasco (Mu-
kasa et al. 1990) and falls in a cluster defined by galena 
samples from Morococha (Gunnesch et al., 1990), San 
Cristobal (Gunnesch et al., 1990; Moritz et al., 2001), 
Pasto Bueno (Doe and Zartman, 1979), and Colquijirca 
(Fontboté and Bendezú, 2001). These compositions 
were interpreted by Macfarlane et al. (1990) to corre-
spond to magmatic mixing of enriched upper mantle-
derived lead and radiogenic upper crustal rocks lead, 
i.e., a typical feature of the Miocene Metallogenic Belt 
in central Peru (Noble and McKee, 1999) and other de-
posits of the Subprovince II of  Macfarlane et al. (1990) 
(Fig. 26).

The leachates of three sericite samples (L) from 
the phyllic alteration halo (first mineralization stage) 
fall also in the same cluster and are less radiogenic than 
the residal fractions. This observation is consistent with 
the hypothesis that the alteration halo was formed by 
the magmatic ore forming fluids. The fact that the re-
sidual fractions (R) and one leachate are slightly shifted 
towards more radiogenic ratios could reflect minor bi-
nary geochemical mixing between the magmatic lead 
component defined by the cluster mentioned above and 
a radiogenic end-member (Excelsior Group phyllite) or 
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could correspond to the fact reported by Chiaradia and 
Fontboté (2003) that in general, phyllosilicate residues 
are more radiogenic than the leached fractions because 
common lead is preferentially leached from labile sites. 
In-situ growth of radiogenic Pb by U-Th decay cannot 
explain the shift because with an alteration/mineraliza-
tion age of 14 Ma, too high µ values, between 33.5 and 
104, would be required. 

In conclusion, at Cerro de Pasco the Pb isotope 
composition of ore minerals and sericite leachates re-
flect a predominant magmatic Pb input from the Mio-
cene intrusions and the basement rocks contribution was 
minor. Similar interpretations have been proposed for 
other deposits in porphyry environment in central Peru 
(e.g., San Cristobal, Moritz et al., 2001 and Colquijirca, 
Fontboté and Bendezú, 1999)�.

Rb-Sr data of HCl leached sericite from argillic 
alteration halos at Cerro de Pasco display excess scatter 
in a 87Sr/86Sr vs. 87Rb/86Sr correlation diagram and there-
fore do not allow a geochronologically straightforward 
interpretation in terms of a Rb-Sr isochron (Fig. 24A), 
despite high Rb/Sr and variable 87Sr/86Sr ratios. This may 
indicate that the analyzed sericite samples are not coge-
netic or were formed in the presence of geochemically 
heterogeneous, small-scale alteration fluid systems that 
had interacted with the wall rocks. These fluids were 
not capable of homogenizing the Rb-Sr system in the 
alteration products. The 87Sr/86Sr vs. 1000/86Sr mixing 
diagram (Fig. 25) indicates that the analyzed sericite 
samples reflect geochemical mixtures of an unradiogen-
ic Sr component and Sr derived from more radiogenic 
sources. Therefore, it can be suspected that the analyzed 
sericite samples contain inherited Rb-Sr components of 
preexisting mica. This is supported by the fact that their 
initial 87Sr/86Sr values corrected for in-situ 87Rb decay 
partly unrealistically low values below 0.702 for ages 
of 10 Ma to 14 Ma. The unradiogenic Sr component 
may be represented by the overprinted, Sr-rich wall 
rocks with a 87Sr/86Sr ratio of ca. 0.7056 given by the 
y-intercept of the mixing line (R = 0.98) in Figure 25. 
This value is in good agreement with 87Sr/86Sr values of 
0.7058 and 0.7057 for a dacitic dome and a quartz-mon-
zonite dike within the Cerro de Pasco diatreme-dome 
complex reported by Noble and McKee (1999). 

Given the obvious presence of inherited compo-
nents in the sericite from the phyllic alteration, which 
would also fully explain the unrealistically old 40Ar/39Ar 
ages obtained for these samples, the geochronological 
significance of two-point Rb-Sr isochron ages calculated 
from R-L pairs (Table 8) as well as from leached seric-
ite/corresponding pyrite data are highly doubtful. These 
ages are highly discordant internally and the isochron 
calculations reflect variable initial Sri(t) ratios, which is 
again suggestive of non-cogenetic mixed components 
(cf. Schneider et al., 2003).

The Rb-Sr isochron age of 10.43 ± 0.18 Ma ob-
tained for three of the HCl leachates (CPR 3, CPR 498, 
CPR 499; Fig. 24B), could to be significant from the 
analytical point of view. These leachates were produced 
from sericite derived from the same type of altered dia-

treme breccia, whereas the aberrant HCl leachate CPR 
21 L in Figure 24b represents material sampled from 
a quartz-monzonite porphyritic dyke. In the Pb-Pb dia-
grams, the HCl leachates are more homogeneous com-
pared to the leached residual sericite samples and also 
show more affinity to the pyrite and galena data (Fig. 
26). From this, it may be suspected that the initial Rb-Sr 
system in the material removed by HCl leaching was 
also homogeneous, i.e. the preconditions of the isochron 
model are fulfilled.

However, if the age is correct, it would imply that 
HCl leaching of the sericite selectively removed com-
ponents that were formed at a later time than the rest of 
the sericite. The obtained age of 10.43 ± 0.18 Ma could 
have been reset by the same event which, perhaps, was 
responsible of the presumed resetting of the “young” 
alunite ages (12-4- 10.9 Ma) discussed above. 

Duration of magmatic-hydrothermal activity

Estimates of the longevity of igneous-related hy-
drothermal ore deposits vary significantly among de-
posits. Short-lived hydrothermal systems ranging from 
100’000 to 300’000 yr include Koloula (Solomon Is-
lands), Divide (Nevada), FSE-Lepanto, (Philippines) 
Round Mountain (Montana), Potrerillos, (Chile, Marsh 
et al., 1997 and references therein). Long-lived hydro-
thermal systems can last for several million years such 
as Butte, Montana ������������������������������������     (Meyer et al., 1968), La Escondida, 
Chile (Padilla Garza et al., 2001), Chuquicamata, Chile 
(Ossandón et al., 2001), Collahuasi, Chile (Masterman 
et al., 2005), Panasqueira, Portugal (Snee et al., 1988), 
and Colquijirca, Peru ��������������������������������    (Bendezú et al., 2003; Bendezú, 
2007)����������������������������������������������     , among others. These long-lived hydrothermal 
systems consist of several short-lived hydrothermal 
pulses.

The zircon U-Pb ages attest magmatic activity at 
Cerro de Pasco between 15.4 and 15.1 Ma. One 40Ar/
39Ar biotite age (15.1 Ma) falls in the same age range. 
These data indicate that for at least 350’000 yr, the 
magmatic system produced, successively, the diatreme, 
dacitic domes around the diatreme, and quartz-monzo-
nite dykes within the diatreme-dome complex. No field 
evidences have been found so far that magmatic activity 
could have initated before the formation of the diatreme-
dome complex. The K-Ar ages obtained by Silberman 
and Noble (1977) at ~14.5 Ma are younger than the U-
Pb ages of this study and probably represent partial loss 
of radiogenic Ar, perhaps during the extensive hydro-
thermal activity at ~14.5 Ma at Cerro de Pasco. 

Most alunite 40Ar/39Ar ages from alteration related 
to the second mineralization stage enargite-pyrite veins 
in Santa Rosa and Venencocha fall in a narrow range be-
tween 14.5 and 14.4 Ma. This age consistency suggests 
that the advanced argillic alteration in the domes and 
in the oxidized polymetallic veins east and west of the 
diatreme was produced during a short period of around 
100’000 yr. 40Ar/39Ar age determinations on the carbon-
ate replacement bodies were not possible because of the 
scarcity and small size of alunite; the geological evi-
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dence point to a similar mineralization age. Therefore, 
and under the assumption that the younger alunite ages 
are reset, mineralization at Cerro de Pasco would end at 
around 14.4 Ma, i.e. around 500’000 yr after the main 
magmatic activity (15.4 – 15.1 Ma).

Since no reliable ages are available for the first 
mineralization stage, it can only stated that it is brack-
eted between the quartz-monzonite porphyry dykes and 
the second mineralization stage, i.e. between 15.1 and 
14.5 Ma. Taking into account the similarity of the fluids 
forming both mineralization stages (Baumgartner et al, 
Part III), it is likely that the mineralization age for the 
first stage is close to that of the second one. 

Conclusions

The conducted U-Pb and 40Ar/39Ar geochrono-
logical survey and additional published data reveal at 
least three Mid-Miocene magmatic events in the region 
between Cerro de Pasco and Colquijirca. They produced 
each a diatreme-dome complex at Yanamate (15.92 Ma), 
Cerro de Pasco (15.4 – 15.1 Ma), and Colquijirca (12.4 
–12.12 Ma). Large mineralized systems are related to 
the last two complexes. 

At Cerro de Pasco, the geochronology records 
magmatic activity between 15.4 and 15.16 Ma. Dur-
ing at least 350’000 yr, several magmatic pulses pro-
duced, successively, the diatreme, dacitic domes around 
the diatreme, and quartz-monzonite dykes which were 
mainly emplaced within the diatreme-dome complex 
and to a lesser extent, in the Pucará carbonate rocks. No 
field evidences have been found so far that magmatic 
activity could have begun before the formation of the 
diatreme-dome complex. 

The timing of the hydrothermal system has been 
partly constrained by 40Ar/39Ar dating on alunite from 
altered domes and enargite-pyrite veins in the Venen-
cocha and Santa Rosa areas, which are considered to be 
the equivalent of the second stage mineralization enar-
gite-pyrite veins occurring on the western part of the 
open pit. Most of the 40Ar/39Ar ages on alunite related 
to the second mineralization stage fall within a narrow 
time span between 14.5 – 14.4 Ma. This age consisten-
cy suggests that the advanced argillic alteration in the 
domes and the enargite-pyrite veins in Venencocha and 
Santa Rosa have been produced during a short period of 
around 100’000 yr. 40Ar/39Ar age determinations on the 
second stage Fe-poor sphalerite bearing carbonate re-
placement bodies were not possible because of the scar-
city and small size of alunite; the geological evidence 
point to a similar mineralization age. Three younger ages 
scattered at 12.39 ± 0.06, 12.13 ± 0.07 Ma, and 10.94 ± 
0.1 Ma are believed to have been reset, perhaps by late 
circulating fluids. Therefore, magmatic-hydrothermal 
activity at Cerro de Pasco appears to have lasted for less 
than 1 My from 15.4 to 14.5 Ma, a relatively short time 
span for such a large mineralized system but a similar 
duration than that recognized at the nearby Colquijirca 
magmatic-hydrothermal system (in the order of 1.5 Ma, 
Bendezú et al., 2003, Bendezú, 2007).

Rb-Sr data for sericite indicate binary geochemi-
cal mixing between Miocene magmatic and Paleozoic 
basement sources. Pb isotopic compositions of pyrite 
and sericite, similar to those previously published of 
galena at Cerro de Pasco, Colquijirca, San Cristobal, 
and Morococha, are explained by magmatic mixing of 
enriched upper mantle-derived lead and radiogenic up-
per crustal rocks lead.  

40Ar/39Ar ages on sericite obtained for the first 
mineralization stage (pyrite-quartz body, pyrrhotite 
pipes and related Zn-Pb ore bearing Fe-rich sphalerite) 
are not reliable, probably due to inherited argon derived 
from micas contained in Paleozoic clasts within the dia-
treme breccia. This hypothesis is also supported by Rb-
Sr data for sericite and Pb isotopes on pyrite and seric-
ite. Thus, it can only stated that the first mineralization 
stage is bracketed in time between the quartz-monzonite 
dykes and the second mineralization stage, i.e. between 
15.1 and 14.5 Ma. 

This study points out the difficulties encountered 
during the 40Ar/39Ar analyses of sericite and to a less-
er extent alunite. Sericite dating should be done with 
caution and a more robust geochronologic tool (e.g. 
U-Pb on zircon) must be combined to 40Ar/39Ar dating 
in altered terrains. Concerning alunite, a careful petro-
graphic examination of alunite combined with electron 
microprobe analyses is necessary.
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Abstract

The large Cerro de Pasco epithermal Cordilleran base-metal deposit in central Peru is located on the eastern 
margin of a Mid-Miocene diatreme-dome complex and comprises two mineralization stages. The first mineraliza-
tion stage (I) consists of a large pyrite-quartz body (IA) emplaced mainly in carbonate rocks from the Pucará Group, 
and to a lesser extent, the diatreme breccia. This pyrite-quartz body was, in part, replaced by pipe-like pyrrhotite 
bodies zoned outwards to carbonate replacement Zn-Pb ores (IB). The second mineralization stage is composed 
of zoned Cu-Ag-(Au-Zn-Pb) enargite-pyrite veins with advanced argillic alteration hosted in the diatreme breccia 
and zoned Zn-Pb-(Bi-Ag-Cu) carbonate replacement bodies. In the Venencocha and Santa Rosa areas, located 2.5 
km northwest of Cerro de Pasco, advanced argillic altered dacitic domes and oxidized veins with advanced argillic 
altered halos occur. The latter veins are possibly the oxidized equivalent of the enargite-pyrite veins.

Microthermometric data on fluid inclusions in quartz indicate that the different ores of the first mineralization 
stage formed at similar temperatures and moderate salinities (pyrite-quartz body: 200 − 275°C and 0.2 − 6.8 wt % 
NaCl equiv, pyrrhotite bodies: 192 − 250°C and 1.1 − 4.3 wt % NaCl equiv, and Zn-Pb ores: 183 − 212°C and 3.2 
− 4.0 wt % NaCl equiv). These values are in the same range as those obtained for fluid inclusions of quartz and 
sphalerite from the second stage ores (enargite-pyrite veins: 187−293°C and 0.2−5.2 wt % NaCl equiv, carbonate 
replacement bodies quartz: 178−265°C and 0.2−7.5 wt % NaCl equiv, carbonate replacement bodies sphalerite: 
168–222°C, and Venencocha: 245−261 and 3.2−7.7 wt % NaCl equiv). Oxygen and hydrogen isotope composi-
tions have been measured for kaolinite from carbonate replacement bodies (δ18O = 5.3 to 11.5 ‰, δD = –82 to –114 
‰) and in alunite from the Venencocha and Santa Rosa areas (δ18O = 1.9 to 6.9 ‰, δD = –56 to –73 ‰). Oxygen 
isotope compositions of quartz from the first and second mineralization stages have δ18O values from 9.1 to 17.8 
permil. Calculated fluids in equilibrium with kaolinite and alunite have δ18O values of 2.0 to 8.2 permil and δD 
values of −69.4 to −96.8 permil, l and –1.4 to –6.4 ‰ and –62 to –79 ‰, respectively. Sulfur isotope compositions 
of sulfides from both stages have a narrow range of δ34S values between −3.7 and 4.2 permil and sulfates from the 
second stage between 4.2 to 31.2 permil. The microthermometric data and the stable isotope studies show that the 
ore-forming fluids define two mixing trends. The first trend reflects mixing between a saline magmatic end-member 
and an isotopically exchanged hydrothermal end-member of meteoric origin. According to the available data, for 
all ore types, except for the enargite-pyrite veins from the western part of the open pit, the saline end-member could 
correspond to a hypersaline magmatic fluid. For the enargite-pyrite veins, the saline magmatic end-member could 
also correspond to a contracted vapor separated at great depth or a single phase fluid. The second trend is revealed 
by the stable isotope results of alunite and points toward mixing of volcanic SO2 vapor plumes and unexchanged 
meteoric water. 

The hydrothermal system at Cerro de Pasco was emplaced at shallow levels (on the order of 500 m) in the 
epithermal part of a porphyry environment. The similar temperatures and salinities obtained for the first (pyrite-
quartz body, pyrrhotite pipes and related Zn-Pb ores) and second mineralization stages (enargite-pyrite veins and 
carbonate replacement bodies) jointly with the stable isotope study has permitted to conclude that they are linked 
and represent successive mineralizing stages of Cordilleran base metal deposits. 
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Introduction

Recent studies have mainly concentrated on fluid 
evolution in magmatic-hydrothermal systems by focus-
ing on porphyry copper and epithermal disseminated 
high sulfidation Au-(Ag) deposits (Einaudi et al., 2003; 
Bethke et al., 2005; Fifarek and Rye, 2005; Heinrich, 
2005). However, less focus has been placed on epith-
ermal Cordilleran base-metal deposits. A number of 
Cordilleran base metal deposits are known to occur 
superimposed on porphyry-copper deposits (e.g. Butte, 
Morococha) while others have no identified link to min-
eralized porphyries (Einaudi et al., 2003). Furthermore, 
in a porphyry environment, epithermal high sulfidation 
Au-(Ag) deposits may be superimposed by Cordilleran 
deposits (e.g. Bendezú et al., 2003).

Cerro de Pasco, an epithermal  Cordilleran base-
metal deposit located in central Peru and spatially re-
lated to a Mid-Miocene diatreme-dome complex , is a 
Zn-Pb-Ag-Cu-Bi deposit, with post 1950 production 
plus known resources amounting to more than ~175 
Mt @ 7 percent Zn and 2 percent Pb as well 3 oz/t Ag 
(compiled according to and Cerro de Pasco geologi-
cal staff, 1950 and Einaudi, 1977). In addition, prior to 
1950, 1200 Moz Ag, 2 Moz of Au, and around 50 Mt 
@ 2 percent Cu were mined (our estimation according 
to data of Jiménez, 1924; Geological staff of Cerro de 
Pasco Corporation, 1950; Einaudi, 1977; Fischer, 1977; 
Baumgartner et al., 2006). Contributions on the geology 
and mineralization of Cerro de Pasco include McLaugh-
lin (1924); Bowditch (1935), Graton and Bowditch, 
(1936), Lacy (1949), Geological staff of Cerro de Pasco 
Corporation (1950), Jenks (1951), Ward (1961), Peters-
en (1965), Einaudi (1968, 1977), Silberman and Noble 
(1977)��� ���������������������������������������������     , Mégard (1978), Rivera (1997), Angeles (1999), 
Baumgartner et al. (2003). Several unpublished reports 
of Cerro de Pasco Corporation, CENTROMIN, and 
Volcán Companía Minera S.A contain additional infor-
mation on Cerro de Pasco. 

The Cerro de Pasco deposit comprises two miner-
alization stages with contrasting mineralogy and depo-
sitional environments (Baumgartner and Fontboté, Part 
I). The first mineralization stage occurs on the eastern 
margin of a Mid-Miocene diatreme-dome complex and 
consists of a large pyrite-quartz body replacing Upper 
Triassic-Lower Jurassic Pucará carbonate rocks and, to 
a lesser extent, the diatreme breccia. Pipe-like pyrrho-
tite bodies, which are zoned outwards to Zn-Pb miner-
alization, were subsequently emplaced within the py-
rite-quartz body and mainly replaced the Pucará Group 
rocks. The second mineralization stage superimposes 
partially the first stage and includes Cu-Ag-(Au-Zn-
Pb) enargite-pyrite zoned veins hosted by the diatreme 
breccia, located in the western part of the deposit, and 
Zn-Pb-(Bi-Ag-Cu) replacement bodies hosted by the 
Pucará Group rocks, situated in the eastern and central 
part of the deposit. 

 The present contribution presents a fluid inclu-
sion and stable isotope study of ore and gangue min-
erals. Samples have been collected from the first and 

second mineralization stages within the open pit as well 
as in the Venencocha area, located on the northwestern 
margin of the diatreme, 2.5 km NW of the open pit. The 
Venencocha area contains advanced argillic alteration 
zones in domes and as halos around oxidized veins. 
Fluid inclusions have been measured in quartz (from 
the first and second mineralization stages) and sphaler-
ite (second mineralization stage). Cathodoluminescence 
imaging has been used in the fluid inclusion survey in 
order to highlight different quartz generations. The mi-
crothermometric and stable isotope measurements of 
sulfide, sulfate, carbonate, and silicate minerals from 
the first and second mineralization stages constrain the 
temperature, salinity and origin of the ore-forming flu-
ids and provide information on the spatial and tempo-
ral evolution of these hydrothermal fluids at Cerro de 
Pasco. 

District and Deposit Geology at Cerro de 
Pasco

Cerro de Pasco is located on the high Andean 
plateau of central Peru, at an elevation of 4300 m. A 
regional NS “Longitudinal Fault” juxtaposes Paleozoic 
metamorphic rocks with Mesozoic sedimentary rocks (. 
1). In the mine area, the Longitudinal Fault is believed 
to be represented by high-angle N15°W striking reverse 
faults (Fig. 2). The oldest exposed rocks at Cerro de Pasco 
are slightly metamorphosed shale, phyllite and quartzite 
of the Devonian Excelsior Group. On the eastern side of 
the diatreme dome complex, the Excelsior Group phyl-
lite forms an anticline, named the Cerro anticline (Fig. 
2). This Group is overlain in an angular unconformity 
by sandstone and conglomerate with pebbles of quartz 
and Excelsior-type argillaceous clasts belonging to the 
Permo-Triassic Mitu Group (McLaughlin, 1924; Jenks, 
1951). Outcrops of the Mitu Group are rare in the vi-
cinity of the Cerro de Pasco district and become more 
widespread to the south (Fig. 1). Above the half eastern 
part of the district, the Mitu Group is covered by a thick 
(up to 3000m) Upper Triassic-Lower Jurassic carbon-
ate sequence belonging to the Pucará Group (Angeles, 
1999). This carbonate sequence is principally composed 
of thick-bedded, dark-colored limestone and dolomite 
with occasional shale interbeds and zones of siliceous 
concretions (Jenks, 1951). In the Cerro de Pasco open 
pit area, the Pucará Group is thinner (probably less than 
500 m) because of the presence of the Cerro anticline. 
On the western part of the district, the Pucará Group is 
only 300m thick and consists of thin-bedded, light-col-
ored limestone (Jenks, 1951). From the Eocene to Low-
er Miocene, multiple folding episodes with a NE-SW 
axial direction occurred and brought the Excelsior and 
the Mitu Group rocks to shallower levels. In the Mid-
Miocene, magmatic activity affected the region (Silber-
man and Noble, 1977; Bendezú et al, 2003; Baumgart-
ner et al., Part II; Bendezú, 2007). At Cerro de Pasco, 
similarly as in the nearby Colquijirca district, magma-
tism consisted of the formation of a dacitic diatreme fol-
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Fig. 1: Geology (modified from Bendezú et al. 2003) and schematic west-east (A-A’) cross section of the Cerro 
de Pasco district. The lower cross-section illustrates the Mid-Miocene topography at Cerro de Pasco.
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lowed by multiple dacitic porphyritic domes (15.4 Ma) 
and quartz-monzonite porphyritic dykes (15.4 – 15.1 
Ma, Baumgartner et al. Part II). 

Erosion removed part of the diatreme-dome com-
plex as well as surrounding rocks, as suggested by the 
presence of collapsed blocks of Mitu and Pucará Group 
rocks inside the diatreme and the absence of them in the 
vicinity of the diatreme (Fig. 1 and 2). Most probably, 
the total erosion from the Mid-Miocene to present is in 
the order of 500 m.

At Cerro de Pasco, two mineralization stages 
have been recognized (Einaudi, 1977, Baumgartner and 
Fontboté, Part I). The first stage include a large pyrite-
quartz body and pyrrhotite pipes zoned to Zn-Pb ores 
in carbonate rocks while the second stage comprises 
EW trending Cu-Ag-Au-(Zn-Pb) enargite-pyrite veins 
hosted in the diatreme breccia and Zn-Pb-(Bi-Ag-Cu) 
carbonate replacement bodies.

First mineralization stage

 The large pyrite-quartz body replaced mainly 
the Pucará Group carbonate rocks and to a lesser ex-
tent the rocks from the diatreme-dome complex (Fig. 2 
and 3). Sedimentary textures as well as breccia textures 
are locally recognizable. Pyrite constitutes more than 
90 percent of the body and black and red chalcedonic 
silica and quartz account for the remaining 10 percent. 
Following the contour of the pyrite-quartz body and up 
to a distance of 50 m, an alteration halo occurs and is 
characterized by the assemblage sericite-pyrite-quartz, 
typical of phyllic alteration.

Vertical steep pipe-like pyrrhotite bodies partly 
replaced the pyrite-quartz body along its whole verti-
cal extension (Figs. 4 and 5). These pyrrhotite pipes 
show an upward and outward zonation with the metal 
suite W-Sn-Cu-Zn-Pb. The core zone, only observed in 
deep levels, is composed of the assemblage pyrrhotite-
quartz-wolframite. The intermediate level assemblage 
consists of pyrrhotite-sphalerite-chalcopyrite-stannite 
(Einaudi, 1977). The outer zone, which is present in the 
whole vertical extension of the pyrrhotite bodies and 
which includes the Zn-Pb ore, consists of the associa-
tion pyrrhotite, sphalerite Fe-rich sphalerite (up to 25 
mol % FeS, Baumgartner and Fontboté, Part I) and arse-
nopyrite with minor marcasite, tennantite, chalcopyrite, 
chlorite, sericite, siderite, and calcite. The Zn-Pb ores, 
characterized by Fe-rich sphalerite, form extensive car-
bonate replacements in the Pucará Group rocks (Fig. 3). 
The pipe-like pyrrhotite bodies The transition zone be-
tween the pyrrhotite pipes and the Zn-Pb ores contains 
a fine-grained mixture of pyrite and marcasite, attesting 
to the alteration of pyrrhotite. The mineral assemblages 
of the first mineralization stage are typical of low sul-
fidation states (Baumgartner and Fontboté, Part I). The 
pyrite-quartz body and the Fe-rich sphalerite-bearing 
Zn-Pb ores are crosscut on the western part of the de-
posit by enargite-pyrite veins belonging to the second 
mineralization stage.

Second mineralization stage

The second mineralization stage is composed 
of east-west Cu-Ag-Au-(Zn-Pb) enargite-pyrite veins 
hosted by the diatreme breccia on the western side of 
the open pit and of Zn-Pb-(Bi-Ag-Cu) carbonate re-
placement bodies located mainly on the eastern but also 
central part of the open pit (Fig. 3, 4, and 6). This sec-
ond stage is structurally controlled, the western veins 
following steep dipping E-W faults and the carbon-
ate replacement bodies along sub-vertical faults with 
N35°E, N120°E, and N170°E orientations (Fig. 3 and 
6); subordinately, the carbonate replacement bodies are 
controlled by favorable Pucará Group carbonate hori-
zons. The second mineralization stage is characterized 
by a well-developed zonation. In the orebodies hosted 
by Pucará carbonate rocks, the main orebodies studied 
in this work, i.e. Cuerpo Nuevo, Cayac Noruega, sever-
al orebodies in the Colas area, and San Alberto (Fig. 3), 
the core contains pyrite-famatinite and shows advanced 
argillic alteration assemblages, including alunite-quartz. 
This core grades out to an intermediate zone containing 
tetrahedrite, Bi- and Ag-rich phases, and pyrite; alumi-
num phosphate-sulfate minerals (APS) such as hins-
dalite ((Pb,Sr)Al3(PO4)(SO4)(OH)6) and woodhouseite 
(CaAl3(PO4)(SO4)(OH)6). Kaolinite-(dickite) are com-
mon alteration minerals of this zone. The outer zone is 
the best developed and consists of sphalerite and galena 
plus kaolinite, barite, and alunite group minerals such as 
hinsdalite. Locally barite appears late in the paragenetic 
sequence and does not precipitate with sulfides. The 
outermost zone is composed of magnetite, hematite and 
Fe-Mn-Zn carbonates. Small late calcite veins are pres-
ent in this zone. The carbonate-hosted Ag- and Bi-rich 
intermediate and Zn-Pb-Ag outer zones constitute most 
of the present economic resource of Cerro de Pasco. In 
addition to the main carbonate replacement orebodies, 
small uneconomic centimeter-scale sphalerite-galena-
Fe-Mn-Zn carbonate veins occur in the northeastern 
part of the open pit (NE small vein in Fig. 2 and 3) and 
are also part of the carbonate replacement bodies. 

The veins hosted by the diatreme breccia, on 
the western part of the deposit, show a less developed 
zonation consisting of an enargite-pyrite core with ad-
vanced argillic alteration including alunite, quartz, zu-
nyite, diaspore and APS-minerals such as svanbergite 
(SrAl3(PO4)(SO4)(OH)6) and woodhouseite. The inter-
mediate zone is composed of tennantite, stibnite, and 
Bi-minerals, accompanied by APS-minerals and an out-
er zone that is poorly developed with small amounts of 
Fe-poor sphalerite and galena. The presence of porous 
volcanic rocks, interpreted as vuggy quartz, in the vein 
walls suggests that the enargite-pyrite veins were em-
placed in a zone of enhanced permeability. Enargite and 
quartz fill vugs present in the vuggy quartz. 

In this study, samples from an area located on the 
northwestern margin of the diatreme-dome complex, 
the Venencocha area, which is 2.5 km NW of the Cerro 
de Pasco open pit, have also been analyzed. Venenco-
cha presents two occurrences with advanced argillic 
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Fig. 2: Geological map of the diatreme-dome complex at Cerro de Pasco, compiled from Rogers (1983) and 
Huanqui (1994). The mineralization types occurring in the open pit (plain topographic black lines) are shown, as 
well as the names of the principal orebodies studied in this contribution.
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Fig. 3: Geological map of the Cerro de Pasco open pit showing the rock units, the structure, and the different 
mineralization stages, based on maps of the Cerro de Pasco Geology staff. Lines labeled A-A’ and B-B’ indicate 
locations of cross sections in Figure 4 and 5.
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alteration. The first type of occurrence corresponds to 
advanced-argillic-altered domes with alunite, quartz, 
and small amounts of zunyite, diaspore and pyrite while 
the second type corresponds to alteration halos from 
oxidized veins. These alteration halos consist of alunite, 
quartz, zunyite, and diaspore. The Venencocha oxidized 
veins contain massive goethite-jarosite and minor he-
matite and are similar to the enargite-pyrite veins on the 
western part of the open pit and were thus considered to 
be part of the second mineralization stage. In contrast, 
the advanced argillic alteration in the domes may either 
correspond to the alteration related to the enargite-py-
rite veins or a previous hydrothermal pulse.  

Approach and analytical techniques

Analytical techniques and minerals used in 

this study are summarized in Table 1. The sample lo-
cations are reported in Figure 3 and Appendix 1. Mi-
crothermometric measurements were made mainly on 
fluid inclusions in quartz from the first mineralization 
stage as well as in quartz and sphalerite from the sec-
ond mineralization stage. Stable isotope compositions 
have been measured on sulfide and quartz from the first 
mineralization stage and on silicate, sulfate, sulfide, and 
carbonate from the second stage (Table 1). In addition, 
a detailed cathodoluminescence (CL) survey on quartz 
from both mineralization stages was done to identify 
different quartz generations within a single grain and to 
correlate them with fluid inclusion assemblages located 
using transmitted light microscopy. 

A fluid inclusion study of quartz crystals from 
the first mineralization stage pyrite-quartz body was 
conducted on samples located more than 10m from 

Fig. 4: N-S cross section (A-A’ in Fig. 3) showing pipe-like pyrrhotite bodies and related Zn-Pb ores from the 
first mineralization stage emplaced in the pyrite-quartz body and in the Triassic-Jurassic Pucará carbonate rocks, 
modified from Einaudi (1977). The second mineralization stage is also shown based on underground workings 
(contours absent in the section).
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Fig. 5: B-B’B” cross section (in Fig. 3) through the diatreme and the first mineralization stage (including the 
pyrite-quartz body and the Zn-Pb ores) and the second stage enargite-pyrite veins in the diatreme breccia as well 
as replacement bodies hosted in Pucará carbonate rocks. Note that the second mineralization stages orebodies are 
controlled by faults.

Table 1: Summary of analytical techniques and mineral used in this study.

First mineralization stage Second mineralization stage
Pyrite-
quartz 
body

Pipe-like 
pyrrhotite 
bodies 

Zn-Pb ore Enargite veins Carbonate replace-
ment bodies

Venencocha 

Domes  Oxidized veins

Fluid inclusions
Mineral Quartz Quartz Quartz Quartz                     

Enargite 
Quartz                       
Sphalerite

Quartz

Isotope composi-
tions
δ18O Quartz Quartz                   

Barite                                
Alunite (Santa Rosa) 

Quartz                 
Kaolinite                                     
Barite                                                  
Fe-Mn-Zn carbonates 
(+ late calcite)                                       

Alunite Quartz               
Alunite    

δD Alunite (Santa Rosa) Kaolinite Alunite Alunite 

δ34S Pyrite           
Sphalerite          
Galena

Barite                                  
Pyrite                             
Enargite                          
Alunite (Santa Rosa) 

Barite                                           
Pyrite                                     
Sphalerite                                  
Galena 

Alunite Alunite 

δ13C Fe-Mn-Zn carbonates               
(+ late calcite) 
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enargite-pyrite veins in order to avoid overprint by the 
later generations. Generally, the quartz is cryptocrystal-
line and occasionally single idiomorphic quartz grains 
are present in open spaces within massive pyrite and 
locally, pyrite coats quartz. In the first mineralization 
stage pyrrhotite pipes, selected quartz grains occur in 
association with pyrrhotite, quartz, and pyrite. In the re-
lated Zn-Pb ores, selected quartz occurs within Fe-rich 
sphalerite as small idiomorphic grains in association 
with pyrite, sphalerite, and arsenopyrite. For the sec-
ond mineralization stage of the western enargite-pyrite 
veins, single quartz grains occurring with enargite and 
pyrite in the core zone were selected for analysis. These 
quartz crystals occur in vuggy quartz within veins or 
with enargite that precipitated in open spaces. Enargite 
crystals from the assemblage enargite-pyrite-quartz in 
the core zone have also been analyzed. In the carbonate 
hosted replacement bodies, single quartz grains from 
the famatinite-pyrite core zone and sphalerite from the 
outer zone were selected for measurements. In the Ve-
nencocha area, quartz crystals from the alteration halos 
of oxidized veins have been sampled. They occur in the 
assemblage alunite-quartz-zunyite in open spaces of 
dissolved clasts. 

All single quartz grains were coated with resin 
and fixed onto a glass slide, after which they were dou-
bly polished to a thickness of 100-150 μm thick and 
subsequently released from the resin (Fig. 6A, D, G and 
J). Other samples were doubly polished to 100-150 μm 
thick wafers. 

The scanning electron microscope (SEM)-CL 
images on quartz were obtained on a CamScan CS44LB 
instrument at ETH Hönggerberg, Zürich, Switzerland. 
Backscatter electron (BSE) and cathodoluminescence 
(CL) images were taken immediately one after each 
other under the same instrumental conditions (accelerat-
ing voltage of 15 kV, beam current of 10-15 nA and the 
sample was untilted and adjusted in height to the lower 
edge of the ellipsoidal mirror). The SEM is equipped 
with a 4 quadrant semiconductor backscattered electron 
(BSE) gun and a mirror focuses the CL signal onto a 

standard photomultiplier detector. 
Single quartz grains as well as sphalerite used 

for heating and freezing measurements were selected 
on the basis of (Roedder, 1984) criteria. Inclusions that 
experienced necking down were avoided. Temperatures 
of homogenization to the liquid and final melting of 
ice were measured on a Linkam heating-freezing stage 
(THMSG 600) mounted on a DMLB Leica microscope, 
calibrated using synthetic fluid inclusions (SYN FLINC) 
to ±0.2°C for the melting point of CO2 (–56.6°C), and 
the melting point of H2O (0.01°C), and to ± 1 °C for 
the critical point of pure H2O (374.1°C). The errors on 
freezing runs are ± 0.1°C and ± 2°C on heating runs. 
The apparent salinity of fluid inclusions, expressed in 
weight percent NaCl equivalent (wt % NaCl equiv) was 
determined from final melting of ice (Bodnar, 2003). 
The terminology used for the fluid inclusion study is 
reported in Table 2. The homogenization temperatures 
and salinities for fluid inclusions in enargite obtained by 
Jobin (2004) were measured under infrared light on a 
USGS heating-freezing stage mounted on an Olympus-
BHMS infrared microscope equipped with long work-
ing distance, high magnification infrared objectives, 
and an infrared-sensitive Hamamatsu type C2400-03D 
camera. The errors on freezing runs are ± 0.1°C and ± 
1°C on heating runs.

The O, H, C, and S stable isotope analyses were 
measured in the Stable Isotope Laboratory at the Uni-
versity of Lausanne, Switzerland. The stable isotope 
compositions of minerals from Cerro de Pasco were 
measured on handpicked monomineralic concentrates 
of quartz, kaolinite, carbonate, sulfides, and sulfates 
from the first and second mineralization stages (Table 
1). All isotope compositions are reported as δ-values in 
permil using the conventional formula where Rs is the 
respective isotope ratio of the standard, Rx is the isotope 
ratio of the sample, and δ is the deviation (δ in ‰) of the 
isotope ratio in the sample relative to the standard:

Table 2: Terminology used for microthermometry in this study

Abbreviation Explanation Purpose

wt % NaCl equiv Salinity in wt percent NaCl 
equivalent 

Apparent salinity of fluid inclusions

Tm (ice) Last ice melting temperature Calculation of the apparent salinity of  fluid inclusions 
(Bodnar, 2003)

Tm (hydrohalite) Last hydrohalite melting 
temperature.

If hydrohalite disappears after ice, the apparent salinity 
is known to be between 23.2 and 26.3 wt-% NaCl eq.

Th V+L →L Homogenization temperature to 
liquid

Estimation of a minimum P-T condition of entrapment, 
unless pressure corrections are applied
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R = 18O/16O, D/H, 34S/32S, or 13C/12C, respectively. ����The 
values are reported relative to Vienna Standard Mean 
Ocean Water (VSMOW) for O and H, Cañon Diablo 
Troilite (CDT) for S, and Vienna Peedee Belemnite 
(VPDB) for C. 

Sulfur isotope compositions from pyrite, sphal-
erite, galena, enargite, barite, and alunite were analyzed 
using a Carlo Erba 1108 elemental analyzer connected 
to a Finnigan MAT Delta-S mass spectrometer, follow-
ing the technique described by Giesemann et al.(1994). 
Sample powders (150-200 μg for sulfide samples and 
~250 μg for sulfate) were wrapped in tin capsules. Va-
nadium oxide was not added as a catalyst/reactant for 
the combustion as tests at the University of Lausanne 
have shown that for the present system this is not neces-
sary. The samples were combusted at 1020°C and all 
gases produced during the combustion transported in a 
stream of helium to the reduction furnace (at 650°C). 
Subsequently, water was removed in a water trap. SO2 
was separated from other gases (CO2 and NO2) in a gas 
chromatography column (heated at 50°C) and analyzed 
in the mass spectrometer. Reference gas SO2 for isotopic 
calibration was introduced into the carrier gas stream 
via a CONFLO III. δ34S standards used during runs of 
sulfides included NBS 123 sphalerite (δ34S = +17.3 ‰); 
Py-E pyrite (δ34S = -7 ‰), and IAEA-S1 silver sulfide 
(δ34S = -0.3 ‰) and NBS 127 barium sulfate (δ34S = 
20.3 ‰) for sulfates. External precision for the isotopic 
compositions was better than 0.2 permil. 

Oxygen isotope composition of kaolinite and 
quartz were analyzed using a CO2 laser fluorination sys-
tem similar to that described by Sharp (1990) and Rum-
ble and Hoering (1994) and that is described in more 
detail in Kasemann et al (2001). Between 1 to 2 mg of 
sample was loaded on a Pt-sample holder and pumped 
out to a vacuum of better than 10-6 mbar. After prefluo-
rination overnight, the samples were heated using a CO2 
laser in the presence of about 50 mbars of pure F2, the 
latter generated by a potassium nickel fluoride salt when 
heated at >250°C. The heated mineral reacts quickly 
with F2, releasing O2 from silicate or oxide minerals. 
Excess F2 is separated from O2 produced by the conver-
sion to Cl2 using KCl held at 150°C. The extracted O2 is 
collected on a molecular sieve (13x) and subsequently 
expanded into the inlet of a Finnigan MAT 253 isotope 
mass ratio spectrometer. In-house standards used dur-
ing the run were Kaolinite #17 (mean δ18Ο = 8.24 ‰ ± 
0.12, n=4) and LS1 (quartz, mean δ18Ο= 18.1 ‰ ± 0.15, 
n=26) for quartz. Replicate oxygen isotope analyses 
generally have an average precision of ± 0.2 permil. 

In order to measure δ18O(SO4) in alunite 
(KA13(SO4)2(OH)6), a chemical treatment to separate 
oxygen present in (SO4) and (OH) sites is applied by 
reprecipitating it as barite according to procedures de-
scribed by Wasserman et al. (1992). 20 to 80 mg of alu-
nite was dissolved in a 0.5N NaOH solution and heated 

to 80°C (±10°C) for 3 hours. The filtered solution is ti-
trated by adding a 10N HCl solution, which acidifies 
the solution to a low pH, avoiding the precipitation of 
Al(OH)3 at intermediate pH. To precipitate BaSO4, 5 
ml of 0.5N BaCl2 is added to the solution. The BaSO4 
precipitate can subsequently be analyzed for its oxygen 
isotope composition. 500-600 μg of BaSO4 precipitate 
(from alunite) as well as 250 μg of natural barite were 
analyzed using He-carrier gas with a High Temperature 
Conversion Elemental Analyzer (TC-EA) coupled to 
a DeltaPlus XL mass spectrometer from ThermoFinni-
gan according to a method similar to that described in 
Vennemann and O’Neil (1993). This method is based 
on reduction in the presence of graphite and a buffer of 
glassy carbon at temperatures higher than 1450°C. The 
standard used was NBS 127 (barium sulfate, mean δ18O 
= 9.3 ‰ ± 0.39, n=9). δ18O values are precise within 0.3 
permil.

Hydrogen isotope compositions were measured 
on 500 to 560 μg alunite and kaolinite using a TC-EA 
continuous flow reactor linked to a ThernoFinnigan 
DeltaPlus XL mass spectrometer according to a method 
adapted after Sharp et al. (2001). An in-house kaolinite 
standard (Kaol #17, mean δD = –125 ‰, n=12) and bio-
tite standard (G1 mean δD = –66 ‰, n=18) were used 
for the normalization and these have been calibrated 
against NBS-30 biotite (δD = –65‰, VSMOW). δD 
values are precise to within 2 permil.

Carbon and oxygen isotopic compositions on Fe-
Mn-Zn carbonates, late calcite, and whole rocks were 
analyzed on a Gas Bench (continuous flow) coupled to a 
ThernoFinnigan DeltaPlus XL mass spectrometer accord-
ing to methods adapted after Spoetl and Vennemann 
(2003). Carbonates are reacted with H3PO4 to form, 
amongst others, CO2. This gas is transported with He 
carrier gas via a water trap to remove any H2O produced 
and passed  through a gas chromatograph, followed by 
another water trap, and finally into the  mass spectrom-
eter for C and O isotope analysis. Samples are normal-
ized to an in-house calcite standard (CMSTD; δ13C = 
2.5‰ ± 0.12, n=6; δ18O VPDB = –1.70 ‰ ± 0.14, n=6), 
which has been calibrated relative to NBS-19 (δ13C = 
1.95‰, VPDB; δ18O = –2.20‰, VPDB). Precision for 
the analyses is better than 0.1 or 0.15‰ for δ13C and 
δ18O values, respectively.

Cathodoluminescence, fluid inclusion petrography 
and microthermometry results

The fluid inclusions measured in this study are 
all two-phase (liquid + vapor) aqueous inclusions and 
results are summarized in Table 3. Microthermometric 
measurements have been conducted on fluid inclusions 
belonging to a same assemblage which, according to 
Goldstein and Reynolds (1994) is defined as primary 
inclusions in a single and distinguishable growth zone 
or inclusions defining a single healed microfracture. 
The fluid inclusions measured in this study were clas-
sified into types and subtypes. The first mineralization 
stage fluid inclusions are termed type I (Table 3). Fluid 
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inclusions measured in quartz occurring in the assem-
blage quartz-pyrite from the pyrite-quartz body are 
designated subtype IA1. Fluid inclusions measured in 
quartz occurring in the association quartz, pyrrhotite, 
pyrite in the pyrrhotite bodies correspond to subtype 
IB1, while subtype IB2 corresponds to those measured 
in quartz from the association quartz, pyrite, sphalerite, 
arsenopyrite from Zn-Pb sphalerite-bearing ores (Table 
3). The second mineralization stage fluid inclusions 
are termed type II. Western enargite-pyrite veins single 
quartz crystals occurring with pyrite and enargite con-
tain magmatic quartz cores within hydrothermal quartz. 
These magmatic cores enclose cracks containing fluid 
inclusions designated as subtype IIA1. The hydrother-
mal rims of these grains contain fluid inclusions, which 
are termed subtype IIA2. Fluid inclusions measured in 
enargite from core zones (Jobin, 2004) in western veins 
are designated as subtype IIA3. In carbonate replace-
ment bodies hosted in Pucará carbonate rocks, fluid in-
clusions in quartz from the pyrite-famatinite core zone 
are designated as subtype IIB1 while those in sphalerite 
from the outer zone are termed subtype IIB2. Finally, 
fluid inclusions in quartz from the mineral association 
quartz, alunite, zunyite, and diaspore in the oxidized 
veins halos at Venencocha are subtype IIC.

Raman spectroscopy on selected samples failed 
to detect CO2 or other gases. In addition, no clathrate 
formed during freezing, indicating that CO2, if present, 
must be in undetectable amounts (less than 1000 ppm). 
Because the hydrothermal system formed close to the 
present surface (Baumgartner and Fontboté, Part I), no 
pressure corrections have been applied. 

Pyrite-quartz body (1st mineralization stage)

Cathodoluminescence (CL) imaging in quartz 
grains from the pyrite-quartz body shows one dull-lu-
minescing quartz generation with occasionally bright-
luminescing oscillating growth zones (Fig. 6B). Lo-
cally, irregularly shaped bright-luminescent areas also 
occur. The quartz growth zones contain primary fluid 
inclusions of subtype IA1 occurring in assemblages 
(Table 3 and Fig. 6C and 7A) and have sizes between 
10 and 30 μm, rarely up to 60 μm. Isolated fluid inclu-
sions also occur in single quartz grains. Measured ho-
mogenization temperatures (Th v+ l → l) and salinities 
range between 200 and 275 °C and between 0.2 and 11 
wt percent NaCl equiv (Fig. 8 and 9), respectively. They 

show in general narrow variations within single assem-
blages however, some wide variations in salinity are 
observed (see Appendix 2). The highest salinities (from 
9 to 11 wt% NaCl equiv.) are part of fluid inclusion as-
semblages (see Appendix 2) which contains also low-
salinity inclusions. Two explanations can be given for 
this wide salinity variation within an assemblage. Either 
what is defined as an assemblage is none and fluids were 
trapped at different times, or the assemblage is real but 
the variability of data shows that the inclusions have 
been opened after their trapping and have partly been 
reequilibrated with another fluid. We therefore will con-
sider only assemblages where narrow salinity variations 
are observed and they are generally below 7 wt% NaCl 
eq. The salinities thus vary from 0.2 to 7.5 wt% NaCl 
equiv. Two fluid inclusion assemblages with a total of 5 
measurements yield homogenization temperatures be-
tween 340 and 375°C and salinities ranging from 0.8 
to 5.7 wt percent NaCl equiv. They occur in a part of a 
growth zone (in sample CPR 23a) where numerous fluid 
inclusions show features of necking down and therefore 
are not considered further. Minimum pressures were 
estimated using L-V isochores calculated with Flincor 
applying the equation of Brown and Lamb (1989). They 
range from 10 to 55 bars corresponding to minimum 
depths of approximately 100 to 600 meters below the 
water table.

Pipe-like pyrrhotite bodies and related Zn-Pb ore 
(1st mineralization stage)

Cathodoluminescence (CL) has not been done on 
the tiny quartz grains (500 µm) within pyrrhotite from 
the pyrrhotite bodies and within sphalerite from relat-
ed Zn-Pb ores, the only material available for the fluid 
inclusion survey. These quartz grains contain subtype 
IB1 (pyrrhotite bodies) and IB2 fluid inclusions (Zn-Pb 
ores) ranging between 10 and 15 μm in size (Table 3, 
Fig. 7B). Fluid inclusion assemblages and isolated in-
clusions measured in growth zones in quartz (subtype 
IB1) within pyrrhotite give Th v+ l → l between 192 
and 250°C and salinities between 3.7 and 12 wt% NaCl 
equiv. Again, the higher salinities are probably the result 
of reopened inclusions. The considered salinities range 
from 1.1 to 4.3. Measurements on subtype IIB2 fluid in-
clusion assemblages in quartz within Fe-rich sphalerite 
yield Th v+ l → l between 183 to 212°C and salinities 
ranging from 3.2 to 7.5 wt% NaCl equiv. The minimal 

Fig. 6: Transmitted light, cathodoluminescence, and growth zones pictures from quartz grains used for the mi-
crothermometric measurements in the fluid inclusion study from the pyrite-quartz body (A and B, sample CPR 23c, 
C sample 23a, first mineralization stage), from the Venencocha area (D, E, and F, sample CPR 365, second miner-
alization stage), from quartz grains from the enargite-pyrite veins in the western part of the open pit (G, H, and I, 
CPR 439b, second mineralization stage), and from the carbonate replacement bodies in the Matagente area (J. K, 
and L, sample CPR 480c, second mineralization stage). Note that in the image H, CL imaging reveals a magmatic 
quartz core (1) which shows dissolution borders and overgrown by a CL-texturally irregular hydrothermal quartz 
(2), also showing dissolution textures. This quartz is in part overgrown by CL- oscillating growth zones hydrother-
mal quartz (3).
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estimated pressure, calculated with Flincor applying the 
equation of Brown and Lamb (1989), range between 10 
and 60 bars and correspond to minimal depths of 100 
to 600 m, which is in agreement with the minimal esti-
mates for the pyrite-quartz body.

Western enargite pyrite veins (2nd mineralization 
stage)

Cathodoluminescence (CL) imaging on single 
quartz grains from the western veins indicates multiple 
quartz generations. All analyzed euhedral quartz grains 
associated with enargite in the core of the veins show 
a CL-bright luminescing core with complex oscilla-
tory growth zones typical of magmatic quartz and ir-
regular margins indicating dissolution (1 in Fig. 6H). 
These magmatic cores contain magmatic inclusions 
(~50 μm glass inclusion with a shrinkage bubble) and 
two-phase aqueous as well as vapor inclusions (subtype 
IIA1) along cracks. The magmatic quartz cores are all 
surrounded by hydrothermal quartz characterized by 
marked oscillation with predominantly CL-dull to CL-
dark luminescence and rare bright-luminescing growth 
zones (3 in Fig. 6H). This hydrothermal quartz contains 
abundant measurable aqueous inclusions in growth 
zones (subtype IIA2, Fig. 6I and 7I). Healed fractures 
are present in the hydrothermal quartz but fluid inclu-
sions present in those fractures have not been measured 
because of their small size. In one sample (CPR 439), 
between the magmatic quartz core and the hydrothermal 
quartz showing growth zones, a CL-texturally irregular 
hydrothermal quartz occurs. It contains minute inclu-
sions of pyrite and anatase grains and the CL-irregular 
texture is characterized by dark and -bright luminescent 
areas. The external borders of this “irregular” quartz 
show dissolution borders (Fig. 6H). It contains aque-
ous inclusions of various shapes and sizes consistently 
showing necking down and therefore, were not selected 
for microthermometric measurements. 

The two-phase aqueous inclusions coexisting 
with vapor inclusions along cracks within the magmatic 
quartz core in diatreme-hosted veins (subtype IIA1, be-
tween 15 and 45 μm is size, Table 3, Fig. 7C and D) 
show Th v+ l → l between 220 and 280°C and highly 
variable salinities, from 1 up to 22.3 wt% NaCl equiv 
(Fig. 8 and 9). These cracks do not extend within the 
hydrothermal quartz suggesting that the associated, in 
part moderately saline (up to 21 wt% NaCl equiv) aque-

ous inclusions record a previous hydrothermal pulse. 
Rare IIA1 fluid inclusions contain hydrohalite which 
disappears after ice melting, indicating that the appar-
ent salinity is between 23.2 and 26.3 wt% NaCl equiv 
(Goldstein and Reynolds, 1994). Vapor-dominated in-
clusions (>80% in volume) contain no detectable CO2 
and freezing temperatures were not obtained due to un-
observable phase changes. 

The aqueous fluid inclusion assemblages of sub-
type IIA2 in growth zones from hydrothermal quartz 
yield Th v+ l → l from 187 to 293°C and salinities 
between 0.2 and 5.2 wt% NaCl equiv. In one sample 
(CPR 439b), fluid inclusions within a growth zone were 
observed to coexist with a small number of vapor in-
clusions. Homogenization or freezing temperature mea-
surements were not possible on the vapor-rich inclu-
sions. Subtype IIA2 fluid inclusions range in size from 
10 to 25 μm. The minimum pressure estimates from 
subtype IIA2 fluid inclusions, calculated with Flincor 
using the equation of Brown and Lamb (1989), range 
from 20 to 70 bars and correspond to depth of 200 to 
700 m below the water table at hydrostatic pressures.

The fluid inclusions (15-40 μm in size) in single 
enargite grains from the second mineralization stage 
enargite-pyrite veins (subtype IIA3, Table 3, Fig. 7F) 
measured under infrared light gave Th v+ l → l between 
195 and 270°C with wide variations of salinities (3.5 − 
9.3 wt % NaCl equiv, Jobin, 2004). The above results 
may need re-interpretation because according to Moritz 
(2006), homogenization and melting temperatures ob-
tained by infrared light depend on the light intensity, 
resulting in the overestimation of fluid salinities and the 
underestimation of homogenization temperatures. Ac-
cording to the tests done on enargite by Moritz (2006), 
the homogenization temperatures may be underesti-
mated by 15 – 25°C (i.e. 220 – 295°C instead of 195 
– 270°C). Taking into account the temperature uncer-
tainty, the obtained homogenization temperatures are 
in agreement with the measured temperatures obtained 
in quartz (220 to 290°C) from the quartz-enargite as-
semblage. The real salinities are difficult to evaluate 
because the light intensity may dramatically affect the 
final ice melting temperatures Moritz (2006), resulting 
in overestimated salinities. 

Fig. 7: Selected images of typical fluid inclusion occurrences from the Cerro de Pasco district. A) Fluid inclu-
sions along a growth zone in quartz from the pyrite-quartz body (subtype IA1, CPR 23a). B) Isolated fluid inclusion 
in quartz within pyrrhotite from the first mineralization stage (subtype IB1, fpe 131-1). C) Saline fluid inclusion 
along a fracture within magmatic quartz core (subtype IIA1, CPR 439b). D) Vapor-rich fluid inclusions along 
cracks within magmatic quartz core (subtype IIA1, CPR 439b). E) Fluid inclusions in a growth zone in quartz from 
the enargite veins, second mineralization stage (subtype IIA2, CPR 439b). F) Infrared picture of a fluid inclusion 
along a growth zone in enargite (subtype IIA3, photo by Jobin, 2004). G) Fluid inclusions in growth zone of a quartz 
crystal from the carbonate replacement bodies (subtype IIB1, CPR 608a3). H) Fluid inclusions along growth zones 
in sphalerite from carbonate replacement bodies from the second stage (subtype IIB1, CPR 480). I) Isolated fluid 
inclusion in a growth zone in quartz from carbonate replacement bodies (subtype IIB2, CPR 325).
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Fig. 8: Frequency diagram showing the homogenization temperatures (diagrams on the left) and salinities 
(diagrams on the right) from the different types of fluid inclusions in quartz from the first (type I) and second min-
eralization stages (type II). The type I includes fluid inclusions in quartz from the pyrite-quartz body (subtype IA1), 
from quartz within pyrrhotite (subtype IB1) and within Fe-rich sphalerite from the Zn-Pb ores (subtype IB2). The 
type II includes fluid inclusions in quartz from magmatic quartz core in enargite-pyrite veins (subtype IIA1), in 
hydrothermal quartz from the enargite-pyrite veins (subtype IIA2), in enargite from enargite-pyrite veins (subtype 
IIA3), in quartz from carbonate replacement bodies (subtype IIB1), in sphalerite from carbonate replacement bodies 
(subtype IIB2), and in quartz from the oxidized veins in Venencocha area (subtype IIC).
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Carbonate replacement bodies (2nd mineralization 
stage)

Several quartz crystals from the center of carbon-
ate replacement bodies show only one generation of 
hydrothermal quartz using CL imaging, characterized 
by bright-CL oscillatory luminescence in the center of 
the crystal that becomes CL-darker toward the borders 
(Fig. 6K). Some bands contain pyrite inclusions. The 
abundant sub-type IIB1 fluid inclusions contained in 
this quartz are present in growth zones (Fig. 6L and 7G) 
and are considered to be primary in origin. They are 
two-phase, between 10 and 30 μm in size (Table 3, Fig. 
7G), and yield Th v+ l → l between 178 and 265°C and 
salinities from 0.2 to 10.6 wt%  NaCl equiv. (Fig. 8 and 
9). As it is the case for the first mineralization stage, the 
inclusions with a medium salinity coexist in the same 
assemblage with low salinity inclusions. For the same 
reasons explained above, the measurements obtained on 
fluid inclusion assemblages yielding high salinity varia-
tions are discarded. Thus, the salinities vary from 0.2 to 
7.5. Pressure estimates using L-V isochor calculated af-

ter Brown and Lamb (1989) in Flincor vary between 20 
and 50 bars, corresponding to a minimum depth of 200 
to 500 m below water table at hydrostatic pressure.

Two-phase subtype IIB2 fluid inclusions in sphal-
erite (subtype IIB2) from the outer zone of carbonate 
replacement bodies are 10-20 μm in size (Table 3, Fig. 
7H), and give Th v+ l → l between 168 and 222°C and 
salinities between 3 and 11.8 wt%  NaCl equiv. These 
microthermometric results on sphalerite containing 1-
2 mole percent FeS, although measured on a Linkam 
stage equipped with an infra-red filter, could also be af-
fected by the method-induced limitations described for 
enargite by Moritz (2006).

Venencocha 

One single quartz crystal from oxidized veins in 
the Venencocha area (northwestern margin of the dia-
treme-dome complex) has been studied and shows on 
CL imaging bright-CL oscillatory luminescence in the 
center and darker in the external part (Fig. 6E). Two-
phase fluid inclusions (subtype IIC) are 15-25 μm in 
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size (Table 3, Fig. 7B) and yield a narrow range of Th v+ 
l → l between 245 and 265 °C and salinities between 
3.2 and 7.4 wt%  NaCl equiv. Minimum hydrostatic 
pressures have been estimated between 30 and 45 bars 
which is equivalent to depths of 300 to 450 m. 

Stable isotope results

Pyrite-quartz body (1st mineralization stage)

Oxygen and sulfur isotope compositions of three 
quartz samples (CPR 4 and 23, FPE-130-13) and two 
pyrite samples (CPR 15 and 38) from the pyrite-quartz 
body were analyzed. δ18O values range from 13.3 to 
16.5 permil and δ34S values are around 0.4 permil (Ta-
ble 4 and 5).

Sulfur isotope compositions of two pyrite (CPR 
319 and 464) and 7 sphalerite samples (CPR 319, 461, 
464, 76, 77a, 77b, and 405) from the first stage Zn-Pb 
mineralization fall in a narrow range from 2.8 to 3.3 ‰ 

Fig 9: A) Homogenization temperature (Th) vs. salinity (wt % NaCl equivalent) diagram of single fluid inclu-
sions mainly in quartz from the first and second mineralization stages and in sphalerite from the carbonate replace-
ment bodies (second stage). B) Detail of A, Th vs. salinity of single inclusions in quartz from the first mineralization 
stage including the pyrite-quartz body, the pyrrhotite bodies, and the related Zn-Pb ores. C) Idem as B) but from 
fluid inclusions in quartz from the second mineralization stage including the enargite-pyrite veins, the carbonate 
replacement bodies (also sphalerite), and the oxidized veins at Venencocha.
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and 1.9 to 2.1 ‰, respectively (Table 5). In addition, 
Austria (1975, in Einaudi, 1977)  provided sulfur iso-
tope analyses on pyrite, sphalerite, and galena from the 
Zn-Pb ores in underground levels from the mine (Table 
5). δ34S values for pyrite range from 0 to 1.5 permil, 
between −1.6 to −0.2 permil for galena, and from 0.8 to 
3.5 permil for Fe-rich sphalerite. 

Western enargite-pyrite veins (2nd mineralization 
stage)

Oxygen isotope compositions of three quartz 
grains from the enargite- pyrite core zone (CPR 19, 
440) and isolated in vuggy quartz vugs (CPR 439) have 
values of δ18O between 10.8 and 13.3 permil (Table 4). 
Enargite and pyrite from the core zone, both in the as-
semblage pyrite-enargite-quartz, have δ34S values of 0 
and 2.5 permil, respectively. Barite from the intermedi-
ate zone of western veins hosted by the diatreme breccia 
has a δ34S value of 31.2 ‰ (Fig. 10 and Table 5). 

Carbonate replacement bodies (2nd mineralization 
stage)

Oxygen isotope compositions of 6 quartz sam-
ples (CPR 25, 58, 395, 480, 309, and 471) from the core 
zone of carbonate replacement bodies, occurring with 
pyrite, have a δ18O range from 10.1 to 17.8 permil (Ta-
ble 4). Oxygen isotope compositions of 8 barite samples 
(CPR 10, 11, 25, 48, 58, 59, 459, and 475) have values 
between -1 and 10.4 permil (Table 4).

Hydrogen and oxygen isotope compositions have 
been measured on 14 kaolinite samples from the carbon-
ate replacement bodies at Cuerpo Nuevo and the Colas 
area (Fig. 3). From the Cuerpo Nuevo orebody (4320 
and 4310 bench), four kaolinite samples (CPR 27, 30, 
44, 47) have been collected in the intermediate zone 
where kaolinite occurs with hinsdalite, tetrahedrite, and 
pyrite. In the outer zone of the Cuerpo Nuevo orebody 
(bench 4320 and 4310), four samples (CPR 10, 11, 26, 
54) where kaolinite is intergrown with sphalerite and 
galena have been collected. In the Colas orebodies, five 
samples have been studied, two of them (CPR 82, 311) 
are from the intermediate zone where kaolinite occurs 
with tetrahedrite and pyrite and the three remaining ka-
olinite (CPR 309, 417, 422) from the outer zone, inter-
grown with sphalerite and galena (Table 4). δ18O and δD 
values of kaolinite, plotted in a δ18O versus δD diagram 
(Fig. 11), show two populations ranging from δD = −85 
to −97 and δ18O = 5.3 to 10.5 ‰ for the first population 
and between δD = −114 to −106 ‰ and δ18O = 9.2 to 
10.8 ‰ for the second population (Table 4).

Sulfur isotope compositions of pyrite, sphaler-
ite, and galena as well as barite have been measured 
in orebodies at Cuerpo Nuevo, Colas, and San Alberto 
(Table 5). The small veins in the northeastern part of 
the open pit have also been sampled (Fig. 3). δ34S val-
ues for pyrite (Table 5) from the intermediate and outer 
zones of the bodies vary from −0.1 to 1.6 permil. δ34S 
values for sphalerite from the outer zone range between 

−3.7 and 4.2 permil and those for galena range from 
−0.7 to 3.1 ‰. Barite δ34S values show two groups. The 
first group comprises barite with high δ34S values (18.1 
to 31.2 ‰), including five of six samples from Cuerpo 
Nuevo (19.3 to 24.4 ‰), one sample from San Alberto 
(18.1 ‰), and the only available sample for the western 
enargite-pyrite veins (31.2 ‰). The second group (4.2 
to 10.5 ‰) includes the single analyzed sample from the 
uneconomic small veins in the northeastern part of the 
open pit (5.5 ‰), a sample from Cuerpo Nuevo (4.2 ‰), 
as well as one from San Alberto (10.5 ‰).

Carbon and oxygen isotopes were measured from 
the outermost zone Fe-Mn-Zn carbonates, from late cal-
cite veins close to the orebodies in slightly altered Pu-
cará limestone, and from unaltered Pucará Group rock. 
The measured Fe-Mn-Zn carbonates include grains 
encrusting sphalerite and/or galena, and idiomorphic 
grains as void fillings. δ13C values for unaltered Pucará 
Group carbonate rocks range from 1.36 to 2.74 ‰ and 
δ18O from 19.16 to 25.3 ‰. Late calcite veins have δ13C 
values ranging from 0.73 to 0.98 ‰ and δ18O from 18.8 
to 21.3 ‰. Fe-Mn-Zn carbonates have a wide δ13C vari-
ation from −8.07 to 1.03 ‰ and δ18O from 9.5 to 19.5 
‰. The results are shown in a δ13C - δ18O diagram (Fig. 
12).

Venencocha and Santa Rosa

Oxygen isotope compositions of two quartz sam-
ples from advanced argillic halos from oxidized veins in 
Venencocha have δ18O values of 14.5 and 17.5 ‰. Four 
alunite samples occurring in the association alunite, 
quartz, zunyite, and diaspore from advanced altered ha-
los in oxidized veins at Venencocha have been analyzed 
for their δ18OSO4, δD, and δ34SSO4 values (Table 4 and 5). 
Alunite from sample CPR 365 occurs in residual sugary 
silica with euhedral quartz crystals. Sample CPR 347 
was sampled from a dome located on the northwestern 
margin of the diatreme-dome complex and sample CPR 
380 comes from a dome, located 400 m from the above 
mentioned dome; both domes are altered to an assem-
blage quartz-alunite, which in part fills leached feldspar 
phenocrysts. Sample CPR 381 is located a few meters 
from the CPR 380 and alunite occurs in large crystals 
(up to 2 mm in size) in a vein crosscutting the Excelsior 
Group phyllites. δ18OSO4 was measured because the sul-
fate is more reliable than the hydroxyl site for the reten-
tion of primary oxygen-isotope compositions in alunite 
(Bethke et al., 2005). The δ18O SO4 values range from 
2.5 to 6.9‰, the δD values from −55.8 to −69.3 permil 
(Table 4), and the δ34S SO4 values from 21.1 to 24.2 per-
mil (Table 4). 

In the Santa Rosa area, alunite (CPR 351) filling 
leached feldspar phenocrysts in advanced argillic al-
tered intrusive rock, probably a quartz-monzonite por-
phyry dyke yield δ18OSO4 values of 1.9 ‰, δD of −72.5 
‰, and δ34SSO4 of 21.5 permil. 

The Venencocha alunite sample (CPR 347) and 
that from Santa Rosa (CPR 351) have distinctly younger 
ages (12.3 Ma) than the other analyzed alunite samples 
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Table 4: Hydrogen, Oxygen and Carbon isotope compositions of  ore and gangue minerals. For sample 
locations, see Appendix 2
Location Sample Zone Mineral d18O d18OH2O dD dDH2O d34C
First mineralization stage
   Pyrite-quartz body
4210 m western pit CPR 4 Quartz 17.2 8.7
4250  northern pit CPR 23 Quartz 16.0 7.5
Southwestern pit FPE-130-13 Quartz 16.6 8.1
Second mineralization stage
   Enargite-pyrite veins
4280 m, northen pit CPR 19 core Quartz 13.3 3.9
4200 m, western pit CPR 439a core Quartz 12.2 2.8

CPR 439b core Quartz 11.0 1.6
4190 m, western pit CPR 440 core Quartz 10.8 1.5
4190 m, western pit CPR 440 core Barite 10.0
   Matagente area (including Cuerpo Nuevo and Manto V
4310 m, Cuerpo N. CPR 10 outer Kaolinite 9.2 4.6 -107 -90
4310 m, Cuerpo N. CPR 11 outer Kaolinite 9.6 5.0 -107 -90
4310 m, Cuerpo N. CPR 26 outer Kaolinite 10.9 6.3 -106 -89
4310 m, Cuerpo N. CPR 27 intermediate Kaolinite 10.5 7.2 -89 -73
4320 m, Cuerpo N. CPR 30 intermediate Kaolinite 9.3 6.0 -88 -72
4310 m, Cuerpo N. CPR 44 intermediate Kaolinite 10.0 6.7 -87 -71
4310 m, Cuerpo N. CPR 47 intermediate Kaolinite 8.0 4.7 -85 -69
4320 m, Manto V CPR 54 outer Kaolinite 9.7 5.2 -100 -83
4310 m, Cuerpo N. CPR 25a Quartz 17.2 6.3

CPR 25b Quartz 17.9 7.0
4310 m, Cuerpo N. CPR 10 outer Barite 10.6
4310 m, Cuerpo N. CPR 11 outer Barite 10.2
4310 m, Cuerpo N. CPR 25 outer Barite 9.3
4320 m, Cuerpo N. CPR 56 outer Barite 9.6
4320 m, Cuerpo N. CPR 150 intermediate Barite 10.3
4310 m, Cupero N. CPR 7 outermost Fe-Mn-Zn carbonate 15.9 -2.0
4310 m, Cuerpo N. CPR 11 outermost Fe-Mn-Zn carbonate 15.9 -2.0
4310 m, Cuerpo N. CPR 12 outermost Fe-Mn-Zn carbonate 16.4 -4.5
4310 m, Cuerpo N. CPR 47 outermost Fe-Mn-Zn carbonate 18.0 -1.0
   San Alberto
4330 m, San Alberto CPR 58a outer Quartz 9.1 -1.8

CPR 58b Quartz 10.1 -0.8
4300 m, San Alberto CPR 395 Quartz 10.4 -0.5
4330 m, San Alberto CPR 48 outer Barite 10.2

4330 m, San Alberto CPR 59 outer Barite 9.5
   Colas area

4300 m, southern pit CPR 57.2 intermediate Kaolinite 10.6 7.3 -89 -73
southern open pit CPR 480a core Quartz 16.8 7.4

CPR 480b core Quartz 17.1 7.7
4200 m CPR 417 outer Kaolinite 10.8 6.2 -106 -88
4200 m CPR 422 outer Kaolinite 9.9 5.3 -112 -95



133

Part III

Table 4: (cont.)
Location Sample Zone Mineral d18O d18OH2O dD dDH2O d34C
4170 m CPR 309 outer Kaolinite 10.0 5.4 -114 -97
4170 m CPR 311 intermediate Kaolinite 5.3 2.0 -95 -79
4180 m CPR 309 Quartz 15.0 5.6
3180 m CPR 471a Quartz 15.7 4.8

CPR 471b Quartz 16.0 5.1
below 4320 m CPR 475 intermediate Barite -1.5
4200 m CPR 429 outermost Fe-Mn-Zn carbonate 16.2 -7.0
4200 m CPR 431 outermost Fe-Mn-Zn carbonate 15.8 -4.3
3180 m CPR 471 outermost Fe-Mn-Zn carbonate 16.4 -8.1
   Cayac Noruega orebody
4186 m, DDH CP-00-
108 

CPR 82 intermediate Kaolinite-dickite 11.6 8.3 -82 -66

   Northeastern open pitsmall veins
4300 m, northen pit CPR 58 outermost Fe-Mn-Zn carbonate 9.5 -5.1
4300 m, northen pit CPR 59 outermost Fe-Mn-Zn carbonate 12.4 -6.1
4290 m, northen pit CPR 407 outermost Fe-Mn-Zn carbonate 18.1 -6.6
4290 m, northen pit CPR 413 outermost Fe-Mn-Zn carbonate 17.9 -6.5
4290 m, northen pit CPR 432 outermost Fe-Mn-Zn carbonate 19.5 -6.1
4290 m, northen pit CPR 433 outermost Fe-Mn-Zn carbonate 19.0 -5.7
4290 m, northen pit CPR 459 outermost Fe-Mn-Zn carbonate 17.6 -5.9
4290 m, northen pit CPR 459 outer Barite 4.5
   Underground mine
4040 m, 9020E, 9890N CPR 319a Quartz 15.3 4.7

CPR 319b Quartz 15.8 5.1
Venencocha
Venencocha area CPR 365 Quartz 14.6 5.2

CPR 376a Quartz 17.7 8.3
CPR 376b Quartz 17.6 8.2
CPR 347 alunite 2.5 -5.9 -66 -73
CPR 365 alunite 3.5 -4.9 -69 -76
CPR 380 alunite 6.7 -1.7 -60 -67
CPR 381 alunite 6.9 -1.4 -56 -62

Santa Rosa
Santa Rosa pit CPR 351 alunite 1.9 -6.4 -73 -79
Late calcite veins
4300 m, Cuerpo N. CPR 399a outermost Calcite 18.8 0.7
4300 m, Cuerpo N. CPR 399b outermost Calcite 20.1 0.9
4200 m, Colas CPR 424a outermost Calcite 21.0 1.0
Unaltered Pucará carbonate rocks

RB 5 Whole rock 19.2 2.4
RB 4 Whole rock 23.1 1.4
RB 3 Whole rock 24.7 2.9
RB 1 Whole rock 25.3 2.7

Note: a and b are replicates
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Table 5: Sulfur Isotope Compositions of sulfides and sulfates. For sample location, see Appendix 2
d34 S (‰ CDT)

Location Sample Zone Barite Galena Pyrite Enargite Sphalerite Alunite Temperature (°C)1

First mineralization stage

   Pyrite-quartz body

western 4070 bench CPR 15 0.4

southern 4240 bench CPR 38 0.4

   Zn-Pb related to pipe-like pyrrhotite bodies

CN-C CPR 319 2.8 2.0 340?

CN-A CPR 461 2.1

CN-A CPR 464 3.3 1.9 197

M-309 6_182 -0.2 1.1 2.6 260

CN-A 10_192 -1.6 2.0 0.8 304?, 280, 227

CN-A 12_42 -0.7 0.0 2.4 234

CN-A 14_282 -0.6 0.1 2.9 205

CN-A 16_412 -0.7 1.5 1.4 344?

Cayac Noruega CPR 76 outer w/ kaol 2.6

Cayac Noruega CPR 77a intermediate to outer 2.8

Cayac Noruega CPR 77 b intermediate to outer 3.5

2nd ramp NW CPR 405 0.0

Second mineralization stage

   Western enargite-pyrite veins

en veins CPR 439 core -0.0

en veins 2nd ramp CPR 440 interm 31.2

Plan J norte, W pit FPE-130-7 in volc rock diss 2.5

   Cuerpo Nuevo (Matagente area)

Matagente 4310 CPR 7 outer 2.3

Matagente 4310 CPR 10 outer 22.0

Matagente 4310 CPR 11 outer 22.9

Matagente 4310 CPR 25 outer 24.4 1.6 264

Matagente 4310 CPR 26 outer 3.1 2.2

Matagente CPR 30 outer, sulf rock -0.5

Matagente 4310 CPR 47 outer 0.7 4.2 204

Matagente 4310 CPR 56 outer 19.3

Matagente 4320 CPR 150 interm 22.3 -0.1 271

Matagente 4320 CPR 394 outer, sulf rock -0.1 -3.7

Matagente below 4320 CPR 475 outer 4.2

Matagente below 4320 CPR 477 outer, sulf rock -0.3

   Colas area

bench E CPR 309 outer, sulf rock 1.3

tajo E CPR 398 outer 0.8 1.0 -0.4 195

colas CPR 417 outer, sulf rock 1.3

colas CPR 422 outer 1.6

colas CPR 428 outer w/carb 2.4

colas CPR 429 outer w/carb 0.2

tajo E CPR 431 outer w/ carb -0.5 0.4

   NE open pit small veins 

NE pit CPR 407 outer w/ carb 0.4 0.6

NE pit CPR 456 outer, sulf rock -0.7 1.4 290

NE pit CPR 459 outer 5.5

   San Alberto

San Alberto CPR 48 outer 18.1

San Alberto CPR 59 outer 10.5
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Fig. 10: δ 34S values of sulfides and sulfates from the first and second mineralization stages at Cerro de Pasco.

Table 5: (Cont)
San Alberto CPR 395 outer -0.5

San Alberto CPR 486 outer 0.9 0.6

San Alberto CPR 486 outer 0.8

Venencocha

Venencocha area CPR 347 21.8

Venencocha area CPR 365 23.3

Venencocha area CPR 380 21.1

Venencocha area CPR 381 24.2

Santa Rosa

Santa Rosa pit CPR 351 21.6
1 Temperatures calculated for mineral pairs.
2 Isotope data from Austria (1975) in  Einaudi (1977)

Notes: Temperatures followed by an interrogation mark (?) are rejected (see text). Pairs without temperatures have not been calculated because of lack of 
equilibrium. Temperatures in bold are calculated on the mineral pair ba-py, temperatures in italic are calculated on the pair py-sl, temperatures in regular font 
are calculated on the pair ga-sl, and temperatures in italic underlined are calculated on the pair gn-py.
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(14.5 Ma) and the assumed mineralization age (14.5 to 
14.4 Ma, Baumgartner et al. Part II). The younger ages 
are interpreted to be disturbed by late circulating flu-
ids and therefore, it is probable that the two younger 
alunite samples experienced post-depositional isotopic 
exchange.

Discussion-Fluid inclusions

Fluid inclusions from the first mineralization stage

Results of the fluid inclusion study in quartz 
(subtpye IA1) from the first mineralization stage pyrite-
quartz body support the presence of low to moderately 
saline fluids (0.2 to 6.8 wt % NaCl equiv.) at tempera-
tures ranging from 200 to 275°C. These temperatures 
are compatible with the formation of the quartz-sericite 
alteration halo adjacent to the pyrite-quartz body. The 
relatively large dispersion of the salinity values (0.2 to 
6.8 wt % NaCl equiv) and the absence of evidence for 
boiling is best explained by different mixing ratios of 
a saline fluid with a non-saline fluid. Since the micro-
thermometric data do not show any correlation between 
salinity and homogenization temperature (Fig. 9), the 
non-saline fluid could be meteoric water, which has cir-
culated deep enough and long enough to attain the same 
temperature as the saline fluids (170-200°C).

The fluid inclusion results obtained in the pipe-
like pyrrhotite bodies (192 to 250°C, 1.1 to 4.3 wt % 
NaCl equiv.) zoned to Zn-Pb mineralization (183 to 
212°C, 3.2 to 4 wt % NaCl equiv.) show a slight tem-
perature decrease with salinity (Fig. 9). This suggests 
a mixing between a hot and saline fluid (at least 7 wt 
% NaCl equiv) with a slightly cooler non-saline fluid. 
Again, the non-saline fluid could be meteoric water cir-
culating at a significant depths to attain at least 180°C, 
which is the lowest homogenization temperature ob-
served in pyrrhotite bodies and related Zn-Pb ores. 

Fluid inclusions from the second mineralization 
stage

From paragenetic observations, the fluid precipi-
tating enargite in the second stage enargite-pyrite veins 
on the western part of the open pit may be represented 
by the fluid inclusions in growth zones from hydrother-
mal quartz (subtype IIA2) yielding homogenization 
temperatures from 187 to 293°C and salinities from 0.2 
to 5.2 wt % NaCl equiv. (Table 3, Figs. 8 and 9). Tak-
ing into account the limitations of the method described 
above, the fluid inclusions in enargite are compatible 
with these values. The slightly higher homogenization 
temperatures and salinities obtained in fluid inclusions 
in quartz (subtype IIC) from the Venencocha area (245 
to 261°C, 3.2 to 7.7 wt % NaCl equiv) are in agreement 
with temperature estimates using mineralogical assem-
blages such as quartz-diaspore and quartz-zunyite also 
characteristic of advanced argillic alteration. They con-
strain the temperature between 220 and 300°C for dia-
spore and 250 to 300°C for zunyite (Reyes, 1990).

In carbonate replacement bodies, a temperature 
decrease between the fluid inclusion data of quartz from 
the core zone (178-265°C, 0.2-7.5 wt % NaCl equiv) 
and sphalerite from the outer zone 168-222°C, 3-11.8 
wt % NaCl equiv, these salinity values may be overesti-
mated as discussed above for fluid inclusions in enargite 
(Fig. 9) is observed. The temperatures correspond to 
those expected for dickite and kaolinite stability fields, 
minerals present in the intermediate zone. According to 
Watanabe and Hedenquist (2001), the upper tempera-
ture limit of dickite stability is 270°C. 

In summary, all studied fluid inclusions of the 
second mineralization stage, except those in the cracks 
within magmatic quartz cores, are characterized by 
moderate salinities (maximum of 7.5 and 5 wt % NaCl 
equiv for the carbonate replacement bodies and enar-
gite-pyrite veins, respectively). Owing to the very re-
stricted amount of vapor inclusions, the dispersion of 
the salinity values can result from different mixing ra-
tios of a saline fluid (at least 7 wt % NaCl equiv) with 
meteoric water. The numerous aqueous inclusions in 
quartz from the enargite-pyrite veins and subordinately 
in the carbonate replacement bodies showing salinity 
values close to zero (17 analyses of subtype IIA2 and 3 
of subtype IIB1 below 0.3 % NaCl equiv, with tempera-
tures between  200 and 250°C, Fig. 9), could represent 
the non saline end-member consisting of heated mete-
oric water.

The much higher salinities encountered in the 
subtype IIA1 fluid inclusions observed along cracks 
within a magmatic quartz core (subtype IIA1, 1 to 22.3 
wt % NaCl equiv and 220 to 280°C)  may be due to boil-
ing and probably do not represent a fluid that originally 
had higher salinities. The presence of numerous vapor 
inclusions favors this hypothesis, which is also compat-
ible with the observed salinity variations without tem-
perature change. It can be speculated that the formation 
of  subtype IIA1 fluid inclusions along the cracks was 
related to the deposition of the CL texturally irregular 
hydrothermal quartz (2 in Fig. 6H) deposited between 
the magmatic quartz core (1 in Fig. 6H) and the CL os-
cillation-rich growth zones of hydrothermal quartz (3 in 
Fig. 6H). Boiling can take place when the pressure de-
creases abruptly and cracks within the magmatic quartz 
core could be the result of this pressure decrease.

 
Minimal pressures and fluid origin

The present study shows that salinity and tem-
perature of the first and second mineralization stages are 
similar. Ore formation depths using calculated minimal 
pressures with L-V isochores in the pyrite-quartz body 
(10-55 bars), the pyrrhotite bodies and the Zn-Pb ores 
(10 and 60 bars) of the first mineralization stage, and 
from the second mineralization stage enargite-pyrite 
veins (20-70 bars), carbonate replacement bodies (20-50 
bars) as well in the Venencocha area (30-45 bars), sug-
gest that the Cerro de Pasco deposit formed at depths of 
at least 400-500 m below the water table. More precise 
pressure estimations could not be made because of the 
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lack of boiling assemblages. The obtained depths are 
consistent with estimates of erosion based on geological 
evidence. 

The different ores of the first mineralization stage 
all show similarly moderate salinities (pyrite-quartz 
body = 0.2 – 6.8 wt % NaCl equiv, pyrrhotite bodies = 
1.1 – 4.3 wt % NaCl equiv, and Zn-Pb ores = 3.2 – 4.0 
wt % NaCl equiv). These values are in the same range 
as those obtained for the second stage ores (enargite-
pyrite veins = 0.2 – 5.2 wt % NaCl equiv, carbonate 
replacement bodies = 0.2 – 7.5 wt % NaCl equiv, and 
Venencocha = 3.2 – 7.7 wt % NaCl equiv). The median 
temperatures show a decrease from the pyrite quartz 
body and the pyrrhotite pipes (pyrite-quartz body = 
247°C and pyrrhotite bodies = 230°C) to the related 
Zn-Pb ores outwards (196 °C). The carbonate replace-
ment bodies and the western enargite-pyrite veins show 
similar temperatures (235 and 227°C, respectively 
in median temperatures). Fluids with the above men-
tioned characteristics can result from a diluted brine, a 
single-phase magmatic fluid in the sense of Hedenquist 
et al. (1998), or from a contracted vapor in the sense of 
Heinrich (2005). It should be noted that a contracted 
magmatic vapor may have salinities close to those of 
a single phase fluid (~7 wt % NaCl equiv) if the phase 
separation occurs sufficiently deep.  

Discussion - Stable isotopes 

The most detailed isotopic analyses have been 
made for the carbonate replacement bodies (O, H, C, 
S), the enargite-pyrite veins (S, O), and alunite from 
Venencocha and Santa Rosa (S, O, H). For the pyrite-
quartz body, only oxygen and sulfur isotope data are 
available. Therefore, the first part of the discussion is 
mainly based on the results of the second mineraliza-
tion stage. In the second part of the discussion, owing 
to similar fluid inclusion data of both mineralization 
stages, an appraisal of the entire mineralization system 
is attempted.

Ore-forming fluids

Oxygen and hydrogen isotope compositions ob-
tained on alunite at Venencocha and Santa Rosa areas 
provide an estimate of the composition of meteoric wa-
ter, which is one of the end-members identified in the 
ore-forming fluids of several Cordilleran base metal 
deposits including Colquijirca, Bendezú (2007), Jul-
cani (Deen et al., 1994)���������������������������������     , San Cristobal (Campbell et al, 
1984; Beuchat et al. 2004), Main Tintic (Hildreth and 
Hannah, 1996, Table 6). �����������������������������  Another ore-fluid end-member 
identified in these deposits is magmatic water. These 
two end-member fluids have also been observed in high 
sulfidation precious metal deposits (e.g. Arribas et al., 
1995; Hedenquist et al. 1998). The isotopic composi-
tion of magmatic and meteoric end-member fluids can 
evolve through time by reaction with wall rocks and/or 
by mixing and it is therefore important to evaluate their 
original isotopic composition (e.g. Bethke et al., 2005). 

In contrast to other mineralized districts where 
unaltered silicates allow the O and H isotope composi-
tion of aqueous fluids generated during crystallization 
of a magma body to be estimated, this is not possible at 
Cerro de Pasco because all quartz-monzonite porphy-
ritic dykes are altered, with biotite  altered to chlorite 
and plagioclase to calcite. Conventional references for 
primary magmatic water (PMW of Taylor, 1979) and 
for felsic magmatic water (FMW of  Taylor, 1992) have 
been plotted in Figure 11, as well as the meteoric water 
(Craig, 1961) and kaolinite (Savin and Epstein, 1970)  
lines. Exsolved fluids often undergo isotopic exchange 
with a crystallizing magma Bethke et al., 2005) when 
they migrate upward to the plastic subsolidus region of 
the intrusion’s carapace, remaining there until release 
(Fournier, 1999)����������������������������������������       . Deen et al. (1994) calculated the iso-
topic exchange track of primary magmatic fluids as cal-
culated in Ohmoto (1974)������������������������������      with felsic rocks having com-
positions compatible with those of biotite in the glassy 
rocks at Julcani. The resulting “exchanged” magmatic 
water field at 400°C has been plotted in a δD − δ18O 
diagram (Fig. 11). The use of the Julcani data is ap-
propriate because of the geographic proximity and the 
similar geological situation, including the presence of 
felsic rocks that are similar in composition to those of 
the diatreme-dome complex at Cerro de Pasco.

Values of δD and δ18O for fluids in equilibrium 
with alunite were calculated using the fractionation 
factors determined experimentally by Stoffregen et al. 
(1994) at a temperature of 250°C, estimated from the 
mineral assemblages as well as from the microthermo-
metric data on quartz occurring with alunite (subtype 
IIC). These are given in Table 4 and shown in Figure 
11. 

The isotopic composition of meteoric water at 
Cerro de Pasco can be evaluated by linearly extrapo-
lating the trend obtained for fluids in equilibrium with 
alunite at Venencocha and Santa Rosa, hence represent-
ing mixtures of magmatic and unexchanged meteoric 
fluids. The two alunite samples, which probably expe-
rienced post-depositional isotopic exchange have not 
been considered for the mixing regression line (Fig. 
11). Linear extrapolation suggests Mid-Miocene local 
meteoric water at Cerro de Pasco at a δD = −95 ± 10 ‰ 
and δ18O close to −13 ± 1 ‰ (Fig. 11), somewhat higher 
in δD and δ18O than the isotopic composition of local 
meteoric waters at Julcani during the Mid-Miocene (δD 
= −120 to −138 ‰ and δ18O = −17.5 to −18.8 ‰, Deen 
et al., 1994), values based on a mixing regression line 
represented by fluids extracted from inclusions in late 
stage barite, siderite, and pyrite. The inferred values are 
also higher than those proposed by Bendezú (2007) at 
Colquijirca (δD = -140 ± 10 ‰ and δ18O = -18 ± 1 ‰) 
obtained by projecting the regression mixing line rep-
resenting the entire population of alunite fluids. These 
deposits are today located at a similar altitude (4000 
– 4300 m) but are of slightly younger age (10 – 12 Ma) 
compared to Cerro de Pasco. Lower values for mete-
oric waters are also used by Strusievicz et al. (1998) 
and Fifarek and Rye (2005) at Pierina (δD between -130 
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and -150‰ and δ18O between -20 to -17 ‰), which is 
located at an elevation of 4000 m and dated at 14.5 Ma. 
The different isotopic composition of meteoric water at 
Cerro de Pasco may be due to somewhat lower altitude 
at around 14.5 to 15 Ma and the fact that at that time, 
global temperatures were still somewhat warmer. The 
period between 16 and 14 Ma represents a period of sig-
nificant global change in climatic conditions, in particu-
lar the onset of large-scale cooling and the growth of the 
bulk of the Antarctic ice sheets (Zachos et al., 2001). 

The alunite-fluid mixing line projects to the field 
of magmatic fluids exchanged at 400°C of Deen et 
al., (1994)  so that the magmatic fluid end-member is 
assumed to have a composition around δD = −30 ‰ 
and δ18O = 7 ‰. In high sulfidation deposits where a 
magmatic-hydrothermal genetic model is proposed 
(Bendezú, 2007; Arribas et al., 1995; Bethke et al., 
2005; Deyell et al., 2005; Fifarek and Rye, 2005) two 
end-member fluids have also been identified, whereby 
magmatic-hydrothermal alunite forms subsequent to 
disproportionation of a SO2 vapor plume into H2S and 
HSO4

− by condensation into meteoric water (Arribas et 
al., 1995; Rye et al., 1992). 

Kaolinite samples present in the carbonate re-
placement bodies are considered to be of hypogene ori-
gin because they do not fall close the kaolinite line (Fig. 
11) of Sheppard et al. (1969), which represents super-
gene kaolinite and/or kaolinite that experienced signifi-
cant post-depositional exchange with meteoric water at 
supergene conditions. Therefore, fluids in equilibrium 
with kaolinite should constitute a good approximation 
to the ore-forming fluids for the intermediate and outer 
zones of the carbonate replacement bodies. Oxygen and 
hydrogen isotope compositions of fluids in equilibrium 
with kaolinite were calculated at 220°C for the interme-
diate zone and at 200°C for the outer zone using equa-
tions of Sheppard and Gilg (1996) for δ18O and of Gilg 
and Sheppard (1996) for δD. Temperatures used are 
based on microthermometric measurements obtained in 
quartz from the core zone (subtype IIB1) and sphalerite 
from the outer zones (subtype IIB2). The intermediate 
zone values are characterized by higher δD values (−71 
to −79‰) and therefore lie closer to the magmatic end-
member than those from the outer zone (−83 to −97 ‰). 
The δ18O values for both zones are similar (δ18O = 2.0 
to 7.3 ‰ and 4.6 to 6.3 ‰, respectively). The isotope 
compositions of all fluids in equilibrium with kaolinite 
do not fall on the alunite mixing line since they have 
distinctly lower δD and higher δ18O values compared 
to fluids in equilibrium with alunite (Fig. 11). It has to 
be mentioned that the variations in δD from the fluid in 
equilibrium with kaolinite may also be the result of pres-
sure effects which have not been taken into account in 
the fractionation equation of Gilg and Sheppard (1996), 
as reported by Driesner (1997).

The interaction of hot fluids (around 300°C) in 
an open, convecting system with wall rocks can lead 
to a pronounced shift in the isotopic compositions of 
the fluid and hence the alteration minerals precipitat-

ing in equilibrium with these exchanged fluids (Tay-
lor, 1974) may well have compositions different from 
those minerals precipitating from unexchanged fluids. 
According to Fournier (1999), meteoric-derived fluids 
have been found in deep geothermal exploration wells 
at temperatures up to around 350°C. Models for isoto-
pic exchange of meteoric water with (1) volcanic, (2) 
Excelsior Group rocks, and (3) Pucará carbonate rocks 
over a range of temperature from 25 to 400°C have been 
calculated following the equation of Ohmoto and Rye 
(1974) and are plotted in Figure 11. Estimates of the δD 
and δ18O values of volcanic rocks (-92 and 8.5 ‰, re-
spectively) have been taken from Deen et al. (1994) and 
those from sedimentary rocks (close to Excelsior Group 
rocks in composition, -60 and 16 ‰) containing silici-
clastic components from Field and Fifarek (1985). For 
carbonate rocks, δ18O was measured in Pucará Group 
rocks not affected by possible ore-mineralizing fluids at 
15 ‰, this value is in agreement with the field of Pucará 
carbonate rocks of Moritz et al. (1996). Using the equa-
tion of Ohmoto and Rye (1974), original meteoric water 
isotopic compositions at Cerro de Pasco, and water/rock 
weight ratios of 1.8 for isotopic exchange with Excel-
sior Group rocks at around 200°C, results in values for 
the exchanged fluids that would be similar to those in 
equilibrium with kaolinite. A similar result is obtained 
by isotopic exchange of meteoric water with the Pucará 
carbonate rocks. In that case, there is only a significant 
δ18O shift of the meteoric water isotopic composition 
and virtually none in the δD value. Isotopic exchange 
with exclusively volcanic rocks is considered unlikely 
because, according to the model used, exchanged me-
teoric water would have appropriate compositions in 
equilibrium with kaolinite only at around 400 °C. These 
temperatures prevail near the brittle-ductile transition 
and it is improbable that meteoric water circulates that 
deep in a porphyry related geological context (Fournier, 
1999). In addition, the volume of volcanic rocks present 
at Cerro de Pasco is relatively small compared to that 
of the Excelsior Group rocks. Therefore, it is believed 
that Excelsior Group phyllite and shale played a major 
role in the isotopic exchange process, whereby a sub-
ordinate participation of magmatic rocks. According to 
the geological situation and assumed fluid path (Fig. 4), 
fluid interaction with the Pucará carbonate rocks is con-
sidered to be minor compared to that with the Excelsior 
Group rocks.

The curve modeled for isotopic exchange with 
Excelsior Group rocks shows realistic temperatures 
(around 200°C), which are sufficient to obtain isotope 
values similar to those required to form kaolinite fluids 
by mixing exchanged meteoric waters with magmatic 
water. The water/rock weight ratios used (for Excelsior 
Group, volcanic, and carbonate rocks) are in agreement 
with those estimated for many epithermal districts and 
those observed in active geothermal systems (Field and 
Fifarek, 1985; Taylor, 1974). The end-member of isoto-
pically exchanged meteoric water necessary to explain 
the kaolinite δ18O and δD values, could correspond to a 
non-saline, hot end-member of the ore-forming fluids 
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Fig. 11: δD and d18O plot of alunite and kaolinite with corresponding fluids in equilibrium with those minerals. 
The δD and d18O values of fluid in equilibrium with alunite (from oxidized veins at Venencocha and Santa Rosa) 
were calculated using equation of Stoffregen et al. (1994) at 250°C. A mixing trend line shows the two fluid end-
members forming the alunite fluids. This mixing trend intersects the meteoric water line of Craig (1961) at the δD 
and d18O values estimated for Mid-Miocene meteoric water at Cerro de Pasco (δD = 95 ± 10 ‰ and d18O close  to 
13 ± 1 ‰). The δD and d18O values of fluids in equilibrium with kaolinite were calculated using Sheppard and Gilg 
(1996) for O and Gilg and Sheppard (1996) for H, at 220°C for kaolinite from the intermediate zone and at 200°C 
for kaolinite from the outer zone of carbonate replacement bodies. The kaolinite fluids lie on a mixing trend between 
the exchanged magmatic fluid end-member of Deen et al. (1994) and an end-member composed of isotopically ex-
changed meteoric water at around 200-250°C. δD and d18O values of  meteoric water exchanged with typical volca-
nic and Excelsior Group rocks have been modeled. The model shows that the end-member composed of isotopically 
exchanged meteoric water mainly exchanged with Excelsior Group rocks at depths and at a temperature of 200 to 
250°C. In the lower part of the diagram, δ18O values of fluids in equilibrium with quartz are presented, calculated 
using equation of Zhang et al. (1989) at 250°C for quartz in the pyrite-quartz body, 220°C for quartz occurring in 
the cores of carbonate replacement bodies, 250°C for quartz in the enargite-pyrite veins, and 250°C for quartz in 
oxidized veins at Venencocha. Other field and lines are the kaolinite line after Sheppard et al. (1969), primary mag-
matic fluids after Deen et al. (1994), felsic magmatic water (FMW) after Taylor (1992), primary magmatic water 
(PMW) after Taylor (1979), and subduction-related volcanic vapor after Giggenbach (1997).



141

Part III

(at least 180°C) postulated by the fluid inclusion study. 
According to the isotopic results, the more saline fluid 
(at least 7 wt % NaCl eq.) identified in the fluid inclu-
sion study is closest to the magmatic fluid end-mem-
ber. The mixing proportions of these two end-members 
are variable, as shown by the vertical part of the trend 
depicted by the fluids in equilibrium with the kaolinite 
(Fig. 11). 

An alternative interpretation to explain the fluids 
in equilibrium with kaolinite would be mixing between 
unexchanged meteoric water and magmatic water. On 
the basis of isotopic compositions for meteoric water 
similar to those estimated for other deposits in this re-
gion (Deen et al., 1994; Bendezu, 2007), this would  
require either unrealistically low temperatures (100-
130°C) of kaolinite formation or an unrealistically high 
component of magmatic water, even higher than that 
for alunite for the fluids of the more distal kaolinite. As 
has been shown by Cooke and Simmons (2000), waters 
precipitating hypogene clays, silica and ore minerals in 
high sulfidation deposits such as Nansatsu (Japan), Ro-
dalquilar (Spain) or la Mejicana (Mexico) have consis-
tently shown to have a greater component of meteoric 
water than those precipitating alunite. However, yet an-
other possibility could be that the meteoric water at the 
time of mineralization at Cerro de Pasco was marginally 
higher in 18O and D than at Colquijirca, Julcani or Pie-
rina, as a result of either earlier formation of this deposit 
and climatically different conditions prior to about 14.5 
Ma (Zhang et al., 1989) and/or as a result of slightly 
lower altitudes at that time. If that is the case, then the 
fluids in equilibrium with the kaolinite may represent 
exchanged and wall-rock buffered fluids, not requiring 
a larger magmatic fluid component compared to fluids 
in equilibrium with alunite.

The δ18O values of kaolinite precipitating fluids 
are corroborated by the oxygen isotope compositions 
of fluids in equilibrium with quartz. Calculated isotopic 
compositions of water in equilibrium with quartz from 
the core zone of carbonate replacement bodies and enar-
gite pyrite veins, using equations of Zhang et al. (1989) 
at 250°C, are presented in Figure 11. Most quartz values 
of the carbonate replacement bodies (−1.78 to −0.80 ‰) 
and enargite-pyrite veins (1.5 to 3.8 ‰), with both min-
eralization types containing a core and an intermediate 
zone, agree with the δ18O values estimated for fluids in 
equilibrium with kaolinite. At the San Alberto carbon-
ate replacement bodies, where only the outer zone is 
present, the δ18O value of quartz precipitating fluids is 
much lower, perhaps due to a larger proportion of un-
exchanged meteoric water in the fluid or a smaller con-
tribution of carbonate rocks in the isotopic exchange 
process with meteoric water. Values of fluids in equi-
librium with quartz from enargite-pyrite veins must be 
interpreted with caution because the analyzed quartz 
crystals contain magmatic cores, as discussed above. 
Although no hydrogen isotope composition is available 
for the fluids forming the enargite-pyrite veins, the simi-
lar δ18O values of fluids in equilibrium with quartz of 
enargite-pyrite veins and of the carbonate replacement 

bodies, together with the similar microthermometric 
results obtained for both second stage mineralization 
types, allow for the hypothesis that the enargite-pyrite 
veins were also formed from mixed magmatic- isotopi-
cally exchanged meteoric fluids. It should be also con-
sidered that the microthermometric results on quartz 
from the enargite-pyrite veins demand a hot and non-
saline fluid, which could be the isotopically exchanged 
meteoric water end-member.

A similar reasoning can be applied for the py-
rite-quartz body. The δ18O values calculated for fluids 
in equilibrium with quartz from the pyrite-quartz body 
at 250°C range from 6.6 to 7.8‰ and are slightly higher 
than those from the second mineralization stage (Fig. 
11), but still compatible with the δ18O values of the ka-
olinite precipitating fluids.  

Marine carbonates, the host rocks of the replace-
ment bodies, have δ13C values between 1.3 and 2.8 
permil and δ18O values between 19.1 and 24.7 permil, 
which are compatible with the compositions of Pucará 
limestone reported by Moritz et al. (1996, Fig. 12). The 
δ13C values between -6.6 and -4.5 ‰ and δ18O values 
between 9.51 and 19.5 ‰ of hydrothermal Fe-Mn-Zn 
carbonates differ from the δ13C and δ18O values of Pu-
cará limestone, as would be expected for hydrothermal 
Fe-Mn-Zn carbonates. The lower δ13C values indicate a 
contribution of 13C-depleted carbon from organic mat-
ter in sedimentary rocks (Bowman, 1998). Bituminous 
horizons from the Pucará limestone or shale from the 
Excelsior Group would be viable sources for this 13C-
depleted carbon. A magmatic source for the lower δ13C 
values is also possible. Since the 13C depletion is in 
general small, the organic carbon source contribution 
would constitute only a small part of the total carbon. 
Oxygen isotope fractionation equations available in the 
literature for fluids in equilibrium with siderite, mag-
nesite and smithsonite (Zheng, 1999) are similar. Ap-
plying the isotope fractionation equation for siderite of 
Zheng (1999), δ18O values of water in equilibrium with 
Fe-Mn-Zn carbonates in the range of −1.0 to 8.0 per-
mil at 200°C are obtained, which are similar to the δ18O 
values of the quartz and kaolinite fluids (2.0 to 7.3 ‰). 
The late vein calcite samples (δ13C = 0.7 to 0.9 ‰ and 
δ18O = 18.8 to 21.0 ‰) lie close to the field of marine 
limestone, suggesting that the late calcite veins recycled 
carbonate from the Pucará Group rocks and/or formed 
at much lower temperatures from fluids buffered to be 
in equilibrium with the wall rocks.

Sulfur source

Sulfur isotope compositions measured in sulfides 
from the first and second mineralization stage are com-
patible with a magmatic source for sulfur (-3.7 to 4.2‰, 
Table 5; e.g., Ohmotho, 1986). Sulfur isotopic tempera-
ture estimates from pyrite-sphalerite, pyrite-galena, and 
galena-sphalerite pairs from the first mineralization 
stage pyrrhotite bodies and related Zn-Pb ores using the 
fractionation equations of Kajiwra and Krouse (1971), 
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range between 197 and 260°C (Table 3). These temper-
atures are in agreement with those obtained from fluid 
inclusions in quartz from the pyrrhotite pipes and relat-
ed Zn-Pb ores (192 to 250°C). Three other mineral pairs 
yield unrealistically high temperatures marked with a 
question mark in Table 5, suggesting that isotopic equi-
librium was not achieved and/or that these pairs are not 
co-genetic. The sulfur isotope temperature estimates of 
the second mineralization stage carbonate replacement 
bodies mineral pairs pyrite-sphalerite, and galena-sphal-
erite and barite-pyrite using equations of Kajiwra and 
Krouse (1971) indicate temperatures between 195 and 
271°C (Table 5), in the same range to those obtained by 
microthermometric measurements (178 – 265°C). The 
δ34SSO4 and δ18OSO4 values of alunite from Venencocha 
and Santa Rosa and of barite from the enargite-pyrite 
veins and carbonate replacement bodies are summa-
rized in Figure 13. All the alunite samples have high 
δ34S values, characteristic for magmatic-hydrothermal 
alunite samples as defined by Rye et al. (1992). In Fig. 
13, the wide range in δ18O values of the alunite with 
values extending towards 18O-depleted compositions 
suggests that SO2 condensed in meteoric water. Bar-
ite samples show a concave-down J-shaped variation 
trend (δ34SSO4 = 4 to 24‰ and δ18OSO4 = −1.5 to 10.5‰). 
The isotopically heavy end-member sulfate in barite is 
likely to have a strong magmatic-hydrothermal sulfur 
source, whereas the isotopically light end-member sul-
fate most likely formed from SO4

2– generated by a large 
contribution of magmatic H2S oxidized in a meteoric-
water dominant environment near the surface (steam-
heated). The barite samples from this isotopically light 
end-member sulfate are those which were described as 
late in the paragenetic sequence. The obtained sulfur 
isotope systematics for alunite and barite at Cerro de 
Pasco are similar to those recognized in other deposits, 
such as Summitville, USA (Rye et al., 1990; Bethke et 
al., 2005)�������������������������������������������         and Julcani, Peru (Rye, 2005) and in many 
other magmatic hydrothermal acid sulfate systems as-
sociated with high sulfidation mineralization (Rye et al., 
1992; Cooke and Simmons, 2000; Rye et al., 2005; Fif-
arek and Rye, 2005)�����������������������������������     . The systematics is an expression 
of the fact that magmatic vapor condenses and interacts 
with oxidized meteoric water. Such a mixing process is 
an efficient depositional mechanism for barite (Holland 
and Malinin, 1979).

In summary, for the hydrothermal system at Cer-
ro de Pasco two different mixing trends have been rec-
ognized on the basis of microthermometric and stable 
isotope data. The results for the second mineralization 
stage fluids essentially suggest mixing of magmatic 
and isotopically exchanged meteoric waters. The re-
sults point to an important contribution of isotopically 
exchanged meteoric fluids, around 50 % for the inter-
mediate zone and around 80 % for the outer zone. The 
similarity in fluid inclusion characteristics of both min-
eralization stages might indicate that this interpretation 
is also valid for the first mineralization stage. A different 
mixing trend is defined by alunite present in oxidized 

polymetallic veins at Venencocha and at Santa Rosa, 
which is interpreted to result from mixing of a magmat-
ic fluid and isotopically unexchanged meteoric waters. 
The proportion can be evaluated between 70 and 40 % 
of magmatic water.

Nature of the magmatic saline end-
member

The above discussion points to the existence of a 
saline magmatic end-member of the mineralizing fluid. 
It could be derived from a diluted brine, a magmatic 
fluid in the sense of Hedenquist et al. (1998), or from 
a contracted magmatic vapor in the sense of Heinrich 
(2005). If the more saline fluid inclusions in quartz of 
the first mineralization stage (up to 6.8 wt % NaCl equiv) 
and second mineralization stage carbonate replacement 
bodies (up to 7.7 wt % NaCl equiv) are representative of 
the ore fluid, only dilution of a brine could explain the 
obtained results. Considering a dilution of 50 to 80 %, 
as indicated by the stable isotope results of kaolinite of 
the carbonate replacement bodies, magmatic fluids with 
salinities over 15 wt% NaCl equiv. are necessary to ex-
plain the salinities. The more saline fluid inclusions in 
quartz from the enargite-pyrite veins reach up to 5 wt% 
NaCl equiv. (max. 5.26 wt % NaCl equiv) and could 
also be explained in terms of mixing of a contracted va-
por separated at great depths (which would be similar to 
a single-phase fluid). The different metal budget of the 
enargite-pyrite veins and the Zn-Pb carbonate replace-
ment bodies could be a hint for different fluids forming 
both mineralization types during the second stage. In 
this perspective, the magmatic end-member of the enar-
gite-pyrite veins could be a contracted vapor enriched 
in Cu and Au (Heinrich, 2005). However, even if this 
explanation is very suggestive, it should be underlined 
that it is highly speculative. On the basis of the available 
data, it is equally possible that the magmatic end-mem-
ber in the enargite-pyrite veins is also a diluted mag-
matic brine. The relatively higher salinities of the quartz 
in the Venencocha polymetallic oxidized veins, which 
are thought to be equivalent to the enargite-pyrite veins, 
would favor the last explanation. Fluids with similar 
characteristics to those found at Cerro de Pasco have 
been described in other Cordilleran base metal deposits. 
Table 6 summarizes the fluid inclusion and stable isotope 
data for Colquijirca, Huanzala, Hualgayoc, Julcani, San 
Cristobal, and Pasto Buena (Peru) Main and East Tintic, 
Bisbee, and Butte (USA), and Collahuasi (Chile). Fluid 
inclusion studies in quartz from these deposits indicate 
homogenization temperatures between 170 and 350°C 
and salinities ranging from 0.2 to 8 wt% NaCl equiv. 
(one generation at Tintic up to 17 wt %), which are in 
agreement with those obtained at Cerro de Pasco. δ18O 
and δD values are variable from one deposit to another 
but for all, a magmatic and a meteoric end-member are 
recognized and are both involved in the mineralization. 
At Julcani (Deen, 1994), San Cristobal (Campbell et al., 
1984; Beuchat et al., 2004) , and Colquijirca (Bendezú, 
2007), a contribution of meteoric water isotopically ex-
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Fig. 12: Plot of δ 13C versus δ18O values of Fe-Mn-Zn carbonates and late calcite veins from the carbonate 
replacement bodies (second mineralization stage). Grey field representing δ 13C versus δ18O of unaltered Pucará 
carbonate rocks after Moritz et al.(1996). The hatched field represents δ18O values of fluids calculated in equilib-
rium with Fe-Mn-Zn carbonates using the equation of Zheng (1999) for siderite at 200°C.

Fig. 13: Summary of δ34S and δ18O(SO4) values on alunite (from oxidized veins at Venencocha) and barite (from 
carbonate replacement bodies and enargite-pyrite veins) at Cerro de Pasco, with arrows showing mixing of mag-
matic-hydrothermal sulfate with meteoric water in alunite and with steam-heated  sulfate from oxidation of mag-
matic H2S in barite.
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changed with the country rocks has been proposed.

Evolution of the hydrothermal system at 
Cerro de Pasco

A geological scenario that is consistent with the 
available geochronological results (Baumgartner et al., 
Part II) as well as with the microthermometric and iso-
topic results discussed above is shown in Figure 14. 
This scenario takes into account the existence of two 
different fluid mixing trends.

At Cerro de Pasco, explosive volcanism took place 
in the Mid-Miocene and a diatreme-dome complex of 
more than 2 km in diameter was emplaced along a lon-
gitudinal fault (Figs. 14A and B). According to current 
models for the evolution of porphyry copper systems 
(e.g. Fournier, 1999; Einaudi et al., 2003), exsolving 
magmatic fluids accumulate in apophyses, in the brittle-
ductile subsolidus transition zone at around 450°C. Fol-
lowing a pressure decrease near the brittle-ductile tran-
sition, phase separation into a coexisting dense brine 
phase and a low density vapor phase could have oc-
curred (Ulrich et al., 1999; Harris et al., 2003). At Cerro 
de Pasco, the dense brine phase remained at depth, while 
the less dense vapor would have ascended to higher lev-
els. This buoyant SO2 vapor plume rose rapidly along 
fractures and condensed into unexchanged meteoric 
water forming H2S and HSO4

− generating acidic fluids 
that strongly leached the diatreme-dome complex rocks 
during the second mineralization stage, as shown by the 
presence of vuggy quartz and barren advanced argillic 
altered domes and dykes at Venencocha and Santa Rosa. 
The input of low density magmatic vapors is traced by 
the alunite isotope composition, which points to mixing 
with unexchanged meteoric waters. No evidence for the 
presence of a low density vapor or related alteration as-
sociated to the first mineralization stage has been found, 
but it cannot be excluded that the vapors altered the up-
per parts of the diatreme, now eroded (Fig. 14C).

 The microthermometric and stable isotope data 
suggest that saline magmatic fluids mixed with isoto-
pically exchanged, hot meteoric water, a process that 
enabled fluid ascent due to a density decrease. The mi-
crothermometric results of all but one studied ore type 
from both mineralization stages can be interpreted as 
that the saline magmatic fluids were issued from hyper-
saline magmatic fluids (Fig. 14C and D). The fluid inclu-
sion results of the enargite-pyrite veins could also allow 
that the magmatic saline fluids represented contracted 
magmatic vapor separated at great depth in the sense 
of Heinrich (2005) or a magmatic fluid in the sense of 
Hedenquist et al. (1998). 

The fact that the first mineralization stage con-
tains low sulfidation state mineral assemblages could 
indicate that, en route to the deposition site, the mag-
matic-derived ore-forming fluids probably were reduced 
by Excelsior Group shale and phyllite host rocks. Flu-
ids forming the second mineralization stage, which are 
characterized by high to intermediate sulfidation state 
mineral assemblages, would have encountered rocks 

that had already lost their buffering capacity. 
In the core zones of the second mineralization 

stage, alunite deposited from fluids derived from a SO2 
volcanic plume and quartz and ore minerals derived 
from a magmatic saline fluid spatially coincide (Fig. 
14D). The paragenetic relationships cannot distinguish 
between a vapor plume that preceded the ore forming 
fluids or if sporadic vapor plume incursions took place 
during the ascent of a more steady flow of moderately 
saline fluids, as suggested in Colquijirca by Bendezú 
(2007). 

The microthermometric and stable isotope re-
sults suggest that the first and the second mineralization 
stages were formed by similar fluids at similar tempera-
tures. This implies that the large pyrite-quartz body was 
formed during an early pulse of the same hydrothermal 
system that formed the rest of the Cerro de Pasco depos-
it. Taking into account the existence of early W and /or 
Sn-bearing pyrite/pyrrhotite-quartz stages also in sev-
eral other Cordilleran deposits (Table 6), it is proposed 
that both mineralization stages are linked and constitute 
subsequent stages of Cordilleran base metal deposits. 
The large size of the pyrite-quartz body at Cerro de Pas-
co probably reflects a substantial hydrothermal system 
providing fluids rich in sulfur (Baumgartner and Font-
boté, Part I).

The hydrothermal fluids identified at Cerro de 
Pasco are those that could be expected in the upper 
part of a porphyry copper system. In Butte, Moroco-
cha, Yauricocha, among other districts, Cordilleran base 
metal deposits are superimposed on sizeable porphyry 
copper deposits. The question can be posed if at Cerro 
de Pasco a concealed porphyry deposit exists. Evidence 
to answer this question is lacking. However, it can be 
noted that the existence of a large diatreme preced-
ing the Cordilleran mineralization could have favored 
a dramatic pressure decrease, inhibiting the formation 
of a large porphyry deposit. In addition, mineralized 
diatreme clasts are absent suggesting that prior to the 
diatreme formation, porphyry mineralization was not 
initiated.

Conclusions

The fluids forming the first and second mineral-
ization stages at Cerro de Pasco had similar tempera-
tures (between 290 down to 170°C) as well as com-
parable salinities (ranging from 0.1 to 7.5 wt % NaCl 
equiv). The stable isotope results coupled with the 
microthermometric data support the existence of two 
mixing fluids. A first trend reflects mixing of a saline 
magmatic end-member and an isotopically exchanged 
hot meteoric water end-member. The ore-forming flu-
ids result from variable mixing ratios between the two 
end-members. According to the available data, of all 
ore types except for the enargite-pyrite veins from the 
western part of the open pit, the saline end-member is 
a hypersaline magmatic fluid. For the enargite-pyrite 
veins, the saline magmatic end-member could also cor-
respond to a contracted vapor separated at great depth 
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in the sense of Heinrich (2005) or a single phase fluid 
in the sense of Hedenquist (1998). A second trend, indi-
cated by the stable isotope results of alunite present in 
alteration assemblages related to second mineralization 
stage oxidized veins in the Venencocha and Santa Rosa 
areas, points to mixing of volcanic SO2 vapor plumes 
with unexchanged meteoric water. 

The relatively shallow emplacement of the hy-
drothermal system at Cerro de Pasco, predicted from 
erosion estimates, is consistent with the microthermo-
metric results that indicate minimal depths in the range 
of 200 to 500 m. This epithermal system corresponds 
to the upper parts of a porphyry environment, although 
porphyry copper mineralization, economic or not, re-
mains undiscovered.

The similar temperatures and salinities obtained 
for the first (pyrite-quartz body, pyrrhotite pipes and 
related Zn-Pb ores) and second mineralization stages 
(enargite-pyrite veins and carbonate replacement bod-
ies) coupled with the stable isotope study has permitted 
to conclude that they are linked and represent successive 
mineralizing stages of Cordilleran base metal deposits. 
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Appendix 1: Location of samples used for the stable isotope study (for legend, see Fig. 3)
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Appendix 2: Microthermometric data for fluid inclusions at Cerro de Pasco

Sample n° Chip n° Assemblage n° FI n° Type Filling
Degree of 
fill Size (µm)Th final(°C) Tm ice (°C)

Salinity1 (wt. % 
NaCl eq)

First mineralization stage

Pyrite-quartz body

CPR 38 CPR 38a A 1 195 -3.2 5.26

2 198 -3.2 5.26

3 209 -3.4 5.56

4 233.9 -2.8 4.65

5 205 -4 6.45

B 1 233 -3.8 6.16

2 249.5 -4.8 7.59

3 245

C 1 190 -3.3 5.41

2 245 -6.7 10.11

3 224 -5.2 8.14

4 236.5 -3.7 6.01

5 205 -7.4 10.98

6 180 -10.1

CPR 23 CPR 23a A 1 G L-V 60 267 -3.7 6.01

A 2 G L-V 20 257 -4.3 6.88

A 3 G L-V 30 240 -3.8 6.16

A 4 G L-V 20 250

A 5 G L-V 10 245

A 6 G L-V 30 260

A 8 G L-V 15 268 -3.4 5.56

C 2 G L-V -1.8 3.06

C 3 pseudio-sec ( L-V 210 -1.4 2.41

C 4 pseudio-sec ( L-V 214

C 5 pseudio-sec ( L-V 232.5 -6.5 9.86

C 6 pseudio-sec ( L-V 234 -6.5 9.86

C 7 pseudio-sec ( L-V

G 11 isolated L-V 200 -0.1 0.18

G 12 G L-V 263 -0.1 0.18

G 13 G L-V 273 -1.4 2.41

Fpe 130-13b Fpe-130-13b A 1 252 -0.7 1.22

A 2 266.5 -0.3 0.53

A 3 252 -0.5 0.88

A 4 251 -0.4 0.70

A 5 252 -0.4 0.70

B 1 273 -0.9 1.57

B 2 273 -1 1.74

B 4 278 -1.1 1.91

C 1 272 -1.1 1.91

C 2 277 -1 1.74

C 3 276 -0.8 1.40

C 4 272 -0.8 1.40

CPR 23 CPR 23a C 8 primary L-V 346 -1.3 2.24

C 9 ? L-V 234.5 -0.7 1.22

G 1 G L-V 365 -1.7 2.90

G 2 G L-V 351 -0.5 0.88

G 9 G L-V 375 -2.5 4.18

G 10 G L-V 340.2 -3.5 5.71
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Sample n° Chip n° Assemblage n° FI n° Type Filling
Degree of 
fill Size (µm)Th final(°C) Tm ice (°C)

Salinity* (wt. % 
NaCl eq)

median 251 2.41

average 243 3.3

Pyrrhotite pipes (quartz)

FPE 131-1 chip 1 A 1 229 -2.2 3.71

A 2

A 3

B 1 230 -1.6 2.74

C 1 192 -0.6 1.05

C 2 205 -2 3.39

C 3 205 -6.8 10.24

C 4 237 -2.6 4.34

C 5 210 -2.6 4.34

chip 2 A 1 240 -7.2 10.73

B 1 250 -8.9 12.73

C 1 249 -6.6 9.98

median 230 3.4

average 225 3.2

Zn-Pb ores (quartz)

CPR 461 CPR 461a A 1 208 -2.4 4.03

A 2 212.5

CPR 461b A 1 199.5 -2.1 3.55

2 187 -1.9 3.23

3 183 -2 3.39

median 199.5 3.39

average

4 192.5 -1.9 3.23

median 200 3.4

average 197 3.5

Second mineralization stage

Carbonate replacement bodies (quartz)

CPR 480 CPR 480d A 1 G L-V 18 220 -4.8 7.59

A 2 G L-V 18 241.5

A 3 G L-V 18 205 -4 6.45

A 4 G L-V 30 209.7 -4 6.45

A 5 G L-V 25 252.5 -3.1 5.11

A 6 G L-V 15 235 -4 6.45

B 1 G L-V 18 247.5 -4 6.45

B 2 G L-V 25 238.7 -4.7 7.45

B 3 G L-V 10 237 -5.4 8.41

B 4 G L-V 15 241 -4.8 7.59

CPR 480 CPR 480c 1 G L-V 35 231.6 -6.2 9.47

2 G L-V 218.8 -7.1 10.61

3 G L-V 252.3 -4.6 7.31

4 G L-V 253.1 -4.7 7.45

5 G L-V 60 214.7 -2.2 3.71

6 G L-V 218.5 -2.2 3.71

7 G L-V 219.4 -0.7 1.22

8 G L-V 15 214.0 -0.6 1.05

9 G L-V 15 225.0 -3.8 6.16
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Sample n° Chip n° Assemblage n° FI n° Type Filling
Degree of 
fill Size (µm)Th final(°C) Tm ice (°C)

Salinity* (wt. % 
NaCl eq)

10 G L-V 16

11 G L-V 15 236.2 -2.1 3.55

12 G L-V 234.2 -2.2 3.71

13 G L-V 220.8 -0.2 0.35

14 G L-V 224.3 -1.9 3.23

15 G L-V 253.2 -0.3 0.53

16 G L-V 243.0 -2.5 4.18

17 G L-V 211.0 -1.8 3.06

CPR 480 CPR 480e 1 G L-V 15 233.6 -0.1 0.18

2 G L-V 236.3

3 G L-V 20 243.7

4 G L-V 12 265.0 -2.9 4.80

5 G L-V 12 -1.9 3.23

6 G L-V 25 238.0 -2.8 4.65

7 G L-V 40 178.9 -6.2 9.47

median 235 4.9

average 231 5.1

Carbonate replacement bodies (sphalerite)

CPR 76 CPR 76 Z1 222.3 -5.0 7.86

CPR 76 218.8 -1.8 3.06

CPR 76 198.1 -1.6 2.74

CPR 325 CPR 325 Va 168.9 -3.1 5.11

CPR 74 CPR 74 Wf 221.7 -4.7 7.45

CPR 74 Wg 168.0 -2.8 4.65

CPR 427 CPR 427 Ya 197.4 -1.7 2.90

CPR 427 Yb 191.4 -4.6 7.31

188.5 -4.6 7.31

193.5 -4.5 7.17

194.2 -4.5 7.17

190.0 -4.3 6.88

CPR 427 Za 174.0 n.d.

CPR 76 201.2 -8.1 11.81

CPR 74 219.7 -7.4 10.98

CPR 76 Ya 212.1 -6.0 9.21

median 196 7.1

average 197 6.8

Enargite-pyrite veins (quartz)

cpr 608 cpr 608a2 A’ 1 G L-V 15 35 233 -0.6 1.05

A’ 2 G L-V 15 18 255 -0.5 0.88

A’ 3 G L-V 20 209 -0.5 0.88

A’ 4 G L-V 35 233 -0.2 0.35

B 1 G L-V 10 243 -1.9 3.23

B 2 G L-V 15 230 -0.7 1.22

B 3 G L-V 10 243 -0.5 0.88

B 4 G L-V 10 230 -0.4 0.70

B 5 G L-V 10 255 -0.7 1.22

B 6 G L-V 10 200.5 -0.7 1.22

C 1 G L-V 20 25 226.5 -0.2 0.35

C 2 G L-V 15 25 217 -1 1.74
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Sample n° Chip n° Assemblage n° FI n° Type Filling
Degree of 
fill Size (µm)Th final(°C) Tm ice (°C)

Salinity* (wt. % 
NaCl eq)

C 3 G L-V 20 15 200 -0.8 1.40

C 4 G L-V 15 15 200 -0.2 0.35

C 5 G L-V 15 18 190 -1 1.74

C 6 G L-V 15 20 185 -0.8 1.40

C 7 G L-V 15 25 226.5 -2 3.39

E 1 G L-V 10 30 210 -2.7 4.49

E 2 G L-V 15 15 207.5 -0.1 0.18

E 3 G L-V 15 25 208.5 -0.9 1.57

E 4 G L-V 15 20 207.5 -1.1 1.91

E 5 G L-V 15 20 212 -1.1 1.91

F 1 G L-V 10 25 211 -0.6 1.05

F 2 G L-V 10 25 180 -0.3 0.53

F 3 G L-V 10 25 177.5 -0.2 0.35

F 4 G L-V 10 20 202 -0.5 0.88

F 5 G L-V 13 20 213.5 -0.4 0.70

F 6 G L-V 10 15 177.5 -0.5 0.88

F 7 G L-V 10 30 190 -0.6 1.05

F 8 G L-V 10 18 210 -0.3 0.53

cpr 608 cpr 608a3 A 1 G L-V 20 20 230 -0.5 0.88

A 2 G L-V 15 15 242 -0.3 0.53

A 3 G L-V 15 10 225 -0.1 0.18

A 4 G L-V 15 18 235 -0.1 0.18

A 5 G L-V 15 10 222.2 -0.1 0.18

C 1 G L-V 15 25 240.3 -0.1 0.18

C 2 G L-V 15 25 211.3 -0.1 0.18

C 3 G L-V 15 18 230 -0.1 0.18

C 4 G L-V 15 25 207.5 -0.1 0.18

C 5 G L-V 15 20 200 -0.1 0.18

C 5’ G L-V 15 18 205.1 -0.1 0.18

C 6 G L-V 15 18 217.5 -0.2 0.35

C 7 G L-V 15 18 229 -0.1 0.18

C 8 G L-V 15 20 213 -0.2 0.35

C 9 G L-V 15 18 213 -0.5 0.88

C 11 G L-V 15 28 222.5 -0.1 0.18

C G L-V

C 13 G L-V 15 30 220 -0.1 0.18

C 14 G L-V 15 25 225 -0.3 0.53

C G L-V

C 16 G L-V 15 40 213 0 0.00

C 17 G L-V 15 30 222.5 -0.4 0.70

C 18 G L-V 15 18 226.5 -0.4 0.70

C 19 G L-V 15 20 205 -0.1 0.18

C 12 G L-V 15 20 215 -0.1 0.18

C 15 G L-V 15 33 200 -0.1 0.18

cpr 439 cpr 439b A 1 G L-V 12 256.5 -0.9 1.57

A 2 G L-V 12 275 -0.6 1.05

A 3 G L-V 15 251 -0.8 1.40

B 1 G L-V 30 293 -0.9 1.57

B 2 G L-V 24 247 -0.8 1.40

B 3 G L-V 24 247.5 -0.9 1.57
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Part III

Appendix 2 (cont.)

Sample n° Chip n° Assemblage n° FI n° Type Filling
Degree of 
fill Size (µm)Th final(°C) Tm ice (°C)

Salinity* (wt. % 
NaCl eq)

B 4 G L-V 12 250 -0.9 1.57

C 1 G L-V 18 250 -0.7 1.22

C 2 G L-V 12 245.1 -0.3 0.53

C 3 G L-V 10 250 -0.9 1.57

C 4 G L-V 15 209.6 -0.3 0.53

D 1 G L-V 12 248 -0.9 1.57

D 2 G L-V 10 255 -1.2 2.07

D 3 G L-V 18 255 -0.9 1.57

D 4 G L-V 12 255 -0.9 1.57

D 5 G L-V 18 255 -0.9 1.57

D 6 G L-V 10 255 -0.9 1.57

E 1 G L-V 25 251 -0.8 1.40

E 2 G L-V 25 248 -0.8 1.40

E 3 G L-V 20 259 -0.9 1.57

E 4 G L-V 20 247.5 -0.8 1.40

j 1 G L-V 15-20 30 248 -0.3 0.53

cpr 439 cpr 439a A 1 G L-V 10 272.5 -1.7 2.90

A 2 G L-V 25 238.6 -1.7 2.90

A 3 G L-V 15 254 -1.5 2.57

A 4 G L-V 25 275 -3.2 5.26

B 1 G L-V 15 248 -0.9 1.57

B 2 G L-V 20 231.1 -1.3 2.24

B 3 G L-V 15 187.9 -2 3.39

B 5 G L-V 20 197.6 -2 3.39

B 6 G L-V 20 187.9 -2 3.39

median 227 1.1

average 227 1.2

cpr 439 cpr 439b M 1 P1 L-V 15-20 30 254 -9.5 13.40

M 2 P1 L-V 15-20 15 242 -22.3 23.89

M 1 P1 L-V 15-20 24 275.5

M 2 P1 L-V 15-20 20 237.1 -12.75 16.66

M 3 P1 L-V 15-20 30 220 -7.1 10.61

M 4 P1 L-V 15-20 22 238.6 -7.5 11.10

M 1 P1 L-V 20 25 235

M 2 P1 L-V 20 35 236.5 -8.4 12.16

M 3 P1 L-V 20 30 233

M 4 P1 L-V 20 25 225 -8.1 11.81

M 5 P1 L-V 20 35 260 -1.9 3.23

M 6 P1 L-V 15-20 20 223

M 7 P1 L-V 20 25 240

F 1 P1 L-V 25 229.5 -1.4 2.41

F 2 P1 L-V 18 232.5 -0.4 0.70

F 3 P1 L-V 25 265.5 -2.4 4.03

F 4 P1 L-V 30 234.7 -1.5 2.57

G 1 P1 L-V 25 229.5 -1.3 2.24

G 2 P1 L-V 45 229.5 -23 24.34

G 3 P1 L-V 30 220 -22 23.70

H 1 P1 L-V 15 261 -3.4 5.56

H 2 P1 L-V 30 251 -20 22.38
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Part III

Appendix 2 (cont.)

Sample n° Chip n° Assemblage n° FI n° Type Filling
Degree of 
fill Size (µm)Th final(°C) Tm ice (°C)

Salinity* (wt. % 
NaCl eq)

H 3 P1 L-V 15 280 -12.5 16.43

H 4 P1 L-V 45 266.8 -11.7 15.67

I 1 P1 L-V 45 245.8 -19.9 22.31

I 2 P1 L-V 20 249.5 -19.9 22.31

I 3 P1 L-V 25 258.8 -1.7 2.90

Venencocha (quartz)

cpr 365 cpr 365b A 1 L-V 261

A 2 L-V 260 -3 4.96

A 3 L-V 267 -1.9 3.23

A 4 L-V 248

A 5 L-V 260

A 6 L-V 245 -4 6.45

A verso 1 L-V 246 -4.9 7.73

A verso 2 L-V 263 -4.7 7.45

A verso 3 L-V 247 -3.1 5.11

median L-V 260 5.7

average L-V 255 5.7
1 Salinity = 0,00 + 1,78q - 0,0442q2 + 0,000557q3, Bodnar (1993) 

P1 = FI in fractures within magmatic quartz; G = growth zone, L-V (liquid-vapor)
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Appendix

List of samples
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