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Cette Çtude confirme les caractéristiques de gîte de cuivre-(argent) stratiforrne en milieu 

sédimentaire du gisement de Juramento. Ce dernier est localisé au nord-ouest de 

l'Argentine dans la province de Salta. Le gisement a été évalué pour son potentiel 

économique par la compagnie Paramount Ventures and Finances Inc. L'estimation 

actuelle de ses réserves fait itat de 1 1 Mt a 0.83 % de cuivre et 19,2 g/t d'argent. 

Ce travail décrit les environnements syn-sédimentaires de dépôt des roches hôtes de la 

minéralisation et leur diagenèse au cour de l'enfouissement. L'environnement de syn- 

diagenèse est celui des cycles de diminution de profondeur sur une plateforme 

carbonatie à faible pente. La plateforne présente des caractéristiques plutôt lacustres 

que marines. Les évaporites sont peu nombreuses mais évidentes en formes des nodules 

et des cristaux isolés de gypse-anhydrite et en forme des pseudomorphes dans les 

carbonates de la Formation Yacoraite inférieure. Les roches hôtes étaient riches en 

matière organique et elles contiennent également d'abondantes pyrites syndiagénetiques 

disséminées. Ces pyrites résultent de la réduction biogénique des sulphates. 

Pendant la diagenèse précoce, il a eu une augmentation de la porosité, causée par la 

dissolution des carbonates. Ceci a complété la préparation des roches hôtes pour 

l'introduction et le dépôt des métaux. Le fluide minéralisateur serait une saumure riche 

en chlorures, créé à basse température et dans des conditions oxydantes. Capable de 

transporter le cuivre, le plomb, le zinc et I'argent, ce fluide proviendrait des couches 

rouges continentales sous-jacentes du Pirgua. Les métaux auraient été déposés avant la 

silicification et la fermeture de la porosité des sédiments de la Formation Yacoraite lors 

de leur enfouissement. La minéralisation (chalcocite, bomite, chakopyrite, tennantite- 

tetraédrite. galène et sphalérite) a été déposée par la remplacement de la pyrite 

syndiagénetique et/ou du gypse. Les métaux et leurs sulfures présentent la distribution 
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suivante: les sulfures riches en cuivre et argent sont concentrés près de la basse de la 

Formation Yacoraite alors que les sulfures riches en plomb et zinc apparaissent 

progressivement plus haut dans les strates de cette formation. 

L'tvènement de la minéralisation est clairement postérieur i la plupart des évènements 

de la  syndiagenese et antérieur à la silicification et l'enfouissement, ceci est typique des 

gîtes strati formes de cuivre en milieu sédimentaire. 

Dans le cas de la pyrite. les isotopes du soufre sont aussi typiques d'un fractionnement 

biogénique; en ce qui concerne les sulfures des métaux de base, ils présentent des 

vrilcurs plus proches de zero et auraient pu être dCrivGs des sulfates présents (gypse) ou 

ilpportis pilï I'influx minéralisateur. La réduction inorganique des sulfates est peu 

probable en raison du manque d'évidences des processus de haute température et le 

manque d'efficacité des mécanismes de réduction biogéniques sous environnement 

syndiagenetique. Une source de soufre réduit provenant d'un gaz est peut probable 

comptc tenu de la dispersion des valeurs isotopiques. 



ABSTRACT 

This study documents the sediment-hosted stratiform copper characteristics of the 

Juramento copper-silver deposit located in the Salta Province. northwestem Argentina. 

The deposit has been evaluated for its economic potential by Paramount Ventures and 

Finances Inc. and current estirnates of its reserves are I I Mt @ 0.83 % Cu and 19 g/t 

Ag. 

Our rrscarch considered firstly the environments of synsedimentary host-rock deposition 

;ind its burin1 diagenesis. The diligenetic environment is that of shallowing-upward 

scqilcnccs on ;i low-?radient ramp platform. probably Ixustrine rather than marine. 

Euporitcs are riire but evident in nodules and single crystals of gypsum-anhydrite and 

[ k i r  pscudomorphs in the lower Yacoraite carbonates. This host-rock was rich in 

i~rsiinic mattcr and contüins abundant disseminated syndiagenetic pyrite resulting from 

biogeniç sulphüte reduction. 

E;irly diagenesis producrd increased porosity by dissolution of pnrnary carbonate which 

completed the ground preparation for subsequent base-metal introduction and 

cleposition. The ore-fonning fluid would have been a low-temperature oxidized 

ctiloride-rich brine canying copprr. lead, zinc and silver, and originating in the 

undrrlying Pirgua continental redbed unit. The metals were deposited before 

siiiçifiçütion and subsequent closure of the Yacoraite porosity by deep burial. The ore 

minerals (chalcocite. bomite. chalcopyrite. tennantite-tetrahedrite. galena and sphalerite) 

were precipitated by replacement of syndiagenetic pyrite and gypsum. The ore metals 

and their sulphides were zoned with copper-(silver)-rich sulphides more proximal to the 

basal Yacoraite unit and lead and zinc located progressively higher in the Yacoraite 

strata. 



The timing of ore-metal emplacement was clearly after the majority of the syn- and early 

diagenetic features and before silicification and ndvanced bunal diagenesis. which is 

typical of most sediment-hosted stntiform copper deposits. 

Sulphur isotopic data is also typical of syndiagenetic biogenic frrictionation for pyrite: 

however. ore sulphides are heavier and could drrive from in-situ sulphates (gypsum) or 

an influx of sulphate with the ore fluids. Reduction of sulphate is unlikely because of 

the Iack of rvidence for high-tcmperüturr inorganic reduction and lack of efficient 

hiogenic reduction below rhe syndiügenetic burial. A sour güs source of sulphide is 

unlikcly brcausr of the variable isotopic values. 



CONDENSÉ EN FRANÇAIS 

Ce travail concerne l'étude de la nature et de la genèse du gîte de cuivre-(arsent) 

str;itiforme en milieu sédimentaire de Juramento. Le gisement est situé dans la Province 

clt. Siiltri. -60 km au sud est de la ville de Salta et près Je Iri rivikre du même nom. II 

Ct5. CvaluC pour son poientiel économique par la compagnie Pxamount Venture and 

Finances [nc. L't.stim;ition des réserves fait 6t;it de I I Mt i 0.83% de cuivre et dc 19.2 

g/t d k g c n ~  

Du point dc vue géornorphologiquc. Ir gîte dc Juramento est situS. dans le domaine tls la 

cli;iînc s1ib;indinç. l'unit6 géomorphologique la plus il l'cst des Andes centrales. Cette 

di\.ision est I;i c«ns6qurnce d'une serie d'çvénernçnts tcctciniqiies qui :i ;iffectC Iü repion: 

ccs 6ipCncmcnts s'thlent depuis le Précambrien jusqu'ii nos joiirs. 

Pcnkirit Ic cyAe Brnsiliano. 700-800 Ma. des structures profondes ont influencé 

I'cmpliicement des nombreux bassins jusqu'à IgÇpoquc. du Tertiaire. Ces structures sont 

conjuguées ct ont des directions NElSW tir l inhient  de 1 '  Aconcliiija) et N W S E  (le 

linkinient Oliicüpato-El Toro). Pendant le PrilCozoïqiie icyçle Hercynien) sr sont 

dCvrloppés deux autres mCga structures qu i  ont aussi joué lin rôle important dans 

I9h?oliition tectooosédimentaire de la région: la faille de In Puna et Iü faille Ocloyica qui 

ont une direction gtinérale N-S. Cas structures constituent l'actuelle division entre la 

Piinri de lri Cordillère Orientale et de la chaîne subiindine. 

Le cycle Hercynien débute au Cambro-Ordovicien avec la formation d'un bassin ouvert 

' \.ers l'ouest. la faille de la Puna fonctionne alors avec un jeu normal. Pendant 

I'Ordovicirn tardif. i l  y a eu la phase orosénique Ocloyica caractorisée par la 

compression et l'inversion du bassin, par l'activation des hiiles pré-enistantes et par la 

lorm;itton de nouvelles structures tel que la faille Ocloyica. Par 13 suite. on observe un 
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relâchement des contraintes et la formation des petits bassins à l'ouest de la faille de la 

Puna et i l'est de la faille Ocloyica. Le cycle Hercynien se termine au Devonien 

supérieur-Carbonifère par l'orogenèse Chafiica. 

Pendant le Mésozoïque commence le cycle andin qu i  dure jusqu'à présent et qui est 

responsable de la division géornorphologique actuelle. D'abord au CrétacC. i l  y a une 

pi-riode d'extension et de formation d'un rift qui s'étend depuis le nord-ouest de 

1' Argentine jusqu'au Pérou. Dans le nord-ouest de l'Argentine, le rift s'est développé 

le long des grandes structures pré-existantes qui ont servi de limite à ce nouveau bassin 

(Bassin de Srilta). L'ensemble des failles délimite igrilement des sous-bassins avec un 

haut structurel nommé la dorsale de Salta-Jujuy. Puis au Tertiaire commence In 

@iode de compression et de formation de la chaîne des Andes (les phases Inca. 

Quechua et Diaguita). Lors de la compression. les Cléments structuraux mentionnés 

précédemment ont rejoué pour accommoder les nouvelles contraintes tectoniques. 

Les sédiments hôtes de la minéralisation de Jurarnento se sont déposés principalement 

pendant Ir Crétacé et correspondent aux sédiments du Groupe Salta. Deux pCriodes de 

skiimrntation sont reconnus: synrift et postrift. Pendant la période synrift se sont 

déposés les sédiments correspondant au Sous-groupe Pirgua (Neocornien-Campanien). 

composé des formations La Yesera. Las Cuniembres et Los Blanquitos. Les trois 

formations étaient déposées dans un milieu continental et sous un climat aride donnant 

u n  dépdt de couches rouges. 

Pendant la période postrift se sont déposés les sous-groupes Balbuena et Santa Barbara. 

Le Sous-groupe Balbuena est constitué par trois formations: Lecho. Yacoraite et Tunal. 

Ces forniritions contrastent fortement avec les formations du Sous-groupe Pirgua par 

leur milieu de sédimentation subaérienne et par leur nature carbonatée. La période de 

sédimentation postrift se termine par le dépôt de sédiments fins en milieu continental du 



Sous-groupe Santa-Barbara. Le Sous-groupe est constitué par les formations Mealla, 

Maiz Gordo et Lumbrera. toutes déposées avant 1' inversion tectonique du bassin. 

À l'échelle de la zone étudiée (la propriété de Paramount Ventures and Finances Inc.), 

Juramento inclut deux crêtes aiguës de direction nord-sud (Cerro del Plomo et Cerro del 

Cobre). séparées par une petite vallée. Les deux cretes se joignent au sud pour former 

une seule crête qui continue vers le sud. Cerro del Plomo et Cerro del Cobre. sont 

limitées par des failles majeures inverses de direction parallèle aux crêtes. De 

nombreuses friil les mineures de direction ENE-ESE recoupent la zone étudiée et 

tiffectent l'attitude locale des couches. 

Lcs sommets des deux crêtes sont occupes par la Formation Yacoraite. les flancs 

internes (vers la valléel par la Formation Lrcho et le fond de la vallée par les couches 

rouges de la Formation Los Blanquitos. Les Flancs externes des crêtes sont constitués 

des sédiments de la Formation Tunal et Meal la. A l'ouest des deux crêtes. les sédiments 

de la Formation Los Bliinquitos sont observés en contact avec des sédiments interprétés 

comme étant d'âge dévoniens. ces derniers constituent le socle du rift. La disposition 

générale et l'attitude de la stratification souligne la géométrie d'un pli anticlinal avec u n  

axe plongeant vers le nord. 

Les sédiments de la Formation Los Blanquitos (Sous-groupe Pirgüa) correspondent à 

des conglomérats de couleur rouge et à des grès composés de quartz. felspaths 

potassiques, plagioclases, microci ine, tourmal ines et fragments de roches ignées. Les 

grains sont subanpleux i anguleux et leur ciment est hématitique. Ces sédiments ne 

présentent aucune trace d'altération hydrotherrnale. 

La Formation Lecho (Sous-groupe Balbuena inférieur) est composée des grains de sable 

moyen à fin composés de quartz. feldspaths, microcline, tourmalines et mica blanc. Le 
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ci ment est calcaire. On observe aussi des composantes allochimiques à l'intérieur 

desquelles se trouvent des agglomérations de pyrite. Cette formation est facilement 

repérable par sa couleur blanche-jaune pâle qui contraste avec celle des sédiments du 

Pirgua. 

Les formations Los Blanquitos et Lecho sont surmontées par la Formation Yacoraite 

(Sous-groupe Balbuena moyen) où se trouve la majorité de la minéralisation cupro- 

ürgenti Ere. Quoique de nature rssentirllement carbonatée. la Yacoraite présente des 

nombreux sous-types de roche: grainstones. packstones. wackestones et mudstones. 

siltstones. boundstones strornatolitiques et con_olorn6mts intraformaiionnels qu i  sont 

importants pour l'interprétation des milieux sédimentaires de la roche-hôte de la 

minS.rtiiisation. 

Les grainstones sont composes principalement d'oolites radiales ou concentriques avec 

u n  ciment équigranulaire de calcite. Sont également présents de nombreux fossiles tels 

que des ostracodes. des pellecipodes et des gastéropodes. II est aussi possible 

d'observer des grainstonrs fomitis par des oncol ites. Les grainstones et les packstones 

sont plus abondants et les bancs sont plus epais vers la base de la formation (Yacoraite 

inférieur). Les mudstones présentent des bioturbations et on y trouve des fossiles ainsi 

que des grains de pyrite (et d'autres sulfures où l'unité est minéralisée). 

Les stromatolites sont composés de fines laminai ions calcaires assez uniformes qui 

occasionnellement alternent avec de fines laminations de silt. ils forment des bancs de 

quelques centimètres d'épaisseur, sunout vers le milieu de la Formation (le Yacoraite 

moyen) et vers le sommet de cette formation. Les siltstones, également nombreux dans 

Yacoraite et surtour vers le sommet de la formation. sont composés des grains de 

quartz-feldspath et de mica blanc de la taille du silt grossier. Le pourcentage de ciment 

et de matrice carbonatée est important. 



La Formation Yacoraite est surmontée par les sédiments de la Formation Tund (Sous- 

groupe Balbuena supérieur). il s'agît d'alternances de petits bancs de grainstones 

oolitiques et de sédiments détritiques à grain très fin. Cette formation diffère de la 

formation précédente par sa couleur verdâtre. 

La skquence stratigraphique i Juramento se termine par La Formation Mealla. qui 

consiste essentiellement en siltstones et en pélites de couleur rouge à orange. 

L:i minéralisation étant principalement contenue dans la formation Yacoraite. nous 

avons orienté nos recherches pétrologiques vers les mineraux et divers éléments 

pr6scnts dans les sédiments de cette formation. Notre but étant de déterminer les 

relations entre les différents processus qui sont responsables de la présence de ces 

niinérüux et qui  ont affecté ces sédiments. Ainsi nous avons observé les minéraux 

su ivnnts: calcites. dolomites. quartz (sous différentes formes). pyrites. gypses. 

feldspaths. phosphates ainsi que des hydrocarbures. 

La calcite est I'éltment prépondérant dans les sédiments de Yacoraite. En utilisant des 

techniques de coloration. deux variétés ont été repérées: rose et mauve. La calcite se 

trouve sous forme de ciment. de matrice et comme constituant essentiel des différents 

6lÇments allochimiques. 

Comme ciment. la calcite est présente sous forme de cristaux idiomorphes. Ces cristaux 

forment un ciment équigranulaire qui remplie les espaces interparticulaires, les porosités 

de type vadose ainsi que les ouvertures dans les fractures. Un autre ciment. calcitique 

et de type fibreux. est occasionnellement observé autour de certaines oolites. 

Dans la matrice, la calcite est surtout présente sous forme de micrite comme support des 

éléments allochimiques. De la microsparite. aussi observés dans la matrice. est 
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interprétée comme le résultat de la recristallisation de la micrite. La calcite est le 

matériel de base des éléments allochimiques. Elle est présente dans les pelloids, dans 

les lumps, dans les coquilles de fossiles et dans le cortex des oolites. 

La dolomite est aussi très présente dans la Formation Yacoraite. surtout dans les 

sédiments i grains fins du Yacoraite moyen et supérieur. Elle remplace à différents 

dcgrts les sédiments calcaires jusqu'au point de former des dolomies. Elle est 

Licilement détectable par la couleur blanchâtre quelle confiire aux sédiments et aussi par 

Ics techniques de coloration. II faut préciser que la minéralisation n'est pas limitée 

sciilemcnt aux skiiments dolomitisés. 

Deux textures ont été identifiées pour la dolomite: I'une à grain fin et l'autre à grain 

grossier. L dolomite B grain grossier contient des pochettes de dolomite h grain fin et 

est donc interpretée comme le résultat de la recristallisation de celle à grain fin. 

II est important de noter que: 1 ) des fragments de siltstones dolomitisés sont retrouvés 

dans u n  conglomérat intrafonnationel: 2) des rhomboèdres de dolomite sont disséminés 

d:ins une matrice de silice: 3 )  des agrépts de pyrite incluent des éléments 

:illochimiques (non ou  peu dolornitisés) vers leurs centres: et 4) ces éléments 

al lochimiqurs sont complètement dolornitisés vers les bordures (en s'éloignant des 

bordures des agrégats les éléments allochimiques sont dolomitisés et sont soutenus par 

u n  ciment de silice). Ces observations suggèrent une origine précoce de la 

dolomitisation, postérieure à la formation de la pyrite et antérieure à l'arrivée de la 

silice. Ces faits démontrent aussi que les sédiments dolomitisés furent affectes par des 

processus tardifs tel que l'enfouissement. 

Lü silice se trouve sous deux formes: des gnins détritiques de quartz et de la silice 

authigénique. Les grains détritiques de quartz sont présents dans l'ensemble de la 
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formation. La silice authigénique est également abondante: il s'agît d'une part de grains 

au thigéniques de quartz qui occupent des espaces intergranulaires et des bordures autour 

des grains détritiques et d'autre pan des agrégats équigranulaires et fibreux d'opale et de 

microquartz. Les agrégats. remplissant des espaces vides et remplaçant certains oolites 

et fossiles. ont aussi Cté observés remplaçant des cristaux ou des nodules de gypse. 

La pyrite est aussi très abondante dans les sédiments de la Formation Yaconite. Deux 

textures sont reconnues: In pyrite disséminée à grain très fin et la pyrite automorphe à 

grain grossier. Lü pyrite B grüin très fin est trouvée dans les plans de litage. à ['intérieur 

dcs cortcx dcs oolites. cians les laminritions des stromatolites et en bordure des fantômes 

dc li~ssiles micritisk. Des aprigüts de pyrite i grain très fin forment une texture 

ptirticuliike dite framboïd;ile qui est interprktie comme le résultat de l'activité des 

h;ict6rics rkductrices de sulfates qui se nourrissent de matière organique. La pyrite à 

grain très fin est interprctCe comme C t m t  un  minéral très précoce dans la diagenèse. 

La pyrite h grüin gossicr est aussi abondante que la pyrite i grain très fin. mais elle se 

sitiiC. dons des espaces intragrrinulaires 3 la place des laminations et des éléments 

;illochimiqurs. On a observé à plusieurs reprises des agrégats de pyrite à grain très fin 

qui ont tendance n rtre redistribués pour former de la pyrite à grain grossier. Donc, elle 

est interprétée comme étant formie plus tardivement. probablement pendant la 

compaction des sidimenis ou la déformation du bassin. 

Des grains de pyrite correspondants aux deux textures rencontrées ont été analysés pour 

leurs teneurs isotopiques en soufre. Les résultats montrent des valeurs légères, allant de 

-13 i -27%, et typiques de la fractionation produite lors de la réduction des sulfates par 

des bactéries. 
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Le gypse. le seul sulphate identifié lors de notre étude, se trouve sous forme de nodules 

et de cristaux idiomorphes. sous forme de remplissages des fractures et comme ciment 

avec texture poeciloblastique. Les nodules et les cristaux idiomorphes de gypse se 

trouvent surtout dans la Formation Yaconite supérieur. Communément. le gypse est 

remplacé par la silice. une texture précoce. On observe aussi des grains de chalcopyrite 

comme pseudomorphes lamellaires des cristaux de gypse où les Irimelles de gypse 

représentent un ciment formé tivm le rcmplissagc final des pores. Cette texture est 

aussi interprétée comme une diagenése prkocr. 

Le gypsc situé dans les fractures est tardif car i l  remplit des fractures qui recoupent des 

structures sédimentaires et diiigénitiques. Le gypse poeciloblüstique qui occupe des 

çaviik de dissolution (probablement produites pendant le période d'exposition récente 

des sédiments) est aussi intrrprCt6 çomrnc Ctant tardif. 

Les hydrocarbures de la formation sont observes dans des fractures qui recoupent à la 

fois le ciment et les éléments nllochimiques. Ils sont Cgalement présents dans les 

espaces intercristallines du ciment équiymulaire. Les fractures sont tardives. 

probablement produites pendant la déformation associée 3 1' inversion du bassin. 

L'introduction des hydrocarbures est posterieure i cette fracturation. 

Les feldspaths existent sous deux formes : les feldspaths détritiques et les feldspaths 

authigéniques. Les feldspaths d'origine détritique correspondent au feldspath 

potassique, au plagioclase et au microcl ine. Les feldspaths authigéniques se trouvent 

aitour des grains détri tiques de feldspaths potassiques. 

La minéralisation présente dans la Formation Yacoraite est divisée en deux types : 

primaire et supergène. Les sulfures disséminés correspondant à la minéralisation 

primaire sont: la bornite. la chalcocite. la chalcopyrite. la galène, la sphalénte et la 

tennantite-tetrahedri te. 
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La sphalérite présente des textures de remplacement auprès de la pyrite là où elle est 

observée en contact avec cette dernière. Par contre. quand elle est observée en contact 

avec d'autres sulfures, la sphalérite est incluse dans ces sulfures qui forment des 

bordures ou anneaux. 

Lü galène est plus souvent en contact avec la sphalérite et elle forme également des 

;inne:iux autour de celle-ci. Cette texture est interprétée comme une texture de 

remplacement. 

La tennantite-tetrahedrite forme des anneaux autour de la galène et de Iri sphalérite: i l  

s'agit encore une fois d'une texture de remplacement. La tenniintite-tetriihedrite se situe 

aussi en bordure des grains de galkne et de sphaltriie. Ces textures sont interprétées 

conimc u n  remplacement de l'ensemble des sulfurcs par la tenniintite-tetrahdrite. 

La chülcopyrite est souvent associée i la tennantite-trtr~ihedrite. La chalcopyrite montre 

aussi des textures de remplacement des cristaux de gypse. 

La bornite forme des bordures autour des autres sulfures et sulfosefs mentionnés 

précédemment et. quand elle est observée en contiict avec Irt chalcocite. cette dernière se 

situe en bordure de la bornite. 

Deux sortes de bomite ont été repérées : la bornite rose et la bornite mauve. La 

première est riche en fer et soufre et Iri deuxième est riche en cuivre. La bornite rose 

présente des textures d'exsolution de chalcopyritr. ces tentures indiqueraient que la 

bomite rose s'est formée à basse température et que le rhnngement des éléments pour 

produire la chalcopyrite en exsolution s'est effectue lors du rechauffement durant 

l'enfouissement des sédiments. 



Les observations précédentes indiquent que la sphalérite est le sulfure le plus précoce. 

suivie par la galène, ensuite les sulfosels et enfin les sulfures de cuivre. Les analyses 

des isotopes du soufre des sulfures indiquent que l'ensemble de la minéralisation 

possède des valeurs plus lourdes (-15 à -8%) que la pyrite (-43 à -27%). 

À partir des observations faites sur les échantillons des carottes de forage. les sdfures et 

Ics sulfosels présentent une zonation verticale apparente des métaux. D'une façon 

gCn6rnle. la chalcocite occupe le Yacoraite inférieur. parfois jusqu'à la transition au 

Y:icoraite moyen. La bornite et la chnlcopyrite se trouvent progressivement plus 

;ibondtintes vers le sommet. avec 1.7 chalcopyrite sunout importante vers In transition 

cntre le Yaçoriiite inférieur rit le Yacoraite moyen. et parfois la transition entre le 

Yxoraite moyen et supérieur en association avec les sulfosels riches en argent. La 

grilkne s r  retrouve partir du Yiicoraite moyen jusqu'à la base du Yacoraite superieur et 

cl le sc superpose i In zone supérieure où la sphalérite est dominante. Progressivement. 

l'abondance de la sphalérite décroît vers le sommet du Yacoraite supérieur et donne 

plncç i une zone dominte par la pyrite. 

La minérülisation supergène est représentée par des oxydes de fer. des carbonates de 

cuivre, de plomb et de zinc. et des sulfures de cuivre. Les carbonates de cuivre sont la 

malachite et I'azurite et les suifures sont la covellite et la digénite qui forment des 

bordures autour des grains de sulfures de cuivre primaires. 

Nous pouvons récapituler le milieu de sédimentation et la diagenèse afin d'identifier le 

milieu et la séquence de mise en place de la minéralisation. Il est possible de classifier 

les processus affectant les sédiments de Yacoraite en trois étapes de diagenèse: la 

syndiagenèse. la diagenèse précoce, la diagenèse tardive, et deux étapes postérieures: la 

surimposition des phénomènes tectoniques et l'altération supergène. 
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Tout d'abord i l  faut insister sur le fait que les sédiments carbonatés ont tendance à se 

concentrer vers la base de la Formation Yacoraite et les sédiments détritiques vers le 

sommet de la formation. Ensuite, ces sédiments se séparent en deux groupes : les 

sédiments de haute énergie et ceux de basse énergie. Ainsi, les grainstones et 

packstones sont des repères incontournables: en gknéral. ces derniers sont suivis vers le 

bas par des sédiments carbonads de basse énergie. tel que des wackestones. des 

mudstones et des ddimenis détritiques très fins. Vers le sommet. on retrouve des 

stromatolites et des siltstones. Ces séquences ressemblent beaucoup 5 des séquences de 

diminution de profondeur identifiées pour des plateformes carbonates de faible pente où 

13 ~Cdimentation se fait dans des conditions de moins en moins profondes. Les 

sCdimçnts de hible enerzie se seraient dkposCs soiis forme de plateforme ouverte loin 

de l'action des vagues. tandis que les sédiments de haute énergie se seraient déposés 

pliis près de Iü rive. Les sçdiments détritiques terrigknes constituent des sédiments de 

zone de rivrigc. 

Pendant la syndiügenèse. on a regroup6 les phénomènes précoces qui ont pris place à 

I'interfacc eau-sédiments. tels les nodules et les cristaux de gypse automorphe qui 

déplacent les sédiments ainsi que les cristaux de gypse trouvés comme ciment dans 

certains grainstones remplacés par la suite par des sulfures. Des microorganismes ont 

affecté les sidiments comme en témoignent la micritisation. La pyritisation aussi a lieu 

très iat, comme le démontrent la texture framboïdale probablement issue de 

1' importante activité organique anérobique. Le milieu de sédimentation a affecté les 

sédiments préexistants produisant la dissolution de certains fossiles et du ciment de 

vadose. On a aussi observé des restes de ciment fibreux. mais ce ciment ne semble pas 

avoir Cté très répandu. Une dolomitisation eut place aussi pendant cette étape. 

L'étape de diagenèse précoce s'est produite entre quelques centimètres et quelques 

dizaines de mètres d'enfouissement. Les processus correspondants à cette étape sont le 
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tassement des sédiments non cimentés et le développement de fractures. Un ciment de 

calcite de vadose, qui ne rempli pas complètement les pores. s'est produit pendant cette 

étape. L'arrivée des métaux s'est aussi produite par la suite pour créer, par exemple, les 

pseudomorphes de cristaux de gypse non déformés remplacés par de la chalcopyrite. 

Ensuite. la silice entourent à la fois des grains de sulfures et de dolomite. suggerant que 

la rninéralisation h lieu après la dolornitisation et avant l'apparition de la silice. La 

si lice s r  serait déposée avant l'enfouissement avancé des sédiments comme le prouve 

I r s  grains authigéniques de quartz pris entre deux oolitrs dont les contacts sont de 

pression et de dissolution. II y a Cgalement des grains üuthigéniques de quartz qui sont 

inclus düns des styloli tes. interprétés comme Ctant formes rivant le développement de 

ces derniers. 

La diagenèse tardive après l'enfouisse ment avance des sédiments est surtout observée 

dans Iü compaction et la diformation des oolitrs. düns la recristdlisation de la micrite et 

de la dolomite à grain très fin et dans le développement des stylolites. Les stylolites se 

sont développés après avoir atteint au moins 500 mètres de profondeur. 

Pendant l'inversion du bassin, i l  y a eu lieu la früciuration des sédiments lithifiés. un 

ciment calcique passablement phréatique et l'introduction des hydrocarbures. 

La dernière Ctape affectant les sédiments à Junmento est l'altération supergène pendant 

I'exposition récente des sédiments. C'est pendant cette dernière période que se sont 

développés une porosité par dissolution. un ciment de gypse poeciloblastique et les 

minéraux d'altération supergène. 

Donc. ies fluides porteurs de la minéralisation semblent avoir pénétrés par la partie 

inférieure de la formation, ils auraient été dérivés des couches rouges du Sous-groupe 

Pirgua où ils se seraient chargés de sels et métaux. Ils seraient rentrés dans la 
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Formation Yacoraite, qui a été préparé diagénétiquement pour piéger les métaux 

contenus dans ces fluides. La préparation diagénétique des sédiments de Yacoraite 

consiste principalement de ia conservation d'une peméabi li  té moyenne et l'abondance 

de soufre en forme de gypse et pyrite syndiagénétique dans un sédiment réducteur. À 

mesure que les fluides ont progressé à travers les strates du Yaconite. ils ont remplacé 

les sources de soufre réduit disponibles et déposé les métaux selon leurs mobilités 

iZn>Pb>Cu). À la base se concentrent les sulfures riches en cuivre et à mesure que 

l'on monte dans la stratigraphie on retrouve des sulfosel: 

finalement des sulfiires de zinc. La minéralisation aurait 

di;igcni.se alors que les sédiments etaient pcrmçables 

rcmpiisscnt et bouchent les pores. La température lors de I 

i. des sulfures de plomb et 

ttt introduite tôt pendant la 

et avant que les ciments 

a minéralisation n'aurait pas 

dCpüss6 les 759C. Les analyses des isotopes du soufre démontrent que le soufre de la 

inintknlisation est plus lourd que celui de la pyrite. probablement à cause d'une 

coniribution de soufre du gypse ainsi que de la pyrite. 
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C H A r n R  1 

INTRODUCTION 

This study concems the nature and genesis of the Juramento sediment-hosted stratiform 

copper-si l ver prospect located in the Sub- Andean Range about 60 km direct l y southeast 

of the çi ty  of Salta (Salta Province) in northwestern Argentins (Fig. 1 . 1  ). At the 

region;il scale. the host Yacoraite Formation is also mineralizrd in Jujuy Province and 

soutliern Bolivia to the north. As such. an investigation into the specific conditions of 

mctd deposition at Juramento could have broad applications to exploration for similar 

occurrences of copper-silver mineralization throughout this extensive area of west- 

central South Amerka. Although the geology of the rntire Salta area was exümined in 

parallel with recent detaiied surface mapping and drilling at the Juramento property. the 

current report deals principally with the mineralizaiion ai Juramento. 

Access to Juramento is readily made via approximntely 1 10 km of mostly paved roads: 

toke route 9 east frorn the city of Salta to connect with route 34. and continue on route 

34 south to the Juramento River, then southwest on grave1 roads to the Püramount 

Ventures and Finances Inc. property. 

The topography in the area is moderate, including ridges striking north-south, at 

altitudes valying frorn 800 to 2800 m. Slopes are up to 35" in some cases. 

The climate is semi-arid, with a rainy season frorn December CO March. Vegetation at 

lower altitudes. typical of the Chaco-Parana basin. comprise abundant spinifex bnishes, 



ATLANTIC 
OCEAN 

Fig. 1.1: Relative location of the Iurarnento property in 
northwestem Argentina, with the names of provinces of this 
portion of the country and their respective major cities. 



sparse trees and cactus. Trees on ridge dopes and creek bottoms give way to high grass 

above 1500 m elevation. 

Mining and prospecting in the area dates back over at least the last three centuries, with 

old workings and artisanal srneiter mins still visible today. Small-scale mining became 

sponidically active during the 1950s md 1960s. as well as in other areas of the 

provinces of Salta and Jujuy. because of the establishment of a smelter in the city of 

Jujuy t 150 km north of Juramento). During this period. mining activity in the 

J uramento prospect areii was concentrated on vein-type mineralization. especially 

c hdcoci te and secondary copper carbonates which form pervasive. highly visible. 

greenish stains on outcrops. The smelter closed in the early 1970s and ail mining 

operations ceased immediately after. 

Early descriptions of copper mineralization. similar to that of Juramento and at 

workings nonhcast of the prospect area. were given by AngeleIli (1950. 1972) and Ruiz- 

Huidobro ( 1965). Both aurhors described the primary mineralization as hydrothemal 

veins fornicd from fluids ascending through fractures in limestones. They speculated 

that the mineralization was related to intermediate and basic volcanism because of the 

close temporal and spatial relationship of volcanic rocks to the minenlized host rocks. 

In 1980. Pecomrio (a subsidiary of Rio Aigorn Ltd.) carried out exploration in  the 

Juramento area. using a sediment-hosted stratiform copper deposit (SHSCD) model. 

Their report concluded that the minenlization was low temperature. stratabound and 

rpigenetic. and that the original ore mineral was chalcocite (Pecomrio unpublished 

interim report, in Mason, 1996). Pecornrio estimated the resource potentid at 9 million 

tonnes at 1% Cu and 20 g/t Ag based only on the Cerro del Cobre prospect, one of two 

mineralized ridges at Juramento. 



Later studies by Espisua et al. (1983) and Sureda et al. (1986) supported the 

interpretations of Pecomrio. especially concerning the classification of the 

mineralization and interpreted metallogenetic controls. However. these interpretations 

remained speculative becausc observations were limited to the supergene zone. 

Nevertheless. tIieir work. surnmarized in Fontboté et id. ( 1990). recojnized the 

str;itabound chürücter of the deposit. Surprisingly. their studies were omitted in Flint's 

( 1990) rçview of srdiment-hosted stratabound copper deposits of the Andes. 

In 1995. Dr. Inn h.l:ison. senior consiilting geologist for Paramount. recognized the 

cc»nomiç potentiiil for this type of deposit ;inci stürted work in this and other areas in 

northwcstern Argcntina thiit tiad sirnilar groloric chnracteristiçs. His targets included 

scvsral smnll- to medium-six deposits iimong the mnny showings that concurrrd with 

t tic scdiment-hostcd stratiform copper drposit mode1 t Mason. 1996). Aside from the 

recognition of ccrtiiin basic charûcteristic feütures of this deposit type. thrre was no 

clcar evidcncc for the timing or conditions of emplacement of the mincralization. Also. 

the nature of primary mineral ization ai depth remained unknown. In formation on ihese 

ospccts would be invaluable "in deterniining the sizr and. to an rxtrnt. the grade of the 

tleposits" i blason. 1 996) becnuse sediment-hosted strüti form copper deposi ts 

mincrnlization is typically very extensive lateraily dong bedding and may reach grades 

of 1 to 4 or 5% Cu (Kirkham. 1989, 1997). 

In March 1996. Dr. R. V. Kirkham of the Geological Survey of Canada visited 

Juramento and other Paramount properties in the area. He mrntioned thnt the nrea hûs 

müny characteristics common io sediment-hosted stratiform copper deposits 

minernlization and he agreed with the gneral genetic model applied by blason 

(Kirkham. 1996). 

In 1 996- 1 997. Paramou nt d i t  led the Juramen to property. obtaining twenty-five diamond 



drill cores totaling 31 14 m in length. The cores crosscut the stratigraphy of two 

mineralized ndges, Cerro del Plorno and Cerro del Cobre. and outlined a total indicated 

resource of 1 1 million tonnes with grades of 0.83% Cu and 19.2 g/t Ag (Rotzien, 1998). 

In late 1996. the author was engaged to carry out rnapping, especially on the Juramento 

property. and to conduct a masters-level research project on the metallogenic 

characteristics of the sediment-hosted stratifonn copper deposits mineralization under 

the supervision of hofessor Alex Brown at l'École Polytechnique de Montréal. Field 

work included o two-month period in 1996 and a three-month penod in 1997. The 

present thesis summarizes the results obtained in the field and in follow-up iaboratory 

mrlyses. 

The ainis of the study are: 

I ) to describe the pnmüry copper mineralization, 

2) to study relationships between the host rocks and the primary mineralization. 

3) to identify mechanisms that controlled metal precipitation, 

4) to provide a genetic model for the deposit based on observations made. and 

5 to suggest applications of this model to exploration. 

In addition to field mapping and drill core logging, to attain these objectives, a total of 

1 17 samples were collected from 16 drill holes that intersect primary sulphide 

mineralization under the zone of supergene altention; an additional eight samples were 

selected from surface exposures. Four polished sections and 121 polished thin sections 

were made for petrographic and rnineragraphic studies of the host rocks and 

mineralization. A modified version of the Dickson (1965) staining technique was used 

to distinguish between dolomite and calcite. and to observe variations in their Fe and 

Mg contents (see aiso Hitzman. 1999). in addition, 12 samples of pyrite and cupriferous 

sulphides were selected for sulphur isotope analysis. 



The results are described as follows: 

Chapter 2: An overview of the geological development of the Cordillera and a 

geological description of the more local geology enclosing the Salta Basin. host to the 

Jurnmento inineralization: the chapter closes with a general introduction to the 

Jurriniento geology itself. 

Chnpter 3: A petrologic classification for the sedirnents of the Salta Group that f o m  the 

striitigrüphic sequence at Juramento; particular attention is given to the Yacoraite 

Fonniition which hosts the Juramento mineralization. 

Chnptcr 4: Pctrogrüphic descriptions of the Yacoraite Formation. with detai 1s on 

pnrngenstic relationships to constrain the timing of minenlization. 

Chliptcr 5 :  Descriptions of the sulphide mineralogy, including its characteristics and 

zoning. and the results from sulphur isotope analyses. 

Chapter 6: A discussion of resuits given in previous chapters. with a focus on the 

in terpreted environments of host-roc k deposition and diagenesis, and of sulphide 

deposi tion. 

Chapter 7: Principal conclusions of this study. 



CHAPTER 2 

GEOLOGICAL SETTING 

Tiic nortliwcstcrn part of Argcntina. between latitudes 22 and 28"s. lies in the Central 

.-\iitlcs scginent o f  thc Andes mountiiins. This pan of Argentina has been divided into 

scvcrd \iihp;iriill~l. riorth/soiith-trendins. physiographic domains or provinces based on 

tlic gcologic e~xdution of the cüstern slope of the Andes mountnins (Mrndez et al.. 1979: 

M o n  ct al.. IWW (Fis. 2.1 ). 

Frorn wcst to emt. the tïrst domain. l ying dong the border between Argentina and Chile. 

is known ;ts ttic iMiiin Cordillerri (or Westcrn Cordillern) and marks the western limit of 

iIic Argci1tini;in t'il tipliino. It coiisists primarily of ;in alignment of late Tertiary- 

Qiicitrrn;iry so1c;inoes and volcanic flows in a terrain reaching more than 6000 metres in 

Iicight. Tlie second domnin is the Altiplano proper (or high plateau. more commonly 

callcd tlis Puna). nttiiining aboui 5000 rnrtres in elevation. It consists mainly of thrust 

sliccts of Prccam bnan and Prilrozoic sedirnrnts overl ying Tertiary continental rocks 

rsposçti towcird the e;ist. The third domain. known as the Eastern Cordillera. foms the 

castcrn lirnit of the Altiplano. with altitudes commonly higher than 5000 meires. It 

consist s of a tectonically stacked Precambririn basement and Paleozoic sedimentary 

sheets thnist eastwiird over younger sedirnents. The easternmost domain of the Andes. 

[lie Suh-Andean Range. is made up of faulted anticlines of mainly Mesozoic and 

Tertinry rocks. vnrying in altitude between 800 and 3000 metres. Finally. to the cnst of 



Figure 2.1 : The physiographic domains of northwestem Argentina. CHPB = Chaco 
Parana Basin, EC = Eastern Cordillera, MC = MainCordillera (or Western Cordillera), 
P = Puna, PR = Parnpeanhges, SR = Sub-Andean Ranges. Major N-S deep fractures 
thatare marking domain lirnits are s h o w  in wide greylines. NE- and NW-trending 
lineaments are shown in dashed darklines. J =  Juramento deposit (approximate 
location). 



the Andes lies a geologic province of subdued topography, the Chaco-Parana basin. 

consisting of Mesozoic. Tertiary and Quaternary sediments which overlie the South 

Americnn crriton. This basin extends well beyond the study area. into Uruguay to the 

txist. into eastem Bolivin to the nonh. and into Brnzil and Paraguay to the nonheast. 

South of 13*S. the Andean forcland. fomning the Eastern Cordillera and the Sub-Andean 

Range. is rcplaced by the Parnpem Range. which is composed of hulted blocks of 

Prccamhriiin cry std Iinc basemcnt and Paleozoic grmi te. 

7.1.1 Gcolcigic Evolution 

Tlic iirr;inpcmcnt o f  tliç ph ysiographic domnins :inri the geologic characteristics of the 

Arpcntinian Ccntral Andcs rcsiilted from suçccssivc diastrophic evrnts which occurrcd 

:it \-:irious cnistal levcls in ;i hishly complex basement foming the root of the Andes 

(Mon et al.. 1995: Tünknrd et al.. 1995). The core. builr during the 700-60 Ma Pan- 

,-\riit.riçrin O m p y .  corresponds to the Brasiliano tectonic cycle. Stnicturcs relatrd to 

ttiis orogeny inîl~icnced ihe tectonics and thc drvclopment of the Inter srdirnentüry 

basins. ris described below. 

The post-Precûmbriiin tectonic evolution of the Central Andes can bc divided into two 

principil orogenic cycles. the Hercynian cycle and rhr Andenn cycle (Coira et ai.. 1982: 

Fnitos. 1 990: Mon et al .. 1995). The deposi tion of Crimbro-Ordovician sediments 

niürks the beginning of the Hrrcynian cycle. These strata are open-marine sedirnents 

(mostly shales and phyllites) and pillow lavas which were deposited in a rapidly 

subsiding northwest-trending basin locaied between the present Sub-Andran Range and 

the Main Cordillera. The extension of the sediments to the west is dubious in this sector 

of the Central Andes (Rrimos, 1988). Sedirnentation and volcanism ended by the Late 



Ordovician. in  which period the rocks were folded during the Ocloyic (Taconic) 

Orogeny to form the Puna Arch. In the northern part of the Central Andes, this event 

corresponds to the accretion of the Arequipa microplate. 

Diirinf the Silurian and Drvonian periods. sedirnent accumulation occurrcd in two 

h x i n s  loctited on either sicte of the Puna arch. Thcse brisins hrid ( tincl still have) north- 

northtxst trcnds and occupy the present location of the Puna. the Easicrn CordiIlmi and 

tlic western portions of the Sub-Andeün Rüngc. They are shalluw-w;iter. cltistic 

scdirricnts ivhich wcre folifed in the Late Devonim-Etirly Ctirboniferous durinp the 

Ch;iiiic (Ac:idi;m) Orogeny. 

From Carhoniftxous to Lower Pcrmian time. clirbonriies werc cleposited to the wcst of 

thc  Puna Arch ;mi redbecfs to the erist. From Middle ;incf Late Permiiin to Early Tri;issic 

iimc. these scdiments were folded and exposrd cluring the Stin Rtifriel (Appalrichinn) 

O r o y i y  ;ind a mrtgmatic arch formed ai the locrition of the Main Cordiller:i. 

Prneplanization followed and rnürked the end of the Hrrcynian cycle. 

The .Andcm cycle. Mesozoic and Cenozoic in age. is rrlated mainly to the currently on- 

cyoing subdiiction of the Pacific Ocean lithosphere beneath the South American plate. It 2 

is ctiorücterized by an eastward migration of magrnatic activity. Moiintüin-building 

resultrd from compression due to rapid subduction rind incretised magmütic activity 

(Mon et al.. 1995). This cycle started in mid-Trilissic time with n strong marine 

transgression from west to e s t ,  reaching the presrnt location of the Main Cordillerri in 

Peru rind Chile. Since the Lower Jurassic. a volcnnic rirch tormed to the west of this 

basin. 

In the Upper Jurassic-Cretaceous, the Araucanian (Nevadian) Orogeny nffrcted a11 

previous sediments in Chile. A new marine transgression followed in Early Cretaceous 



tinie in a narrow back-arc basin occupying the area of the previous Jurassic basin. In 

tliis period. the magmatic arc started to rnigrnte to the e s t  and to affect the marine 

basin. such thrit the marine environment retreated eastward and the back-arc basin 

cvolved iowürd continental conditions. This eastward migration was restricted to the 

ivcstern dopes of the Andes such that magmatism did not reüch the eastern side of the 

Andes diiring the Mesozoic. 

,A tlit't'c.rcnt scries of cvents occurred further inland. A rift with ri northwest-southcxt 

trciid dcveloped in the Lüte Jurassic-Early Cretacceous (Arwciin Orogcny). extending 

fr i~i i i  Pcru and Bolivie southwtird io northwestern Argentina. This rvent m;irks the 

hcpiniiing of iht: Andean cycle in northwestern Argentinrt and coincides wiih thc 

cstcnsional tcctonics of the Gondwana brerikup and with the opening of thc 

pnjior\tlantic Occrin. The rift was fillrd largely by syn-rift red-beds interlaycrcd wiih 

WC V A  iiinfic wlc;in ics mi by post-ri fi sandstones and marine-lricustrinr l i mestoncs 

(C;iiiip;ini;in-blaastrichtian): thc rift was finally tïlled by Eocenr Iricustrinr and tliivial 

.;c.rliments. Thrsc sedimenis occupy the current domüins of the Sub-Andtiün Rangs. the 

E;istcrn Corciil I t x i  and the Puna. 

Inversion of the rift bnsin started during the Late Eoceiie-Early Oligocene Inca 

compressional cvent which interrupted sedimentûtion. Renewed srdimrntation brgnn in 

Oligoccnc-Miocene time. with continental sediments deposited in the Sub-Andein 

forclanci brtsin and in the extensional intermontane basins of the Puna, During the 

Earl y-Laie kliocene. Quechua de formation affected the Puna and the Eastern Cordi llern. 

kforniing the western tlank of the rift sediments. In the Late Miocene-Pliocenr. an 

ensialic mqmatic arc developed in the Main Cordillera, represeniing the eastwiird 

migration of magmatism. 

The Iütest orogeny. the Diaguita event, took place dunng Pliocene-Pleistoccne time. 



This orogeny deeply affected a11 previous sediments: i t  folded the Cretaceous and 

Tertinry sedimrnts and reactivated the pre-Cretaceous basement structures. The Diaguita 

Orogeny extendcd further east than the Quechua Orogeny, and affected the Sub-Andean 

arid Pnmpean ranges. 

Diirin~_ the teçtonic cvolution of the Andes. several major Füults developed. Thry 

inf l i~cnccd thc enipl;icement of  most Phanerozoic basins and. acting as thnists and strikc 

mid S I  ip f;iults. scrvcd ris sites of stress relief during compressional periods (Baldis et ai.. 

1 9 ~ 0 .  I9S-t: Sdfity. 1995; Tankard ci al.. 1995). They are the conjugate set of NEISW- 

h t r i k  i iig Aconqiiijo lineaments. and NWISE-striking Olacapato-El Toro linenments that 

u.t.rc ti~riiicd in Ncoproterozoic-Cümbrion time. Also. the N/S-st riking Puni and 

Ocloyiç hi l ts  i Fig. 2 .  I ) formeci in Early Paleozoic time. 

Tlic 0lac:ipto-El Toro ml the Aconquija lineaments are megafaults which first 

devel«pecl cluring the evolution of the Precambrian core of the Andes. i.r.. before the 

Hercyniün cycle. To the south of the Aconquija lineament. the Eastern Cordillera and 

tlic Sub-Andrnn Range are replaced by the Pampean Range, delineating the southern 

liniit of the fiiture Puna in the Catamarca Province. 

The Piina and Ocloyic regional faults. initially formed during the Hercynian cycle. now 

de finrd the margins of the Neoproterozoic-Cambrian basin which formed dong the 

passive margin of Gondwana. They are believed to have acted as normal faults which 

were reüctivated during the Ocloyic Orogeny. The basin was also inverted dong this 

hult system to f o m  the Puna Arch. This arch influenced the developrnent of most 

Si luro-Devonirin and Cxboniferous-Permian basins. 



The tectonic style changed during Mesozoic time (Andean cycle) when extension and 

rift formation genrrally prevailed. At first. during Triassic-Jurassic time, tectonic 

extension wns related to a transtensional mode and Iriter, during Jurassic-Cretaceous 

tirne. i t  was relrited to the opening of the Atlantic Ocean. assisted by the roll-bmk effect 

of subduction of the Pücific lithosphere to the west. During this penod. movements on 

rht. northwest-trcnding and northcast-trending structures delincritcd the Andean rift 

basins \vhich w r e  the sites of most syn-rift sedimentation and volcanisni. 

Diiring the Ccnozoic. the tectonic style chmgcd to compression and led to reversüls on 

ri ft-basin Eiults. The sirongest çvents occurred during the Quechuri Orogeny. diiring 

tvhich basin t;iults actcd as thmst and strike-slip füults and resulted also in rcrictivation 

~[ 'o ldcr  h i l t  systems. In this phase. there was ülso ovrrprinting of new kiults and folds. 

iiiost occurr in~ subprirnllel to the line of subduction west of the Andes mountains. 

2.2 Geology of the Salta Basin 

2.2.1 Dcvclopmcnts in  Late Mesozoic-Early Trrtiary time 

As stated above. in Late Jurassic-Early Cretacrous time (including the Araucen orogenic 

plinse). n rift developed in the Andes foreland dong the Central Andes segment (Figs. 

2.1 ;ind 1.2). The north branch of the rift extended from northwestem Argentins to the 

north. through Bolivia. and into southern Peru. Other branches entended to the 

northeast inio Paraguay (the nonheast branch) and to the West into Chile (the western 

branch). transecting the Puna, the Eastern Cordillera and the Sub-Andean ranges 

(Salfity. 1985: Carnoin et û1.. 1994). A number of local basins developed within the 

rifts: the Central Andean Basin in the north branch, the Punlactis Basin in the western 



Figurel.2: The extent of Late Mesozoic-Early Tertiary rifting. modified after Mon 
;ind Sa1 tity. ( 1995). CAB = Centnl Andean Basin, CMPB = Chaco Parana Basin, 
PB = Purilactis Basin, SB = Salta Basin (arrows show sub-basins). Square outlined 
indashed lines shows the area of Figure 2.3. 



branch. and the Salta Basin of northwestem Argentina at the triple junction of dl 

branclies. 

Ttic Salta Biisin devcloped around the so-called Salta-Jujuy high (Fig. 2.3). using 

prcviousl y-lormed normal fnults having northeast and southwest trends (Saifity. 1979: 

Tmkiird ct al.. 1995). The most relevant features of the Salta B ~ q i n  ;ire the Izonm 

1 i nç:iiriciit. t h  0l;ic;ipato-El Toro fiiult. the Aconquija lineament. the Cobres lineiiment. 

i Iic Toitiasi to II ncnment tind ihr Los B lanquitos lineament. These structures determinrd 

ilic ;irc:is of dinientation (i.e.. basins). as well as the formation of adjacent arches. To 

tIic ~oiitli\rcst. the S;ilta Büsin is limited by the Transpampenn Arch and to the southeast 

h! ilic P:inipc:in Airli. The northetistern brünch of the rift in th$ Salta Brisin hüd  two 

111;irgins: tlic h1ictiicol;i Arch t« the nonh and the Quirquincho Arch to thc south. Tlic 

iiortli hranch :ilso h;id iwo rnargins: the San Pablo High to the wrst. and the Condor 

:\rcli to tlic cx t .  

Ttic Sd t~ i  Basin is divideci into sub-basins formed almg each of thc rift branches. The 

uh-tmins startcd ;is isolateci rift branches that later became interconnected. forming 

llcprcssions and htisin highs (Salfity. 1995). The depressions became centres of sediment 

xcurriiiI;itioii idcpocentres) known ris the Airmania. klrtan and El Rey sub-basins to the 

soiith of the Saliri-Jujuy high. the Sey depocentre to the west. the Tres Cruces to the 

i i m h .  and the Lomas de Olmedo to the northeüst. These depocentres were connected 

throiigti hrisin highs or swells. The Alemania and Metan depocentres were 

intcrconnccted by the Canuto swell. ri positive element immediately to the West of the 

Ocloyic friicturation front: the Mrtan and El Rey were connected by the Las Viboras 

swell: and the El Rey depocentre was united with the Lomas de Olmedo depocentre by 

rlie Los Gallos and Cachipunco swells. The Tres Cruces depocentre was connected to 

tlie nonh to the Centni Andean basin by The Tres Cruces swell. and the Sey 

depocrntres was united with the Purilactis basin to the west through the Huaytiquina 

s\vt.ll t hlrirqiiillas. 1954: Salfity. 1994). 
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Figurc 2.3: Isopacli mnp of the Salta Basin during the synrift period (Pirgua Sub-Group), 
sliowing the major sub-bnsins (shaded), emerged areas and deep-seated NW- and NE- 
linennients. Note the location of volcanism along these iineaments. and how the basin 
cinplccement is intlucnced by them. Sub-basins: LO = Lomas de Olmedo, ER= El Rey, 
hl = hletan. h = Alemania. S = Sey, TC = Tres Cruces. Lineaments: AL = Aconquija 
lineament. 1 L = Isonza lineament. OETL = Olacapato-El Toro lineament, CL = Cobres 
lincament. TL = Tomasito lineament and LBL = Los Blanquitos lineaments. 
Neighboiiring basins: PB = Purilactis Basin (in Chile), CAB = Central Andean Basin 
and SAB = Sub Andean Basin (in Bolivia). Adapted from Marquillas et al. ( 1994). 



The Salta Group of sediments filled the Salta basin. Two periods of sediment 

deposition are recognized: syn-rift sedirnentation and post-rift sedimentation 

( M:irquillas and Salfity. 1988) (Fig. 2.4). During syn-rift sedimentation. the pre-rift 

hasement rocks of vnrious nges were uncomformiibl y covered b y the Pirgua Subgroiip 

(Fig. 2.3). These continental redbeds are divided in two trctonosedirnentary units 

i Bosso et 31.. 1984: the lower iinii. the La Yesera Formation. represents sedimentntion 

during ~ C I I V C  fiuilting. with rnaximuni üccumulation of a hi&-energ alluvinl facies 

;dong the basin borders and a passage to fluvial. coliiin and distal p l a y  facies towiirds 

the iiitcrior: the iippcr tectonosedimcntary unit .  represented by the Las Curtiembrcs and 

Los Blanqiiitos forniotions. tïlls rninor siib-hasins. In the case of the Las C~irtiembres 

Frwniation. ~i incrindering-strwm fricics inclic:itcs ihat sedimcnttition ~~ccurred durin? 

riiirior norniril kiulting. In the ciiss of the Los Bliinquitos Formatirin. streiim-tlood and 

shcct-tlood scdirncnts intlicatc siiglit reü~ti\~ation of f;iiiliing durins Iiitc syn-rift 

scdi~nrintiition in the Srilta Basin ( Bosso ct al.. lc)84. 

During thc post-ri fi phase. the hasin continued to si1 bside and sedirneniiition continued 

t o  takc place. charnctcrized by iin q p r e n t  nwinc trrinsprcssion and shnilow-niarine 

sctlirncnt;ition reprcsented by tiic Balbuçnn Subgoiip iind ilie S:intü Bnrbnrri Group 

\viiiçh overlüp the continental Pirgun Subgroup. The Bûlbuenü Siibgroup consists of 

s ha1 low-water shore-clüst ic sediments and carbonates. The base of the subgroup is 

represented by the shore sandstonrs of the Lecho Formiition (Marquillas et al.. 1988). 

Thc ovçrlying Yücorüitc Formation (Fig. 2.5) çonsists of limesiones and cnlcareous- 

dolornitic siltstones deposited in a shallow marine or lacustrine environment. with a 

crnd;itional contact downwnrd into the underlying Lrcho Formation t Marquillas 1984, 
C 

I 985: Palma. 198.1). The Y acoraitr Formation. the principal host of stratiform copprr- 

silver minerdizrition in the Salta areri, is described in more detail beiow (sec section 

2.2.2) .  
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Figure 2.4: The stratigraphy and inter-basin correlation of the Salta Group sediments 
among the the principal depocenters of the Salta Basin. Modified after Marquillas and 
Salfity (1 988). 
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Figure 7.5: Isopnch map of the Yaconite Formation diiring post-rift period. showing the 
niajjor dcpocenters (same as Figure 2.3) and volcanic episodes. Note the encroachment of 
the Snltn-Jujuy high (Sm). Square shows the area of Figure 2.5. Same abbreviations as in 
prcvious tiçure. Adapted from Marquillas et a!. ( 1  994). 



The overlying Tunal and Olmedo formations, marking the transition to the Santa 

Barbara Subgroup. are interpreted as fluvial-lacustrine green siltstones (Espisua et al.. 

1 983. Pdma. 1984). The stratigraphically higher Santa Barbara sedimen ts. the Mealln. 

Maiz Gordo and Lumbrera formations. are composed of continental clnys and si1 tstones 

covtirinp part 01' the Quirquincho Arch to the east. These continental units are the 

voiinse" sscdirnents before the beginning of the structural inversion of the rift brisin and 

tlc\~clopiiicnt of ;i l o ~ i l  foreland basin during the Lüte Eocrne Inca tectonic phase. Thnt 

Iiusin hosicd tlit. synorogenic sediments of the Oran Group. thai covcr the SaIt;i Groiip of 

scdiriicnts ( b1;ircpillüs et :il.. 19Y8; Mon et al.. 1995: CristaIlini et al.. 1997). 

Flootls h;is:~lt arc intercnlated with various formations of the Selta Group in ttic Salta 

Rmi n .  'Tlic rq ional  stniçturül lineaments apparently scrvcd as conduits for thc iipwiird 

tlow 01- rnafic niüsma dong the basin borders. Thc first iwo syn-rift volciinic imiis arc 

Iiostctl tiv t l~c Pirgiia Siibgroup. Of thcse. the str;itigrnphically lower tlows ;ire 

iritcrcd;itcrl wit h thc La Yriscrri Formation dong the Cohres. Isonza and t\conquij:i 

lincanicnis. whcrcns the second. the Las Conchas basalts. are interfingered with thc 

i ippu parts o f  the Las Curtiembres Formation in the Tres Cniccs sub-bain. A third 

\.olc;inic unit. which f o n e d  during the post-rift event. is hosted by the Y;icoraite 

Formation and took place dong the Los Blanquitos and Tomnsito linecirnrnts in the 

Luniiis rie Olmedo sub-basin. Several intrusive bodies also occur dong the Cobres 

lintximent and to the south of the Alemania sub-basin. These intrusions are of the samc 

;ige as the first and second basalts units (Marquillas and Salfity. 1985). Tuff beds also 

are prescnt within the Yacoraite Formation: up to three tuff units Iiave bcen identified in 

[lie Mctm siib-basin (blarquillas et al.. 1984). 



2 - 2 2  The Yacoraite Formation 

Miich of our interpretation of the emplacement of the Iuramento mineralizntion depends 

iipon the intrrpreted environrnents of sedimentaiion and diagenesis of the host Yacoraite 

Format ion. The folloiving gr nerril descriptions of this formation are taken main1 y frorn 

k1:irquillas ( 1984). Marquillas et al. (1984) and Pdmn (1984. A more detailed 

description of the wrious sedirnentary facies is given in our petrographic report (sec 

Cli;iptcr -3 1. 

Tlic Y:icor:iite Formrition of  Cümpaniiin-Miiiistrichtian iige is a çiilcarroiis unit 

belon pins t« tlic B ;il biicnri Siibgoiip. t his Su bgroup of Scnoniün Superior-Paleocenr ase 

(sec Fig. 2.1). Thc Bdhiienn Subgroup is part of rhe Salta Group of Lower Cret;iccoiis- 

Eoccne age ( M;ircl~iill;is. I9S-l. 1986). 

Thc Yacmiite Formation represents a major change in the style of sedimentation 

hct w c n  t h r  continental redbeds of the underlyin_e Pirgua Subgroup and the continental 

çloys ;tnd siltstoncs of the ovrrlying Santa Barbara Subgroup. The formation is widely 

tiistrihuted across northwestern Argentins and neighbouring countrirs where the 

cquivalent strntn are known as the Vilquechico Formation in southern Peru. the El 

Molino Formation in Bolivia, the Quebrads Blanca Formation in northem Chilr and 

other equivalents in the subsurfrice of Paraguay (Marqiiillris et al.. 1988). 

Figures 2.5 and 2.6 show various structural elements in the Yacoraite Formation: 

positive areas (arches and highs), sub-positive areas (swells) and negative areas (sub- 

basins or drpocrntres). These structural elernents controlled the type and thickness of 

sedimentation. resulting in up to 300 metres of sediments in the center of the Salta 

Basin. They rilso influenced the distributions of the sandy and carbonate facies crucial 

to our intrrpretations of sedimentciry environments. Sandy facies are most abundant in 



Figure 2.6: lsopach map of the Yacoraite Formation (solid line) in the southem 
portion of the Salta basin, showing basin highs (swells) and depresions (throughs as 
shaded areas). Greyish lines are the lirnits of the P@a Sub-Group. See location of 
Juramento (J) with respect to the Metan through. Adapted from Marquillas (1 984). 



the southem portion of the Salta Basin (Marquillas et al.. 198.11, probably because of the 

proximity to a river draining the area to the south of the basin (Gayet, 1993). 

Calcrireous facies are dominant to the north. especially in the Lomas de Olmedo Brisin 

;ind around the Salta-Jujuy high. The latter siibsided slowly and ncted as a stable 

cxbonate platform (Marqiiillas et al.. 1984: klon and Siilfity. 1995). 

,-1 \-;iriety of sedimentnry facies cire present in the Yricoreite Formation: oolitic 

~r;iiiistonrs. pac kstones. mudstones. wackestones. siltstones. stromatolitic boundstones 

;ind tiiffs. These scdiments were deposited müinly undrr hot. iirid conditions (formirtg 

cvpsurii rintl snlt cind moulds of their çrystiilsi where tIic deptli of water ivris higlily 
C - 
v;iri:iblc and resiilted in freqiient subrierial exposures (and çonsccluently in the formation 

of itiiitlcracks) with fiiunri of r i  mixed. marine-l~icustrine environment (çharophyta. 

ostriicodti and mnrinc fishes). 

The study of relationships between these facies has resulted in the recognition of n 

gener;il. repeated srdinientnry cycle in the Yacoraite Formation. It consists of passages 

from low-energy calcareous sedimrnts. to higher ensrgy calcareous sedimcnts. and 

final1 y to low-encrgy fine siiiciclastics (Marquillas. 1984. 1986; Palma. 1984). The 

precise envi ronment of deposition remains partial1 y ambiguous because the Yacoraite 

Formation presents evidences of both manne and lacustrine environments. Marquillas 

( 1984. 1956) inkrpreted the environment ris a restricted carbonaceous basin developed 

in an epeiric shallow-water bnsin of marine or lacustrine character (also proposed by 

Sempere. 1995). Palma (1984) concluded that the Yacoraite Formation is a well- 

developrd lacustrine deposit because the El klolino Formation, correlated with the 

Yacoraite Formation in the Central Andean B a i n  (Bolivia), is interpreted as hiiving 

been deposited in o saline lacustrine environment (Rouchy et al.. 1993: Camoin et al.. 

1997). 



The Yacoraite Formation is important for its stratigraphically extensive rift-related 

coppcr-silver mineralization frorn Bolivia (Rouchy et al.. 1993: Blanc-Valeron et al.. 

1994: Crimoin et al., 1997) to the southern end of the Metan sub-basin. Some thirty 

mines. d i t s  and old workings are recorded throughout the Salta Basin (Mason. 1996). 

Iii the iVletan sub-basin. manganese oxides. copper. silver. Iead md zinc siilfides are 

~lcscri bed in certain strritigraphic profiles including that of the Juramento proprirty 

i Arigelclli. 1950: Espisiia et al.. 1983: Marqiiillas. 1984. 1986: Mtirquillris et al.. 1984. 

'rlic Yncornite is dso çonsidered a source-rock, tmp and seal for hydrocrirbons (Mon et 

:il.. 1 5 .  In thri Snltü Basin. oil and gas are enploited in the Lomas de Olmedo ;incl 

i î lç inn  siib-hiisins. Hydrocarbon generation rind migraiion are interpretrd io hiive hcen 

drivcn by Tçrtiary defornation. probably at the end of the deposition of the Oran Group 

cdiriiciits ( Late Olieocene to Late Pliocene-Early Pleistocene). Hyclroçarhons fi I l  r hc 

pr i rnq  pon~sity of sandstones in the Lomas de Olmedo sub-bnsin and f i l i  thc srcondary 

I ~ I C ~ I I I - C  ptmsity ~rçilted by fracturins of Tertiary ape throughoiii the Sub- Andean 

R m  p. 

2.3 Property-Scale (Juramento) Ceology 

The Jiirnnicnto prospect (Fig. 2.6) is located in the northwestern margin of ihe rift- 

rclatcd blctnn sub-basin. dong the south margin of the Salta-Jujuy high immediately to 

IIIC ~ a s t  o f  thç C;muto swell and the Ocloyic fracturation front. Many property-scülr 

kntiircs wcre little known prior to this evaluation by Parnmount. 

2.3.1 Structures 

Thc Jiiramento areci includes two prominent ridges with generally noah-south strikes 

i thc Cerro del Plomo and the Cerro del Cobre), separated by a smdl valley followed by 



an affluent of the Jabali Creek (Fig. 2.7). Both ridges converge at the south end of the 

prospect to fonn the El Condor ridge. At the nonh end, the Cerro del Plomo ridge tums 

iowxds ihe northwest and grüdually dccreases in altitude. The ridges are bordered by 

t ~ v o  reverse klu l ts of north-south strike, with several transverse friults of ENE-ESE trend 

( Rotzien ct al.. i 998). Another ridge of north-south strike, the Cerro Oeste, is located to 

tlic ivt'st of' the Jabrili Creek. 

*The Ccrro dcl Cohre is 3 highly-deformeci ürea. W ith repcated fracturing and 

firccciation. the zone is bclievcd to be ii tectonic stack of imbricated slribs of west- 

dippirig di i i icnts .  Towards the southern areas of the property. near ihr Elbn adit. ri  

I'r;ictiirc of ENE-rreiid is helicvecl to indicate a change in the stnictural domüin: south of 

iiic 1 i i i I i .  itic hcdding clips enst. At ihe north end of Cerro dcl Plomo. the dips o f  

hciltling sugrcst the dosiire »f north-pliinging fold: howeuer. this interpretation is not 

con t'irrncd in drill scctions. In the central section of Cerro del Plomo. the interpreted 

proloiiytion o f  itic ENE- and ESE-trending structures is believed to have been 

rc\pim~ihlr h r  impurtrint variations in bcddinz attitudes and for an overtiirnrd 

t r t i r p  B;ised on the strntigraphic attitudes and the generril disposition of the 

scdi riiciit;iry ilni ts. the ovcrnll Jurarnento prospect is interpreted to be a hinge-fold 

;iniiclirie plunging iiorih. dissected by later ENE- ESE-trending transcurrent faults. 

Scvcral stratigr:iphic sections of the Salta Group are present on the property (Fig. 2.8). 

The olrlcst rocks arc Devonian rnetasediments composed of well-lithi fied pinkish 

sandstones cropping out to the south of Juramento and dong the ndge named Cerro 

Ocstc. irnmediatcly to the West of the Jabali Creek. niese rocks are considered to be the 

txisement of the Mrsozoic sedimentary section in the area (Marquillas. 1986). 



Figure 2.7: Geological map and cross-section of the Juramento property. Modified after Rotzien and Wormald ( 1  998). 
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Figure 2.8 : Schematic stratigraphic column for the Iurarnento property. Shows the major 
stratigraphic units of the SaltaGroup and general primary sulphide zoning. 



The Devonian rocks are uncomformnbly covered (the stratigraphic contact is seen only 

at Cerro Oeste) by the Pirgua Subgroup (a fault contact in the south is mentioned by 

Rotzien. 1998). These sediments are believed to belong to the Los Blanquitos Formation 

I Espisua ct al .. 1983 ). The Los Blanquitos sediments consist of redbed conglomerûtes 

and s;indst«nes. commonly including gypsum. basalt ciasts and veins of specular 

tienintitc.. The tliickness of the Pirguri along the n d g  irnmediately to the west of the 

Jabiili Creck is estirn;itcci to bc 200 to 300 metres. but the full thickness of the redbeds 

c~innot he dctcrniincil on the Jurament0 property itself. However. on Cerro Oeste. the 

tliickncss i i ;  Icss ih;iii thc SOO to 3OOO iiictres measured in depoccntres elsewhere in the 

S;ilia hasin. suggcsiing thnt our ficld areri lies close to a hasin mnrgin. 

Ttic owrlying Balhiicno Subgroiip consists of three form:itions lying with normal 

cimthmiblr: contacts on the Pirgiiri Subgroiip. The Lecho Formation has thicknesses of 

iip to 170 iiicires. ciintrcisting significanily with the 30 io 40 mcttrcs average thickness 

t;v ttiis fimniition tllswhere in the brisin: its inie thickness is difficult to mes s  in the 

Jur;inicnto a r a  diic 10  hidt repeiition. The Yücoraite Formation lies with a conformable 

gnitltitiond contact nbow the Lecho Formiition. The minimum thickness of the 

Y :icor;iitc un i t  is 45.5 metres: due to friliiilt repetitions. it  rncecds 200 metres in  thickness 

;it Ccrro d d  Plomo. 

Thc Yacornitc Formation is divided into three units for correlation purposes (no 

sediment«li~gictil implicntions are intended because sufficiently detailed studirs have not 

yrt bcen dons). The Lowrr Yacoraite is characterizcd by an abundance of oolitic 

grainsiones interbedded with othrr fine-grained calcÿreous stratü and siltstones. The 

Middle Yacorüite 1s characterized by a lower abundance of oolitic pinstones and an 

increase in the abundance of calcareous-dolomitic fine-pined clastic sediments; the 

base of this section is idcntified by the appearance of stromatolitic boundstone. The 

Upper Yücoraite is charxterized by the predominance of maris and siltstones. 



The uppermost unit  of the Balbuena Subgroup. the Tunal Formation, is observed in 

some drill Iioles and at the eastem end of trench B on Cerro del Plorno (Fig. 2.6). The 

contact with the Yacoraite Formation is conforrnable. The scdiments consists of green 

siltstones and mark with minor amounts of crirbonrite. The tliickness of the Tunal 

Forniation is opproximately 15 mctres in JDCI-25. 

LTiiiliffercntiüied reddish Teni;iry siltstones ;ind claystoncs covcr the Bnlbuena 

Subgroup. Tlicy are part of the Santa Bürbarn Subgroup and are visible on the rastern 

slope of thc Cerro del Plomo ridge ;ml on the western slope of the Cerro ilcl Cobre 

riilgc. Tlicir ihiçkness is not cstnblished in ilic Iiiramento ;ireo hccnuse only the basal 

scction is sccn: in trcnch B on Cerro clel Plonio. thc hasril tliickncss is csrimiitcd to be 

so~~ic' hiindrcds o f  mctres. 

Tlie coppcr-silver rninernlizntion of Jtir:uncnto is hosicd mainly in the Y ücoraite 

Form;iti»n :incl is only locally anci pwtially liostcd by thc Lecho Formation. As rtxplnined 

hclow. this distribution is related to specid conditions of Leclio k g . .  the presence of 

pvritc) and to the weathering of thc priniary niineralizütion of ihc Y;icor:iite Formation 

i \,isihle in  the Maria d i t :  Fig. 2.6). 



CHAPTER 3 

HOST-ROCK PETROLOGY 

The fol lowing petrological descriptions are given to provide fundamental information 

on the environments of sedimentation for the host strata of the Juramento area. In turn, 

this information ;illows us to interpret the context of copper-silver emplacement in these 

sediments. 

3.1 Pirgua Subgroup 

These sediments. interpreted to be equivalent to the Los Blanquitos Formation (EspisGa 

and Amengulil. 1983). are the oldest rocks from the Salta Group cropping out at 

Jurnrnento (see Figs. 1.4. 2.7 and 2.8). They are dark-reddish strata with no clear 

stratification. cornprising a clast ic series of sandstones and cong lomerates deposited in a 

continental environment. A pervasive hematitic cernent confirms the continental 

affiliation of these sediments. 

Sample 8 (DDH JDH-5, 39 m), a representative sample of the Pirgua redbeds (Figs. 3.1 

and 3.2). is a sandstone (using the Udden-Wentworth scale; in Adams et al.. 1984). The 

detrital clast size varies from fine- to coarse-grained sand. with a matrix of coarse- 

gnined silt or finer grains, and a cernent of hematite. Sand grains have low sphericities 
C 

and subrounded to subangular shapes (using Pettijohn's classification: in Adams et al., 

1 984). The principal grain compositions are quartz ( monocrystalline and 

polycrystalline), feldspar (orthoclase and penhite). plagioclase, microdine. white mica, 



Figure 3.1 : Drill core sample 8 h m  PUgua sed'rnents, JDH-5 m 39. The sediments 
correspond to sandstones with dark reddish color due to iron oxydes cements. CS. Scale 
is in centimetres. 

Figure 3.2: Sandstone h m  the redbeds. Note the angular nature of clasts and 
their varying size, showing imrnaturity of the sediment. Clasts are mainly: 
quartz (Qtz) and K-feldspar (Fpar). Cernent consists of hematite (Hem). 
Sarnple 8 (same as above), PTS, PPL, FOV = 2.15 rnillimetres. 



tourmaline and rock fragments. In some cases. the contacts between grains are 

concwoconvex due to compaction of the sediment. Some nodules of coarse-grained 

calcite cernent fil1 voids. These nodules are interpreted to be pseudomorphs of gypsum 

or fillinps of open spnces by laie coarse-grained calcite duting uplift and dcnudation. 

The srdiincnt is considered an immature sandstone due to the size and shape of grains 

rind thc miner~ilogy of the clasts. 

3.2 Lmho Formation ( lower Balbuena Subgrou p) 

This sctlin~ent rcpresrnts the transition between the redbeds of the Los Blnnqiiitos 

Frirrnation ;ind the carbonates of the Yxoraite Formation. The colour is h ~ h t  grey 

icsscnti:illy white, and in sorne areas the unit is hiphly friable t Miiria d i t .  Cerro del 

C~ibrei. Witliin a s i n~ l e  borehole. it  is possible to detect wide vürhtions in the 

proportions and s i x  of the principal grain types and allocherns of this sündstoncs 

is;itiiples 1 .  2 mi 3: ser helow). indicating a proximity to the gradational contxt with 

tlie Yxor:iite Formation andor to rripid facies changes. The following sümplrs were 

i;ikcn frorn drill holr JDH 1 (see Fig. 2.7). 

San~ple 3 (DDH JDH 1. 104.3 m). stratigraphically lowest in the Lrcho section. is n 

modtxitcl y well-sorted sandstone (Figs. 3.3 and 3.4). Grains are of medium to fine sand 

s i x  rind comprise tip to 90% of the sediment: the remainder is a rnûtrix of coarse- 

graincd silt and carbonate cements (authigenic microcrystalline grains of a frw trns of 

micrometres in size). The principal sand grains are quartz. feldspar. perthite. tourmaline 

and white mica. A few lumps or aggregates (less than 3% of the total sample volume) 

of micritic composition are observed. Very fine-gnined framboidd pyrite is found in 

this micrite. The lumps are interpreted to be rolled micrite of algal ongin: they could 

dso be pellets. These temgnous clasts are of low sphencity and are subrounded to 

subaneulnr in shape. 



- Y -  

the whitish-veilowish &air. Note sulphides (white arrow) aligned in 

Figure 3 -4: Calcareous sandstone fiom the Lecho Fm., composed mainiy of 
quartz and feldspars grains. Note the calcite cernent (Ca), consisting of small 
r homboedrons (arrow) around grains, showing Little cementation. Also, note 
pyrite @y), inside a micritic agglomeration interpreted as organic in origin. 
Sarnple 2 (same as above), PTS, PPL, FOV = 2.1 5 millimetres. 



Samples I md 2 (DDH JDH 1.74 rn and 83 m. respectively) show (Fig. 3.5). relative to 

sarnple 3. a diminution in the proportion of terrigenous grains (30-40%) and an increase 

in allochems (ooids, oncoids and lumps: 30%) as well as in the amount of carbonate 

matrix and cernent (microspar: 20-304). The size of the principal grains increases to 

coarse sand. The ooids are of the sarne size as of the temgenous clasts. 

The clastic grains consist of quartz. feldspars. tourmaline. white mica and allochems. 

Terrigenous grains are rounded to subrounded and some are coated by a radial carbonate 

fringe. The rnütrix is composed of calcitic microspar. probably resulting from 

recrystollization of micrite during burial. 

The environmentai diffrrences would appeor to be minor. however between samples 1 

and 2 and sarnple 3 are interpreted as resulting from different environments of 

deposition: siimple 3 formed in an aerially enposed or sporadically moistened sediment, 

whereas samples I and 2 were probably formed in shallow wüter at the same time es the 

coating of ooids by calcite and the deposition of clastic temgenous grains and their 

rnatrix. 

3.3 Yacoraite Formation (middle Balbuena Subgroup) 

The calcareous sediments of the Yacoraite Formation overlie the sandstones of the 

Lecho Formation. Freshly broken surfaces are dark grey. but they weather to a typical 

orange-yellow colour, probably due to the oxidation of pyrite. Consequently, the 

Yacoraite is easily recognized from a distance. facilitating regional prospection. The 

contacts are gradational at the base and conformable at the top of the formation. The 

most obvious megascopic characteristic is the presence of oolites, which diminish in 

abundance toward the Upper Yaconite. Fractures containing hydrocarbons are also 

abundant. 
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Figure 3.5: The transition benVeen Lecho and Yacoraite shows increasing 
quantities of allochems, together with higher proportions of matrix. Also note the 
bigger size of grains relative to those of Fig. 3.4.. Note radial ooids. Sample 3, 
PTS. XPL. FOV = 3.15 millirnetres. 
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Figure 3.6: A typicd grainstone from lower Yacoraite Formation. Allochems 
are ooids, radial and concentric. Note compacted ooid in the let? lower corner. 
Two types of cernent are present: vestiges of fringe cernent (F) and equigranular 
cernent filling the pores (E). Sarnple 79, PTS, PPL, FOV= 0.85 millimetres. 



The samples collected were studied and described using Folks and Dunham's carbonate 

classification (in Adams. 1984; Scholle. 1978). Staining (with Alizarin Red S and 

potassium femcyanide: Dickson, 1965; Hitzman, 1999) was used to assist in the 

identification of the carbonate species. The copper-silver mineralization at Jurrimento is 

tilmost entirely hosted by this unit. 

3.3.1 Grriinstones 

Gcner;illy. this rock type is cornposed of coated grains (ooids and oncoids: Figs. 3.6 and 

3.7) and i t  is commonly prinially to cornpletely dolornitized. The oolites cire large in 

s i x  <kom 400 to 1800 pm in diarneier). They are typically sparitic. with radial or 

cc!nct.ntric ccirtices of one Iayer (srirt'ncc oolites) or mure. In somc crises. the cores 

contain miçrofossils or srnall terrigenous clasts. Some ooids are composite (Le.. have 

inorc than one nucleus) and other are cerebroidal tforming grapestones). Othrr 

allochems arc intraclasts. fossils, pelloids and lumps. Sorne mücroscopic samples 

;ippecir to bc oolitic. but. on closer examination under the microscope. they arc seen to 

bc oncolites showing a series of concentric (commonly irregular) Iayers of algal growth. 

Intergranular and rim cementation (Fig. 3.8) are cornposed of sparite. microsparite 

andor dolosparite. A meniscus-type cernent is commonly present as well. sugesting 

t'requcnt subaerial exposure of the sediments. Micrite is generally absent as a matrix. 

but micrit izcd ostracods, pelecypods and gasteropods are common (Fig. 3 -9). Rims may 

be b o r d  

The grainstone porosity is normally high. It is typically fabric selective (Fig. 3.9). 

intraparticular and mouldic, together with minor, non-fabric selective fractures (Fig. 

3.10) due to h u i t  repetition and channels (following the classification of Choquette and 

Pray. 1970). 



Figure 3.7: An oncolitic grainstone. Note pervasive dolomitiration and 
m icritization around oncolites. Ghosts of successive concretions are still 
visible. lower center. Sample 85, PTS, PPL, FOV = 5.4 millimetres. 

Figure 3 -8: A grainstone from the Yacoraite Formation. Note the calcitic (rose) 
fringe cernent relict (F), that predates the equant cernent (E), slightly ferroan 
(light mauve). Note also dolomitized m l ,  not stained and blue-light blue) 
cottices in ooids and lumps, interpreted to be eariier than the equant cernent- 
Sample 80, PTS, PPL, FOV = 2.15 millimetres. 



Figure 3.9: A micritized grainstone, with mouldic porosity and meniscus- 
type cernent. Cernent in voids is interpreted to be a second-generahon cernent. 
Sarnple JDH-08-4, PTS, PPL, FOV = 2.15 millimetres. 

Figure 3.1 0: Grainstone showing secondaq porosity created by fracturing. 
This Fracturing is coosidered late because it cmsscuts allochems and cernent- 
Sarnple 13, PTS, PPL, FOV =2.15 millimetres. 



In core stimples, sediments corresponding to this carbonate texture are similar in 

iippearance to thitt of the grainstone described above. However, in thin sections. the 

ptickstoncs present a rnatrix composed of micrite (Fig. 3.1 1 ) and allochems (smrill ooids 

mtl pcllets; Fi?. 3.12) situatcd brtween larger allochems (generally ooids up to -7 mm 

in tliaiiicter i. hl icritic pellets and smûll ooids are approximately 200 rnicrometres or 

Icss in s i x  tind they are generally well soned. The packstones also contriin a viiriety o l  

Iw i l s  S L K ~  as ostr;~cocis. gasteropods. pelecypods. foraminifera. ülgx and phosphütic 

rcriintiiits. the Iiist probably derived trorn tish. A few intniclasts are prcseni tm. 

coiiiinonly Corming less than 7-3% of the total volume of the rock. They have irreguliir 

rli:ipc> iintl ;ire tyicrill y greater than 2 millimetres in size. Some clasts represent erodsd 

l i  ii~csconc char:içtcrizcd hy a vridose cernent formed under conditions of subrierial 

cYposiIrc. Whrre present. the cernent is sparite. microsparite md/or dolomicriie and it is 

intcr~rnniilür. The terrisenous fraction is minor. The porosity is mouldic. but lrsser 

t tiari thiit ot' gr;iinstones. 

Tlic Y xornite waç kestones possess an abundant micritic and dolomicritic mritrix. wit h 

patclies o f  sparite (Fig. 3.13). Some isolated oolites show only one cortex layer (surface 

(iolites): the conices are concentric or radial. The porosity. represent only by vesicular. 

i ii tcrpnrticular and fracture spaces. is poor. 



Figure 3.1 1 : A typical packstone from the Yacoraite Formation. The matrix is 
micrite and some allochems are micritized. This texture illustrates the 
extensive organic activity f i e r  deposition of sediments, but considered 
diagenetically eariy. Note stylolites and recrystallized matrix that probably 
occurred during late diagenesis of the rock. Sample 8 1, PTS, PPL, FOV = 2.1 5 
millimetres. 

Figure 3.12: An oolitic packstone. The matrix consists of allochems and the 
cernent is coarse-grained microspar. Note the secondary dissolution porosity 
(voids on allochems). Sample 5, PTS, PPL, FOV = 5.4 millimetres. 



Figure 3.1 3 : Dolornitized wackestone from the Yacoraite Formation. 
Allochems are interpreted to be oncolithes. Secondary porosity consists of 
dissolution voids and from frsrcniring. Sample 86, PTS, PPL, FOV = 5.4 
millimetres. 

Figure 3.14: Drill hole samples of a burrowed mudstone. Note creamy 
colour due to dolomitization. Sample 27, CS. Scale is  in centirnetres. 



In most cases. the Yacoraite mudstone is formed only of calcitic micrite and 

dolorniçrite. thinly laminated or not. Bioturbation is commonly pervasive (Figs. 3.14 

iind 3.15 1. Fossils and allochems. rnainly found in bioturbated mudstones. consist of 

sistcropotls. pelloids. ostracods and aIgal fragments. The composition of the allochems 
L 

:iiirl Uossils is Iiirgely criiçitiç. The porosity is of a fenestral or vesicular type. In the case 

of hioturb;iid sections. the porosity would have been hi@. 

I'liis Iiicics ot' the Y;icoraits Fmn;ition consists of ca1c;ireous or dolotnitic Iiiminritions 

01- ;dg;d cirigin. ;iltern;itin_r with silty or snndy 1;iyers. At the rnocroscopic scülc. 

:il tcrniit ing i l x k -  and l ight-colourcd laminm fonn gent Ir undulations representing the 

priinm-y loyrcd sinicttirc of stromatolites (Fig. 3.16) in which the active n lpe  mats 

t~ccoi i ics covcrcd by dctritic grains that stick to the mat surface. and then anothcr 

itiiciwcolony of olgae grows throuzh and drvelops on top of each silty or sündy 

laminat ion. ACtcr tlir buried colony dies and buriai recrystallizütion occurs. the 

:iltcrn;itin@ tcrrigenous laminations and carbonate layers persist (Fiç. 3.17). In some 

coscs. thc clastic layrrs include fossils (r.g., ostracods). oolites. pellets and other 

;il lochcms. Tlic porosity in the stromatolites is fenestral. 

3.2.6 Siltstones 

This scdimcnt type is most abundant toward the upper parts of the Yacorûite Formation 

:ind in the transition into the overlying Tunal Formation. It is generally light- to dark- 
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Fieure 3.15: Detail of a burrow in a mudstone. Note that burrow is not 
dokrnitized, suggesting that the dolomitization was cornplete by the tirne of 
bonng of sediments by orgaaisms. Sample 27, PTS, PPL, FOV = 5.4 

Fiare 3.16: Stromatohic boundstone. Calcitic laminae are highlighted by 
red staining and silicified fenestral porosity is filled with silica. Right upper 
corner shows unstained silicified larninations. The photornicrograph shows 
also late ferroan cernent healing fractures(F). Sample 75, PTS, PPL, FOV = 
5.4 millirnetres. 



Figure 3.17: Fine calcareous laminations interlayered with calcareous 
siltstone and interpreted to be of algal origin. Sample 69, PTS, PPL, FOV = 
14 millimetres. 

Figure 3.18: Siltstone with b r d  laminations and a calcareous-dolomitic 
matrix. The opaque minerals are pyrite grains. Sarnple IDH-8-11, PTS, 
XPL, FOV = 5 -4 millirnetres. 



grey in colour, but it is more greenish than greyish in the Tunal Formation. The 

siltstone consists of thinly laminated silt with an argillic matrix and a calcareous 

cement(Figs. 3.18 and 3.19); the proportions of temgenous grains, argillaceous matnx 

and calcareous cerneni are highly variable- The main component grain types are quartz 

and feldspar in the coarse silt size and phyllosilicates in the argillaceous matrix. 

This fossilifrrous clastic sediment typo is most abundant toward the lower Yacoraite. It 

is coniposed of çlays and a calcnrrous cernent tind the colour is dark-grey (Fig. 3.10). 

Thc porosity would have been low to effectively non-existent. 

3.3.8 Intraformational Conglomerates 

Iniraformational conglornrrntes occur throughout the Yacoraite Fornation (Fig. 3.2 1 ). 

This rock type is formecl by clasts of I io 5 millimetres in size which are commonly 

angular or sub-angular. Clasts correspond to al1 types of sediments described in this 

section. including dolomitic mudstone. The matrix is composed of variable amounts of 

drtrital quartz and feldspar grains of silt size. and the cernent is dolomite andor calcite. 

3.4 Tunal Formation (upper Balbuena Subgtoup) 

The following brief descriptions are from megascopic observations made in the field by 

the author. The Tunal Formation consist of finely laminated, oolitic limestones with 

intercalations of stromatolites and fine-grained siliciclastics. 



Figure 3.19: A typical siltstone from upper Yacoraite. Note the well- 
crystallized rhombohedrons of dolomite sourrounded by authigenic silica 
(white-grey and opaque). Sample IDH-8-14, PTS, XPL, FOV = 2.15 
miilimetres. 

alkherns (osûads) distributed dong interpreted 1 arninations. One 
ostracod shows authigenic silica(Si) fill. Also note the presence of pyrite (Py) 
in the matrix, some very fine-grained. Sample 6, PTS, PPL, FOV= 0.85 
miIimetres. 



Figure 3 -2 1 : An intraclastic conglomerate. The figure shows dolomitized 
siltstone and doiomitizeù mudstone clasts (ûol.). Dolomite present in these 
clasts is fine and its texture conerasts with the texture ofthe dolomite present 
in the matrix (arrow). This observation suggests a very earl y dolomitization, 
prior to any consolidation of sediments and later erosion and transport to the 
sedimentation site. Note also the presence of arnorphous silica (probably 
opal) in the maîrix ( appears opaque), indicating a late emplacement. Sample 
7 1 ,  PTS, XPL, FOV = 5.4 millimetres. 



The most notable characteristic of this unit is its greenish-yellow colour which contrats 

with the grey to orange-yellow colour of the Yacoraite Formation (see section 3.3). 

3.5 Santa Barbara Subgroup 

These sediments are characterized by reddish io orange-coloured calcitic claystones and 

silistones exhibiting fine parallel laminations. Such laminations. observed in the first 

metres downward in DDH 25. lie with parallel confomity over the Tunal Formation 

sedimcnts. These reddish strata are interpreted to be equivalent to the Mealla Formation 

(Espisua and Amengunl. 1983). They can also be observed to the east of trench B on 

Cerro del Plomo. 



CHAPTER 4 

PETROGRAPHY OF THE YACORMTE FORMATION 

Aftcr Limilinrization with the pneral geology and the main strritigrciphiç iinits of thc 

stiidy rcgion in the previous chapters. in this çhapter we provide descriptions of thc 

r-riincrals anci pnrticular textures of the many facies of the Yricoraite Form~ition which 

Iiosts ttic Jurnmento mineral ization. with the objective of  detcrmining the rcl;itionship 

h c t w c n  processes riffectins this host rock. 

Cnlcitc i s  one of the niost abundant minerais in the Yacoraite Formütion. It is present üs 

;i çcmcnr. as ri matrix and as the essential rock-foming minerai of most allochems. 

M n _ o  stüining techniques (see Appendix 1). it is possible to drtect two types of c;~lcite: 

rcd-stained calcite of low iron content. and blue-mauve-siained calcite of high iron 

content. 

As a cernent. calcite is present as sparite consisting of single idiomorphic to 

subidiomorphic calcite crystals of up to 100 micmmetres in size. This sparite or equant 

cernent fills the interparticular primary porosity (Fig. 4.1) and vadose porosity (Fig. 4.2). 

Equant sparitic cernent occupies the mouldic porosity created by dissolution of less 

stable foms of calcium carbonate. such as originaliy aregonitic gasteropod shells (Fig. 

3.9). Spûritic calcite heals {totally or panidly) the open spaces in fractures thüt transect 



Figure 4.1: A grainstone with interparticular equant spantic cernent healing prîmary 
porosity. Note spalled cortices that were filled with sparite, flattened ooids and equant 
cernent that indicate that compaction occuned in a slightiy cemented sediment. Sarnple 
79, PTS, 

Figure 4 .2  A grainstone with vadose porosity healed by equant sparite (rose); getting 
more ferroan towards the center (mauve). Note that the vadose cernent is fine-grained 
texture, non stained, probably after micrite. Dolomitization is interpreted to be earlier 
than the equant cernent, but later than micritization and dissolution that rnight have taken 
place in the vadose zone. Sample 80,PTS, PPL, FOV = 0.85 milimetre. 



allochems rnatrix and cernent (Fig. 4.3). 

Anothrr type of cnlcitic cernent foms vestiges of fringe cernent around various 

rilloçhems. Fringe cernent is formed by needle-like calcite crystals arrsnged 

pcrpentliculiir to the allochems (Fig. 4.4). 

Xlicrospnritic cernent is nlso observed in a few sarnples. It consists of xenornorphic to 

subitlioitiorphic ulcite crystüls 10 to 20 micrometres in size filling secondary porosity 

i Fig. 4.5 i. Micrite is also fonned of small calcite crystnls. lcss than 5 micromeires in 

s i x .  I I I  tht. mtitrix. calcitic rnicrite wüs observed to support allochems and cietrital 

grains ( Figs. 3. 1 1 ;ind 4.6). Microspar wls also found to constitutr the mntrin: in such 

c:iscs. tIic icutiirc siisgcsts recrystallizütion of micrite t Fig. 4.7). 

C;ilcitc is thc major constituent in ;illochems. It is present in allochrms as the  esscntiül 

rii:itcri;il of pcllets and lumps. In the conices of ooids. it is presrnt in two forms: as 

rxiial fihcrs iip to 15 micrometres in length. and as concentric layers of cülcüreous mud 

cncriisting the nuclei (Figs. 3.6 and 3.5). Despiie partial rccrystallization of the ooids. in 

rn;iny c;iscs the rldial disposition of the previous thin calcite çrystûls is retainrd (Fig. 

3.5). 

4.2 Dolomite 

This carbonate is also very comrnon. although it appears to be subordinate in nbundance 

to calcite. It replaces calcitic sediments to various degrees. and in sorne cases it 

completely replaces the calcareous sediment to form a dolostone. Cupt-ifrrous 

minernlization is not confined to dolomitized areas, as may be the crise in other ore 

deposit types (c.g.. Mississippi Vdley-type lead-zinc mineralization). 



Figure 4.3 : Fracture in a dolomitic wackestone. The fracture is healed by late 
ferroan calcite (mauve) that occupies mouldic porosity after a dissolved 
shell . Sample 84, PTS, PPL, FOV = 2.1 5 millirnetres. 

Figure 4.4: Relict of fringe cernent around a mal1 ooid (arrow), 
sourrounded by slightly fernoan equant spar cernent Sample 80, PTS, PPL, 
FOV =0.87 millimetres. 



Figure 4.5 : Microspari tic cernent filling secondary porosity (centre) created 
by dissolution in a mudstone. Sample JDH-8-10, PTS, XPL, FOV = 0.34 
millimetres. 

Figure 4.6: ûreywacke showing micritic matrix supporting detritals grains 
and a few allochems. Note the presence of a fossil interpreted as being a 
charophyte (centre). Sample JDH-8-12, ETS, XPL, FOV = 5 -4 millimetres. 



Figure 4.7: Microspar as matrix in a sediment interpreted as 
wackestone. Note the patches of microspar inside allochems. Note also the 
preserved secondq porosity in the stylolite (S), still open, and the presence 
of sphalerite(sph). Sample 12, PTS, PPL, FOV = 2.1 5 millimetres. 



The presence of dolomite is erisily detected in hand specimens by the whitish colour of 

the rock compared to the dark-grey of calcareous carbonates. Further confirmation of 

the carbonate type may be made by staining with the combined staining formula (see 

Appendix 1 ): the whitish colour of the dolomitic rock turns to a turquoise colour. Upon 

closer exriminlition in thin section. the staining is found to be inhomogeneous. with 

somr areiis showing no stnin, indicating a dolomite with an insignificant iron content. 

wherens othrr portions are blur-stnined. indicating ü ferroan dolomite (see Dickson. 

I%h: Hitzmm. 1999). 

During the stiicfy of thin sections. two main types of dolomite were recognized: fine- 

gr;iincd dolomite and coürse-grained dolomite. Fine-grnined dolomite is composed of 

r;cnoniorpliic t o  siibidiomorphic crystals of dolomite 5 to 10 micrometres in sizs (Fis. 
4.8 ). wtiercas co;irse-prriined dolomite is composed of ruhedral crystiils of  dolomite of 

;ipprouimatc 5 0  micrometres s i x .  Undcr doser examination. fine-graincd dolomite 

iiiclusions are sern within coûrse-grüined dolomite crystds (Fig. 4.9). This texture 

siiggcsts r hat the coürsr-pined dolomite resul ted from recrystailization of fine-grriined 

dolomite. 

Fine-gaincd srdiments (e.g.. mudstones. wakestones, boundstones and siltstonrs) seem 

to have experienced greater degrees of dolomitization than coarse-grained srdirnents. 

Dolomite rippeûrs to be particularly abundant in the detritic sections of the Middle and 

Upper Yxoraite. where. among other textures. it occurs as isolated rhombohedn in the 

çcment and matrix (Figs. 3.18 and 3.19). To variable degrees, dolomite also replaces 

the calcite in cements, matrices and allochems in most sedimentary facies throughout 

the stratigraphie column. As such, dolomite is also present in rnany horizons of oolitic 

grainstones. packstones. wackestones, rnudstones and stromatolites in the Lower and 

bliddle Yricoraite on Cerro del Plomo and Cerro del Cobre, 



Figure 4.8: Fine-grained dolomite in a bioturbated mudstone, with a massive texture 
showing patches of slighly cuarser grained ddomite. Note the accumulafion ofdetritals, 
shells and carbonaceous matter in the biotubated areas Oeft portion of view). Sample 27, 
PTS- PPL, FOV = 5.4 rnillimetres. 

Figure 4.9: Well-crystailized rhombohedrons of coarse-grained dolomite. Note that 
coarse-grained dolomite (C) is intergrom whith fine-grained dolomite (F), suggesting that 
coarse-grained dolomite is the result ofthe recrystallization of fine-grained dolomite. Note 
that the ferroan calcite (mauve) occupies intercry stalline porosity and postdates the coane- 
grained dolomite. Sample 7 1, PTS, PPL, FOV = 2.1 5 rnillimetres. 



Dolornitic mud end dolomitized siltstone clasts were found in intraclastic conglomerates 

(Fig. 3.21). In one sample, the pyritic aggregates occupy intergranular spaces and 

include calcitic and pxtially dolomitized allochems (Fig. 4.10). More distant from the 

mnrgins of this pyritic aggregate. the allochems are dolomitized and their intergranular 

spaccs Lire filled with authigenic microquartz and megaquartz. Also. in a frw siltstones 

and fine-grüined carbonate samples, dolomite rhombohedra in siltstones are surrounded 

hv  ;i silicificd cernent and matrix (Fig. 4. I 1 ). This observation siiggests that 

doloiii i t izütion occiirred rarly. postdated pyrite formation and iook place beîbre 

si1iciîÏc;ition. It nlso shows that dolomitized sediments were :iffected by Iüte dingenetic 

proccsses such ;is would occur during dcçp burial. 

,-\ngiil;ir to subringulür detrital grains of quartz rire present in the Yacorüite Formation in 

;ilmcist al1 sedimentnry facies. The s i x  of such p i n s  is variable. ranging from fine- to 

çoarse-sand sizes i n  the Lower Yacornite transition (Fig. 3.5). to medium- to coarse-silt 

sizcs in the Llpper Yxoraite (Figs. 3.18 and 3.19). Detrital qiiertz grains form priniary 

sedimentnry textures. such as fine laminations in siltstones. Also. vndose silt-size quartz 

grains fil1 rnudcracks and burrows in some cases. 

Aiithigenic silica is present as single idiomorphic crystals. ûs overgrowths on detritûl 

crains and as aggregütes of equigranular and fibrous quartz (following the classification 

of Hesse. 1990). 

Single authigenic crystals are typically idiomorphic (well-developed prisms), with 

individual coürse gains attaining 100 rnicrornetres in size and cornmonly containing 

carbonate inclusions. These single crystals are present in intergrmular pores around 
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~ i g u r e k l 0 :  Dolomitized ooids included in a pyritic aggregate (dark). Note that 
towards the interior of the aggregate, a few allochems show calcitic composition with 
dolomitic rims (C). Outside the pyritic aggregate the do1omitized allochems (D) are 
sourrounded bv silica cernent (Si). This texture suggest that dolomitization predates 

- u -  - 

in a silica (dark grey), suggesting dolomitiz&on previous to sili6fication. Note the 
dolomitic ghost of a silicified ooid. Sample 1 1, PTS, XPL, FOV = 2-15 millimetres. 



ooids and in open spaces (voids) (Fig. 4.12); they are also concentrated with other 

insoluble material (organic matter, sulphides, etc.) in stylolites (Fig. 4.13). Rims of 

quartz and individual quartz crystals are very common as overgrowths on detrita1 grains 

( Figs. 4.14 and 4.1 5). 

As equigranu lar aggregates. microcrystalline silica is present as replacement patches in  

the matrix and cements of various fine-grained sediments (Fig. 4.1 1). The replacement 

paiches consist of aggregates of opal and more ordered foms of silica. such as quartz 

grains less than 5 micrometres in size. Microcrystalline quartz aggregates replace the 

iiiiclei and cortices in ooids (Fig. 4.16) and fil1 empty shells (Fig. 3.20) and secondary 

porosity (Fig. 4.17). The aggregates are composed of xenornorphic to subidiomorphic 

sniins. sl ightl y greaier in size than the aggregates of opal. with individual grains ranging 

hetween 5 and 10 micromrtres in size. Megaquartz is present as a cernent and has a 

rii«s;iic fiibric similar to equant spuitic cernents (Fig. 4.18). Typically, the quartz grains 

arc betwern 20 and 40 micrometers in size and display larger grain sizes toward the 

ccntrcs of interplirticuliir spaces. Fibrous and microcrystalline quartz was also seen to 

replace gypsurn (Figs. 4.19 and 4.20). 

4.4 Pyrite 

This sulphide is common in al1 lithologies of the Yacoraite Formation. There is no 

apparent stratigraphie control over its abundance, other than an association with organic 

matter. Two textural types are recognized: ( 1) very fine-grained disseminated pyrite and 

clusters of very fine-grained pyrite (including framboidal pyrite), and (2) coarse-grained 

ruhedral pyrite. 

Very fine-grained pyrite ranges from less than 5 micrometres to approximately 15 



Figure 4.12: Dolomitized oolitic grainstone, with preserved secondary 
porosity ; showing authigenic quartz needles growing into the void. Sample 
14. PTS, PPL, FOV = 0.85 millimetre. 

Figure 4.13: Stylolite developed in the interface between two sediments and 
showing concentration of authigenic quartz and insoluble matenal such as 
organic matter and sulfides. Note the contrasi between the concentrations of 
quartz in the sediments and in the stylolite. Sarnple 34, PTS, PPL, FOV = 
2.15 millimetres. 



Figure 4.14: Authigenic quartz nm around a detrita1 quartz grain noticeable 
by the fluid inclusions araind the formergrain. Sample 26, PTS, PPL, FOV = 
0.85 millimetre. 

Figure 4.1 5 : Authigenic quartz rim m n d  detrital quartz displayed in radial 
fom around the detritic grain. Note the presence of pyrite (opaque) in the 
Iayers of a cortice and a sulphide grain sourrounded by authigenic quartz 
healing porosity(qtz). Sample 2 1, PTS, P L ,  FOV = 0.85 millirnetre. 



Figure 4.16: Oolitic gminstone showing radial cortice of mi& replaced by authigenic 
quartz preserving the radial arrangement, suggesting that replacement occurred early 
before transformation of the rim to more stable forms of calcite. Note the deformation 
due to packing and the pressure soiution contact of ooids. Note also the presence of 
euhedral quartz around ooids; the texture suggests that the ooids resisted compaction and 
were present before bunai. Sarnple I T H 4  PTS, XPL, FOV = 2.15 millimetres. 
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Figure 4.1 8: Megaquaitz healiag i nterparticular porosity, increasing in size towards the 
centre of the intergranular space. Note the presence of very fine-grained pyrite included in 

Figure 419: Dolornitic siltstone showing fibrous microquartz displayed as a rim in a 
dissolution cavity and filled towards the centre by Less-ordered foms of s i l iq  probably 
opal. This texure is interpreted as the result ofthe replacement of gypsum nodules by silica. 
Sarnple 67, PTS, PPL (lefi) and XPL(right), FOV = 5.4 millimetres. 



Figure 4.20: Siltstone showing fibrws and microcristalline quartz as a rim, 
replacing a mould of an evaporitic mineral, probably gypsum. Sample 68, 
PTS, PPL (upper), XPL (lower), FOV = 2.15 millimetres. 



micrometres in size (Fig. 4.2 1 ) and consists for the most part of disseminated euhrdral 

grains. This type of pyrite is also seen as clusters, including spherical aggregates 

identifisd as framboidnl pyrite (Fig. 4.22). This pyrite is invariably associated with 

c:irbonxeous matter. Presumably the organic matter encouraged anaerobic sulphate- 

reduçing hi1çtrri;i to produce the sulphidr now found in very fine-grained pyrite 

(Trudinger ct al.. lC)S5). 

Soiiic ~ioids witli multiple cortex layers have very fine-grained pyrite between their 

I r  F i .  4 . 3 .  This texture indicates the entrapment of organic mrittcr between 

I;iycrs o f  the cortcu ;ind tlic çreation of local reducing conditions. The presrrvation of 

rt.dricin2 wnilitirms by ihe ovcrgrowtli of the next cortex Iayer woulcl assure ri reducing 

ri1 icrocii v i ron~ticri t &spi te possi bl y ügitated tind ox ygenatsd waters in the immediiite 

\~ i r rwnd ings .  Sdph;itt.-rcd~icing b;içteria feeding on the orgrinic militer could then 

proiiiicc ttic siilpliitlt. ro fom intrrlayer pyrite. 

Vcry Cine-graincd pyrite ülso occurs between layers in oncoids. a sedimeni fomed by 

iilgnc cnçrust:itions. In siich case. organic mütter wûs ngain availüble for local bacterial 

rcdiiciion <if s~ilpt~;itc. 11 is üIso possible to sec pyrite in the nucleus of ooids that include 

c:irbonaccous niud (,former algar) (Fig. 4.2 1 ). 

Pyritc is dso prescnt in a very fine-gaineci habit around ghosts of recrystallized shells 

or ollochems: somr such ghosts are recognizrible only by a thin rnould of rnicrite 

(micri t ization includes the phenomena of algae boring and burrowing) and in rnicritized 

scdirnents brfore the arriva1 of sparry cement (Fig. 1.24). In some carbonaceous 

siltstones, very fine-grained pyrite forms up to 30 or JO% of the rock. with pyrite 

çcinccntrrited in bands don_g bedding planes. This pyrite is also present within thin 

I rim i notions of dg1 origin. as in stromatolites occupying fenestrd porosity (Fig. 4.25). 

This lithology is panicularly known for the developrnent of framboidal pyrite. It is also 



Figure 4.2 1 : Disseminated fine-grained pyrite showing a concentration in a 
micritic core ofan ooid. SampleJDH-84, PTS, RL, FOV =OB5 millimetre. 

Figure 4.22: Cluster of fine-grained pyrite showing frarnboidal texture. 
Sarnple P S  3, PTS, RL, FOV = 0.15 millimetre. 



Figure 4.23: Oolite showing preserved clusters of 
between concentric codce layers. Sample 80,PTS, 
millimetre. 

fine-grained pyrite 
RL, FOV = 0.34 

Figure 4.24: Micritized grainstone showing aggregates of fine-grained 
pyrite marking the contours ofghost ooids and coinciding with the preserved 
micritic envelopes. Sarnple 80, PTS, RL, FOV = 1.7 rnillimetres. 



py%te arranged dong microlaminations (P) interPret& as former algal colonies wi th 
fenestral porosity. Note the presence of a large pyrite aggregate. Sample 75, PTS, 
PPL, FOV = 2.15 millimetres. 

(sëe within a micriticdoch&~ upper la). Note the euhedral coarse-grained pyrite 
which has formed from fine-grained pyrite, suggesting recrystdlitation of fine-grained 
pynte. Sample 80, PTS, RL, FOV= 0.34 millimetre. 



possible to see pyrite in bioturbations. where pelloids are an important source of organic 

matter. Pyriiic nodular aggregates also form in interparticular spaces and are up to 1 or 

2 centimetres in  size (Fig. 4.10). 

Coarse-grained euhedral pyrite, the second texturd type, is typically larger than the very 

fine-grained pyrite drscribed above: grains comrnonly rneasure 25 to JO micrometres in 

size. This pyrite is as common as the vrry fine-grained type. It commonly occupies 

intergrnnular spaces rather than being present in allochems, in matrices or in cements. 

In some crises. aggregatrs of vrry tïnr-grained pyrite are partially redistributed and 

:ii~nealed locrilly to form coarse-grriined euhedral pyrite (Fig. 4.26). 

Nrither type of pyrite h:is bcrn identified in wociation with any non-primary 

scclinientary structure. Very tïne-grained pyrite is interpreted to be an early diagenetic 

mineral. as suggrsted by its occurrence inside ooids and oncoids and by its association 

with micritization. Coarse-gnined pyrite is interpreted to be a paragenetically later 

occurrence, probably formed in large pari by recrystallization of the very fine-grained 

vnriety during sediment compaction andor during basin deformation. 

4.5 Gypsum 

This minerai is the only sulphate observed by the author in the Yacoraite Formation, 

ülthough barite and anhydrite are drscribed by Espisua et al. (1983). Severaf textural 

types of gypsurn are present: idiomorphic crystals (gypsum laths). veinlets filled by 

polycrystalline aggregates. gypsum nodules and poikiloblastic cernent. 

Base-metal sulphide pseudomorphs after idiornorphic gypsum laths are present in some 

dolomitized oolitic grainstones of the Lower Yacoraite (Fig 4.27). These pseudomorphs 



Figure 4.27: Pseudomorphic laths after gypsum. A, dolomitized grainstone showing 
sulfide pseudornorphs afier gypsum laths. Gypsum is interpreted as being a very early 
cernent deposited in interparticdar spaces. Pyrite probably formed by early reduction of 
su1 phate by anaerobic bacterid activity. Sample 20, PTS, PPL, FOV = 2.15 millimetres. B, 
detail of the sarne sulphide grain as in figure A, identified as chalcopyrite. RL, FOV = 1.7 
millirnetres. C, sulphide pseudomorph afteragypsum lath showing penetration into an 
ooid, suggesting that replacement by a more competent material predated packing visible 
elsewhere in the sample. Sample 21, PTS, PPL, FOV = 2.15 millimetres. D, sulphide lath 
after gypsum, not deformed, showing the 100 plane; in a packed and dolomitized 
grainstone. Sample also show preserved secondary porosity. Sample 22, PTS, PPL, FOV = 
2.1 5 miIlimetres. 



represent preserved. isolated, very early diagenetic. idiomorphic gypsum crystals, about 

1 to 2 millimetres in length, fomed in open spaces around ooids before the complete 

healing of the pores by carbonate cernent- The gypsum laths, so formed and replaced by 

the more competent base-metal sulphides. were not readily defonned or broken during 

subsequent diagenetic compact ion. indicating a relative1 y earl y emplacement of the 

su1 phides. 

Pol ycrystalline veins and veinlets containing gypsum are cornmon in the Yacoraite 

Formation (Fig. 4.28). They are formed of subidiomorphic aggregates of gypsum 

crystals averüging about 20 micrornetres in length. and oriented perpendicular to the 

walls of fractures. Such fractures cut through primas, sedimentary structures. indicating 

ihrit this gypsum post-dates both diagenesis and deformation. 

Nodules of gypsum. fomed of subidiomorphic crysials about 0.5 to 0.8 millimetres in 

dirimeter and disposed in  radial form. are present mainly in the Upper Yacoraite 

siltstones (Fig. 4.29). The displacement of bedding during their growth indicates 

formation within an unlithified sediment and iherefore during early diagenesis. 

Finally. gypsum is also seen as a cernent consisting of aggregates of subidiomorphic to 

idiomorphic crystals of variable size (averaging 0.4 rnillirnetres in length) and growing 

in dissolution cavities (Fig. 4.30). This occurrence is constrained to the subaerially 

sxposed calcareous rock types of Cerro del Plomo and Cerro del Cobre. It is not 

observed deeper thün the present supergene alteration zone and. because of its 

occurrence in pores created by dissolution during recent exposure, this gypsum is 

interpreted to post-date ail previous events including sedimentation, diagenesis. 

defornation, and presumably ore deposition. 



Figure 4.28: Gypsum filling a fracture in a silicified siltstone. Sample JDK 
8- 12, PTS, PPL, FOV = 2.15 millimetres. 

Figure 4.29: Displacive nodule ofgypsum in a calcareous siltstone from the 
upper Yacoraite. Sample 68, PTS, XPL, FOV = 2.15 millimetres. 



Figure 4.30: Poikiloblastic gypsum cernent occluding secondary porosi ty 
created by dissolution. Sample JDH-8-4, PTS, XPL, FOV = 2.15 
millimetres. 

Figure 4.3 1 : Authigenic feldspar showing inclusions of calcite. Sample 
2 1, PTS, XPL, FOV = 0.85 millimetres. 



4.6 Feldspars 

These minerals were observed as detrital grains and authigenic overgrowths. Detrital 

grains consist of potassium feldspar and. more rarely, microcline and plagioclase. 

Grains are subangular to subrounded, and the average size is medium sand. Alteration 

(weathering) of grains is not seen. Authigenic feldspar is observed as overgrowths on 

detriid grains (Fig. 4.3 1 ). 

4.7 Phosphate 

Collophane is seen only in remnants of various aquatic life-foms such as tkh  or in 

iieirit:il bone frqrnents ranging up io I millimetre in size (Fig. 4.32). Some fragments 

Iiave pyritic fringes where organic rnatter produced reducing conditions suitable for 

mnerobic bacterial iictivity. The fragments are isotropie undrr cross-polarized 

trrinsmitted light. 

4.8 Hydrocorbons 

Vestiges of hydrocarbons are observed in the intergranular porosity of certain rock 

types, such as grainstones and packstones. in which case the hydrocarbons are most 

abundnni in the most permeable fraction of the sediment. More commonly, 

hydrocarbons are associated with fractures that crosscut stratignphy, including 

allochems. cements and matrix materiai (Figs. 4.33 and 4.34). The hydrocarbons rernain 

soft and resemble tars. They occur in and nearly fractures and therefore the introduction 

of hydrocarbons is interpreted to post-date these fractures which are related to late 

de formation. 



Figure 4.32: Phosphatic (P) remnants, interpreted to be cellophane, in a 
greywacke with partially silicified rnaûix. Sample 6, PTS, PPL, FOV = 
2.15 millimetres. 

Figure 4.33: Fracture developed in a finely laminated siltstone showing a 
fracture that crosscuts stratification (visible on the side of the sample); the 
fracture is filled with hydr&on. Sample 6, CS. S d e  is in centimetres. 



Figure 4.34: Hydrocarbon occupying a Iate fracture in a grainstone. Note 
that the fracture cuts through cement and allochems. Note the occurrence of 
hydrocarbons in the fracture and in the intracrystalline space (arrow), 
suggesting a late timing. Sample 79, PTS, PPL, FOV = 2.1 5 millimetres. 



CHAPTER 5 

MINERAGRSPHY 

5.1 Introduction 

Descriptions of the polished ihin-section mineragrriphy. zoning and paragenetic timing 

0 1 '  hotti primiiry t hypogcne) ;ind then secondiiry (supergene) rninernlization are given in 

ihis h p t c r .  Thc thin-sçction pctrography of the rnineralized units. describecl in Chiipter 

4. is ;ilso rcierrcd ro herc in discussions of the sulphide minerdizrition. Pyrite. n pre-ore 

iiiincrcil iilreüdy clescribed in Chapter 4. is included here ris part of the sulphide zoning 

only. Sarnples for this stiidy are from drill cores and surface exposures (Figs. 5.19. 5.20. 

7.2 1 .  5.22 and Appendix 2). 

5.2 Primary Minernlizntion 

The dominant style of primary mineralization at Juramento consists of disserninated 

su 1 phides. Although seemingl y nndomly disseminated. the quanti ty and distribution of 

sulphide grains varies grently across the lithostratigraphic units and apparently in direct 

proportion to the primary porosity of the host-rock: grainstones and packstones are 

clerirly more highly rnineralized in most cases than siltstones and mudstones. An 

exception io this last statement is the presence of mineralization in burrows in 

mudstones. a case where again the p n m q  porosity is locally high. 



Al1 of the following descriptions result from petrographic and mineragraphic studies 

under bot h trcinsmitted and reflected light. Textural observations under reflected light 

were iised to determine the relation between sulphides and then to constrain the relative 

appearance of the various sulphides. The following primary sulphides have been 

identifieci: bomite. chalcocite. chalcopyrite. galena. sphalerite and tennantite- 

tetrrihrcirite. Tliey are presented below in apparent ordrr of deposition within the 

Y;icor;ii te host-rocks (Fig. 5.1). 

Sptiolrritc is common in dl drill holcs as well as in niony outcrops. It is rnost 

cominonl y prescnt üs irregular disse minated p i n s  and spürse idiomorphic grains. The 

grain size is variable. ranging from approaimütely 100 micrometres in siltstones. to 

more thm 2 mil limctres in the intragranular and mouldic porosity of some grainstones. 

Cndçr transmitted light. sphalerite may show growth bands. Also. sphaleriie contains 

;ibundrint fluid inclusions. generally less than 5 micrometers in  size. as well as soiid 

inclusions (ciark material in transrnitted light) that are presumed to be organic matter. In 

addition to its abundance as disseminiited grains, sphalerite was observed in some 

microscopic-scale veinlets (typically 5 to 15 micrometres wide and 0.3 to 2 millimetres 

in length). Cnished grains of sphalerite were also observed in secondary stylolitic 

porosity (Fig. 4.7). 

Sphderite is consistently associated with pyrite and galena. Where associated with 

pyrite. i t  replaces the pyrite, fonning rims on and in many cases occupying the spaces 

between euhedriil fine-gnined pyrite in pyritic aggregates (Fig. 5.2). Also, 

pseudomorphs were observed after very fine-gnined euhedral pyrite. Where associated 
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Figiirc 5.1 : Paragenctic sequence for the identified sulphide and alteration minerais from 
polishcd thin sections and polisbed sections of Juramento. Sec text for explanations. 



Figure 5.2: Sphalerite (sph), light grey, replacing an agglomeration of fine-grained pyi 
(py). Sample JDH 08- 16, PTS, RL (oil immersion), FOV=O. 12 miiiimetre. 

rite 

Figure 5.3: An assemblage of galena and sphalerite. Galena (gn) shows undistut 
cleavage and foms a rim around sphalerite (sph). Note the intergranular position of 
assemblage. Sarnple 27, PTS, RL, FOV= 1.7 millimetres. 

%ed 
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with galena. grilrna replaces sphalerite. commonly foming nrns dong the bordrrs of 

sphnleritc grains (Fig. 5.3). 

Sphaleri te is present throughout the Juramento stratipphic section. In the lower to 

niitldle Yncoraite. i t  is observed as remnants within other sulphide assemblages such as 

cti;ilcocite-hornite and chalcopyrite (Fig. 5.5). Sphalerite becomes more abundant than 

plen;i towards the iniddle-upper Yacoraite where i t  is the dominant sulphide togcther 

ii.iili pyrite. Townrds tlie top of the Yacoraite Formation. the sphalerite abundnncc 

~lccrc;iscs ivitl i  rcspcct to pyrite. the dominant sulphide. 

Siilpliiir isotopcs v;iliics for sphalerite ( n  = 2) clearly differ from those of pyrite: they arc 

distirictly Iw;ivicr. ranging froni -25 to -8%. compared with the range for pyrite of -4.1 to 

- 2 S f L  ( Fis. 5.4. 

G:ilcn;i hirms isolatcd grains and also rims sphalerite and pyrite (Fis. 5.3). The grain 

sizc is higlily variable. rünging from 40 micrometres to 1 or 2 millimeires in diameter. 

G;ilcna in variab1 y occupies the primary intergranular or secondary mouldic porosity as 

itpcll ns burrows. Gnlenû is generally more abundant toward the top of the middlr 

ir:ic»rnitc :ind rnrcly down to the base of the upper Yacoraite. although it is seen as 

inclusions in borni te. chalcopyrite and chalcopyri te-tennantite/tetrahedrite through the 

l o w r  scçtions of the Yacoraite (Fig. 5.6). Espisua and Amengual (1983) report 

ncpligiblr silvrr in this sulphide. 

Sorne galentt p i n s  show deformed cleavages, suggesting their emplacement before 
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F i e  5.4: S d h r  isotope data frorn selected samples from Juramento. See text for 
explanations. 



Figure 5.5 : Assemblage of chalcocite (cc), bornite (bn) and sphalerite (sph). Sphaleri te i s 
replaced by bomite and both are replaced by chalcocite. Note the presence of chalcopyrite 
(yellow) in the crystalline structure of bomite only; this texture is interpreted as an 
exsolution. Sarnple 55, PTS, RL, FOV= 1 rnillimetre. 

Figure 5.6: Galena and sphalerite grain replaced by a temantitehetrahednte (tdthd) - 
chalcopyrite (cpy) assemblage dong edges. The texture is interpreted as sphalerite and 
galena preceding the cupnferous minerais. Sample 56, PTS, RL, FOV= 1 millimetre. 



strong compaction or tectonic deformation of the sediments (Fig. 5.7). Galena is also 

observed in association wi th sphalerite in veinlets, ris described for sphalerite above. 

Thc sulphiir isotopic analysis of ri galena-sphalente-chalcopynte (n = I )  assemblage 

gnvc a value of cippronimntcly -8%. clearly heavier than pyrite. as is the tendency for the 

siilphiir isotopic composition of mosc ore-stage mincrrils (Fig. 5 .  I ). 

This siilphos;ili is thc orily silver-be;rring minrrnl tlctecied chiring the study of polished 

t l i i i i  sections. Ttic cimiposition has bern detrrmined by EspisCa et al. ( 1983) iisins X- 

r;iy clift'r:iciiori :irid microprobe ;inalyses. Thesc authors statc thnt the tetrühedritr 

cornpontxi is grcciter than tennantite. Tennantitç-tstrahrdrite is not obvious i n  hand 

sciniplcs. hiit wcis reiidily detectrd in polished thin sections wherr it is typically 

:issuciaicd n.iili chûlcopyrite eind cornmonly foms nûrrow rims riround galena and 

sp1i;ilcritc r Fips. 5.6 and 3.8 I .  Tennantite-tetrahedrite wris nlso observed ris inclusions 

;inil ~ i s  penetrating winlrts in deformed gnlena and sphülerite in veinlets from outcrop 

somplcs froni Cerro del Plomo. In detail. the rims of tennantitehetrahedrite-chalcopyrite 

o r 1  gnlcna-splialcriie assemblages are composed of iqgregates of srnaIl idiomorphic to 

suhidiomorphic p i n s .  10 to 30 micrometres in size. The presence of tennantite- 

tetriilictlriic clcarly dcpends on that of chalcopyrite; on the other hand, it may be 

cissocinted witli galcna biit not invarinbly. 

The clistribution of tennantite-tetrshedrite is closrly related to that of chalcopyrite and to 



Figure 5.7: A gaiena grain with defonned cleavage. This observation suggest the 
rnineralization prîor to deformation or strong compaction. Sarnple JPS-4, PS, RL, FOV= 
0.87 rnillimetre. 

Fi pure 5.8: Temantitdtetmhednte (Wthd) associated with chalcopyrite (yellow), replacing 
a grain composed of galena (gn) and sphalede (sph). Note that chalcopyrite is located in the 
n ms and in between the contact of galena and sphalente ( m w s ) .  See text for explanation. 
Sample 63, PTS, RL, FOV=0.2 rnillimetre. 



the primnry intergranular porosity of the lower to middle Yacoraite; i t  may coexist with 

galena-sphnlcrite in the middle to upper Yacoraite. 
C 

5 .?A Chalcopyrite 

Tliis iron-riçh ciiprikroiis sulphide was observed es single isolnted xenomorphic grains 

;ind oggreptes of suc11 p i n s .  as well as pscudornorphs after both gypsum laths and 

w r y  fine-gr~iincd eu hedral pyrite. It  ülso forms rims aroiind psrngencticall y earlier 

siilphidcs (cspcçinlly sphtilcrite and galcna). The sizç of individual chiilcopyrite grains 

wrics. frorii IO to 200 micromctrcs in s i x .  

I t  ocwrs ns pscudomorphs ;ifter gypsum 1;iths in clolornitizcd oolitic grüinstones (Figs. 

4.27 ancl 5.9). The pseudomorphs Vary up to I to 2 millimetres in Irngth and are locnted 

in thc prirnary intergranular porosity of the grninstone where the gypsurn cernent had 

scoled ttic pores. with a Iûtr dolomicritic cernent. The pseudornorphs are only weakly 

dcfomcd çompnred to the obviously strong prickins of ailocherns (flattened ooids and 

spollcd cortices) sern in the siime poiished thin-sections. 

Chrilcopyrite rims and includes pyrite. sphalerite and galena. and where found in  contact 

with othcr cupriferous sulphidcs such as bomite and chrilcocitr. it  is rimmed by these 

piirageneticülly Iüter ore-stage sulphides ( Fig. 5.10 and 5.1 1 ). Chalcopyrite commonly 

foms rims iiround sphnlerite and gnlena and is integrown with tennantite-tctrahedrite 

tFig. 5.8). 

One unusual texture repeatedly seen consists of a narrow band of chalcopyrite between a 

rirn of galena partially replacing sphalerite: generally chalcopyrite replaces galena but in 



Figure 5.9: Chalcopyrite pseudomorphic after gypsum laths in an wlitic grainstone. Note 
that the lath penetrates an ooid suggesting replacement before compaction. Sample 20, 
PTS, RL, FOV= 1.7 millimetres. 

Figure 5.10: Chalcopynte (cpy) replacing sphalerite (sph) and both replaced by chalcoci te 
(cc). Sample 60, PTS, RL, FOV= 0.2 millimetre. 



Figure 5.11 : Chalcopyrite (cpy) grain replaced by bornite(bn) and later by chalcocite (cc). 
This texture suggests that chalcopynte is eariier than bomite and that chalcocite is the latest 
minerai. Sample 58, PTS, RL, FOV= 0.2 millimetre. 

Figure 5.12: Replacement of a galeua-sphalerite grain by chalcopyrite (arrow). Note the 
location ofthe chalcopyrite in the boundary between galena and sphalerite. Sample 56, PTS, 
RL, FOV= 1 millimetre. 



this case the chalcopyrite appears to occur spatially and pangenetically between early 

sphalerite and later galena (Fig. 5.12). However. on closer inspection, the same 

chalcopyrite clenrly rims and veins galena in many cases, and thercfore the apparent rim 

of y lena  over chalcopyrite is cictually a case where chalcopyrite preferentially seeks to 

replace rcmnnnt cores of sphalerite rather than the rims of galena. In effcct. the 

sphalerite reprcsents a more i~nstable sulphide thm p l m a  in the prrscnce of a 

cuprifr.rous solution. ~ind nt the rnicroscopic scale. the chiilcopyritc represents solid-state 

diffusiori iicross grilenri to rerich the core of sphdcrite (or the chdcopyrite rcxhed the 

core sphdririte via ininor veinlets not secn in the two-tlimension;il plane o f  the polishçtl 

wction). 

AIS». cliiilcopyritc was observrd in stylolites which hllow dong bctlding pliincs ;ind in 

;i fc\v ~ i s c  the stylolites abniptly crossciit stratizraphy: thest. stylol itcs wcrc rnist;ikrn bw 

winlets i n  carlier reports. giving the faix impression ihat 3 struciiir;tl control of coppcr 

criipl;içerncnt \vas important at Juramento. 

As for thc stratigraphie distribution of chrilcopyrite. ii w;is observd ns trüces within the 

clialcocitehorni tc-dominani assemblage in the lower Y iicorriite (sec below ). is n 

dominant phase in the middle Yacoraitr. and is rare again in the transition into the 

pyritic upper Y;icoraite. 

Chalcopyritr-dominant samples (n = 3: Fig. S .  1 )  show a sulphur isotope range from -25 

to - 1 2% and chalcopyri te-galena-sphalcrite assemblage shows a value of - 8 l c r .  Note 

tliat chalcopyrite has approximately the same values ris carlier ore sulphides and is 

consistent1 y heavier isotopically than pyrite. 



5.2.5 Bornite 

Bornite was obsrrved as irregular disseminated grains, as aggregates of fine grains and 

a s  pscudomorphs nfter very fine-grained euhedral pyrite. Individual grains within 

ilisscininatcd grains iind aggregates of bomitc Vary in  size from 10 to more than 800 

iiiiçroinctres in diame ter. They occupy primary intergnnular and sccondary dingenet ic 

porositics. 

T\w d isiinct varie t ies of bornite were found: a so-cal led "anornalous" or "pink" bornite 

cimitionly considcrcd sulphur-rich, and a purple bornite commonly considercd sulphiir- 

poor ;ind copper-rich (Rrinidohr. 1969)(Figs. 5.13 iind 5.14). Purplc. bornite is observed 

only in s;iinplcs from the lower Yxornite. whereiis pink bornite is found t» have ;i lcss 

rest i-ictcd rlistri hiition extending over the lower anci middlc Y;icor:iite. Pink hornirc is 

iiiorc ;ihiind;int thün the purplr variety. 

The niost common bornire occurrence is ;i contact association with chalcocitt. (sec 

bclinv) in which chûlcocite forms irregular rims around bornite (Figs. 5-13 and 5-15): in 

niost cases. the bornitc in contact with chalcocite is purple. Bornite also lorms a 

boiinclory contact with paragenetically earlier sulphidrs such as sphalrritr. grilcnn and 

ctinlcopyrite. Inclusions of pyrite are common. Bornite is found from the lower 

Yacoroitç iip to the transition into the middle Yaconite. As with chalcopyrite. borniie is 

h i n d  in stylolitic structures in some cases. 

Pink bornite may include a basket-weave intergrowth of chalcopyrite larnrllae (Fig. 

5.161. This texture is genenlly interpreted as on exsolution of chalcopyrite resulting 

from rvcesses of suiphur and iron in the host bornite. Such "anomalous" bomite coiild 

br a metristable "redbed copper" formed initidly during rapid crystallization at low 

temperatures t Yund and Kullerud. 1966). During subsequent mild annealing. as during 



Figure 5.13: Purple bornite showing a narrow irregular replacement rim of chalcocite. 
s&nple 3 1, PTS, a, FOV= I rnillimetre. 

Figure 5.14: Pink bornite in interpartiaila porosity. Sample 57, PTS, RL, FOV= I 
miilimetre. 



Figure 5.15: Purple boniite replaced by chalcocite. Note the presence of some chalcopynte 
with the bomite. Sample 92, PTS, RL, FOV= I millimetre. 

Figure 5.16: Pink bomite showing basket weave exsolution of chalcopynte. See text for 
explanation. Sample 62, PTS, RL, FOV=0.2 millimetre. 



host-rock burinl, elements in excess may exsolve to f om chalcopyrite along the 

crystrillogrüphic planes of bomite. Brown (1971) showed that a temperature of 75°C 

wris sufficient to incite ihis exsolution frorn the pink bornite of the White Pine deposii. 

Tlic sulphur isotopic composition of bornite (n = 1 ;  Fis. 5.1) is approximately -107cc. 

; y i n  showing tlini bornite. as with othrr ore sulphides. is isotopically heavier than 

pyritci. 

Ctinlcocitc i s  ;i common tlisseminnted copper-rich siilphide. ;ilthough it is subordinnte in 

;ihiiiitiance to hornite. Typically. individual chiilcocite p i n s  are irreguliir in shnpe and 

of varinhlt. s i x .  riinging frorn IO io more thnn 200 micrometres in diametre (Fig. 5.18). 

It  is ohscrvcd as rims riround d l  earlier sulphides and is not seen as inclusions in 0 t h  

sulpliidcs. The most common contact relaiionships are with bornitr (gencrnlly the 

purple type, ;incl chalcopyriie (Fig. 5-17) 

Most of the chülcocite occupirs pnmary intergnnular porosity. Its occurrence is almost 

entirely restrictcd to the lower Yacoraite, aithough it has been found up to the transition 

into the mitidle Yricoraite. 

5.2 Primary Sulphide Zoning 

A metal zoning represented by prïmary sulphide minerals including pyrite is observed in 

drill core logging and analyses and in stntigraphic mapping across the Juramento area. 

For example. zoning is clearly shown in bore hole JDH-13 on Cerro del Plomo (Fig. 

5-19) in which ri section cross-cutting the stratigraphy presents a well-mineralized core 



Figure 5.17: Chalcocite (cc) replacing bomite (bn) in interparticular space. 
Note the disseminated remnants of bomite in other areas. Sample 58, PTS, 
RL, FOV = 0.5 millimetre. 

Figure 5.18: Disseminated chalcocite. Note a replacement within a 
defomed ooid. Sample 37, PTS, RL, FOV = 1.7 millimetres. 





section from the Lecho-Yacoraite transition to the upper Yacoraite and Tunal 

Formation. The zoning may be combined with the paragenetic sequence to visualize the 

overall zoning and its origin. Stratigraphically basal chalcocite rims rind replaces 

hornite which is more abundant towards upper portions of the lower Yacoraite. At the 

I;itter stnit israphic levrl. chalcoci te becomes nepligible and chalcopyrite appeürs in trace 

;iiii«unts. with bornite replacing that chalcopyrite. A few rnetres higher. in the transition 

h i n  loucr to middle Yacoraite. bornite is absent and only chnlcopyritc is observed: 

itwrr. i t  rcplriccs galena and sphalerite. Galena replaces sphderite which continues 

tip\vard replacing pyrite. In the upper Yricorriite. sphderite dccrcrises in  abundancc rind 

p'triic is the dominrint sulphidc in the transition into the Tunal Formüton. Copper-ricli 

iiiincrnls h ; i w  obviously advancrd str;itigraphicülly upwürd :rross earlier lead-rich and 

si i I l  cni-licr zinc-rich zones that repl:icç pre-ore pyrite. 

Drill Iiolc. JDH-25 on Cerro del Cobre (Fig. 5.20) also shows this general mctal (and 

wlpliitlc~ zonation. The drill hole is the least complen section at Jurarnento in l e m s  of 

i t s  r~orinnl strntigrclphic and stnictural profile. Furthemore. most of the Yacorai te 

\cet ioii is well below the influence of suprrgene onidation (scen here in the iipp-rrmost 

2 0  ro 20 nictres where the greenish ciays. silistones and carbonates of the Tunal 

Formation md the recidish ciays and sandstones of the Santa Barbara Subgroup. are 

oliscrwd). The drill hole crosscuts the lower, rniddle and upper Yacornite Formation 

;ind the lower end of the hole penetrates a few rnetres into the Lecho Formation. 

The abundance of copper in this drill hole is low compared ro other drill holes. 

Ncwr~heless. the copper-rich sulphide chalcopyri te is obssrved in the lower portions of 

ttie core where i t  replaces galena and sphalerite. Upward from the transition between 

lower and middie Yacoraite, chalcopyrite decreases in abundance and becomes rare to 

absent. and galena and sphalerite are the most abundant sulphides. Higher in the strata, 

@na replaces sphalerite. From the transition between middle and upper Yacorai te to 
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the top of the Yncoraite section, sphalerite is more abundant than galena, and it is 

observed to replace and f o m  pseudomorphs ûfter very fine-grained pyrite. Towards the 

top of the Yacoraite Formation and into the greenish El Tunal Formation, the sulphide 

nsseniblügc consists ülmost solely of pyrite. Tcnnantite-tetrahedrite are present in the 

transition betwccn the chnlcopyrite zone and the galena-sphalcrite dominant zone. 

Otticr drill holes to the south of JDH-25 on Cerro del Cobre (JDH-15. 16 and 19) 

con firni tliis sul phide zonation. The cuprif~.rous sulphides ;ire richer in copper. 

consisting of ;ibtintliint chalcociic iind bornite which show replüccments of chiilcopyriie 

mi tcririiint ite-tctrahctlritc. 

A rcni;irk:ihlc zon;ition is scen in drill çorc JDH 19 (Cerro del Cobre) I Fig. 5.2 1 ) which 

crossciirs :iri LippLircnt simple f<)lil. Frorn the collrir down. the îïrst metrcs of core 

111tcrscct ;1 tcctonically cornplex zoiic. tifter wliich the corc cuis what is interpreted to be 

iiiicldlc Y;icorriitc iind thcn o fold i n  the lower Yacornite. Still derper. the drill core 

I ~ i v e s  the tiingc of a fold and passes into the middle Yaccoraite ngain so thût the lower to 

iiiititllc Yxoraitc transition is repcated. ln thin-section siirnples of this core. the rnosi 

hiind:int sulphides in ttie middle Yacornitr are gnlena and sphalerite. with traces of 

clialcopyritr. Cholcopyrite replace galrnii. and galena consistently replaces sphalerite. 

In the lower Yncoraitc. bornite and chalcocite are predominant over chûlcopyritc. galena 

and sphaleritc. Also. chalcocite and bornite invariably rim chnlcopyrite. galena and 

sphaleritc. 

Surbcc snmples from thc Lecho Formation. md drill core snmples from the transition 

hctween the Lecho and lower Yacornite. host rnineralization in some cases. If sulphides 

;ire present. they invnriably consist of copprr-rich sulphides such as chalcocite and 

born i te. Fine-pinrd pynte associated with calcareous allochems such as lumps or 

ooids is present too (Figs. 3.3 and 3.4). 
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Ltiteral zoning dong bedding may also be seen in the above descriptions. although 

stnictur;il complications cornmonly make stratigraphie reconstnictions difficult. 

Nevsrt heless. in JDH-20 (Cerro del Cobre)(Fig. 5.22). the drill core apparent ly remains 

in the tr;insition bctween the middle and lower Yncoraite for 70 metres of borehole. The 

stilphitles stiow ;in apparent Iateral zonation consisting of a plcnn-sphalerite dominant 

:issciiibl;ige in  t lie uppcr drill section. ü chalcopyritr and thcn born ite-chelcopyri te zone 

in ihc niiddlr: drill section. and then a chalcocite-homite dominant nsscnihl;ige in the 

lov..cr wrc scctirm. Below those 70 mctres. the borehole cuts the 10wt.r Ywxiitt. whert. 

clinlc»citc and hornite ;ire the abiindent sulphides. 

L:iicr;il zoning is ;ils« ;ippnrent betwectn drill corc ticross the Jurtimcnto propcrty. For 

cu;iniplc. in JDH- 13 on Ccrro del Plomo. copprr-rich minernls arc nhiintlant in the lowr  

Y;icor;litc onci Ic;d- onil zinc-rich minerals oçcur in thc middlc ;inci uppcr Yac«r:iitc.. 

iriicrr:is in JDCI-15 on Cerro del Cobre. only minor ümounis of clialcopyritc arc seen in 

[tic Ii,tvcrrnost Yiicririiitc and lead- and zinc-rich sulphides occur in the overlying srrata. 

Frim tlicsc descriptions. n senerd mctnllsulphidc zoning san he scen t Fi;. 2 .8 ) .  A 

hrond vert içal and possible lnternl zoning of sulphidr species is ohservetl reltitivc to the 

stratigriiphic column at Juramento. In the most cupriferous sections. cupper-ridi 

si1 lpliidrs tire generally concentrrited in the lower Yacoraite and occtisionall y in  the 

iipper Lecho. nlthough in some cases they are present up to the transition betwcen the 

rniddle and upptir Yacoraitr, where they overlap the lead-dominant zone. The ;alena- 

dominant zone is mainly present in the middle Yacorüite and it dso pro~ressively 

«vcrl;rps the sphnlcrite-dominant zone towards the upper Yacoraite. Still further tibovc. 

pyrite is the dominant sulphide toward the top of the upper Yacoraite. 

Within the copper-sulphide zone. there is also û zonation with respect to the copper-rich 

and iron-bearing sprcies. Copper-nch sulphides (chalcocite. bomite) tend to çoncrntrnte 
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at the base of the copper zone, whereas the iron-rich cupriferous sulphide (chalcopyrite) 

brcomes more cornmon toward the passage to the other base-metal sulphide zones (lead 

and zinc zones). The sulphosalt, tennantite-tetnhedrite. coincides rnostly with ille 

transition bctwcen the iron-beanng copper sulphides and lead-dominant zones: it is a 

cornmon ;issoci:ite of salena and chdcopyrite. 

Thiis. tlic zon;ition eenrrally consist of copper-sulphide in a basal position. with lead- 

and zinc-su lphidc zones progessivel y higher or laterel 1 y almg ancl across strntigraph y. 

Conibining iIie apparent vertical iind Interal zonings and ihe rrlitive two-dimension 

scdcs of thcsc zoiiings. the overnll zoning rippelirs to he moderntely trmsgressive to 

hcdtiing. Th<: limitecl 1;iteral extent of the Jiirrimento m:ippins and drillin~. ris well as 

ob\.ioi~s ~ t ~ i ~ ~ t t l ~ i l l  çomple.~itics ;incl the alteration of siil phides on surface sxposiires. do 

n o t  permit ;i more cu;ict definition of the property-scalr zoning. 

5.4 Siipergene Oxide and Sulphide Minerûlization 

Superpw oside and sulphide mineralization ctt Jurnmento is obsenfed down to ;in 

nverngc depth of 70 metres at Juramento. The intensity of alteration is coincident with 

the apparent porosity of the rock and the presence of a gypsum cernent filling the 

porosity. The supeqene oxide mineralization consists of copper carbonates (especially 

malachite and nzurite). lead and zinc carbonates (e.g.. cerussite and smithsonite) and 

iron and rnangnnese oxides (cg.. limonite. hematite and pyrolusite). Secondary 

siil phides include digenite and covellite. 

Mongrinese oxides such as pyrolusite are readily seen on thin bedding laminations, 

rsprcially with dendritic patterns on outcrops. Iron oxides and hydroxides are visible in 

thin srciions associated with replaced cupriferous. led .  zinc and iron sulphides. They 



:ire ülso pressnt in voids left by former cubes of pyrite. In a few cases. unaltered pyrite 

wns sern inside allochems on outcrops (e-g.. at Cerro del Plomo). 

5 -4.1 bIdrichite ;ind Azurite 

h,ld;tchite replaccs copper su lphides in the upper parts of Cerro del Cobre and Cerro de 

Plorno. sttiining outcrops with a characteristic green colour. It fills open spnces 

produccd by the dissolution of the cernent in sornr gciinstones. It is also fo'ound ;is riins 

siirr»iinding grains of chdcocite. bornite and ch;ilcopyrite rxposcd on surfrice t Figs. 

5 . 3  :incf 5.241. 

Azurite (Fig. 5-25)  is dso  found in the supergenr alter;lti»n zone. indicating n hot iirid 

cnvironiiient relative to malachite. It is commonly prcscnt as isolrittxl idiomorphic 

cr\~~.;t;ils or agercgütes in open spûces. The size of crystcils rnrely surpiisses 0.3 mm. 

Hcnvily-mincr~lized Iraci- and zinc-bearing horizons originrilly hosting ri galena- 

sptiderite assemblage on Cerro del Cobre are overprinted near surface with a secondûry 

porosity that dlowed both dissolution and oxidation. The lead and zinc sulphides are 

rqkiced by carbonates (anglesite. cerussite and smithsonite) which fiIl  voids caused by 

dissolution (Fig. 3.26). 



Figure 5.23: Malachite (mai.) devdoped in dissolution voids. Note the fibers in a 
botryoidal-like m a s .  Note also the presence of iron oxydes (feox) as a cernent in the 
dissolution cavity. Sarnple 1, PTS, PPL, FOV= I millimetre. 

Figure 5 -24: Malachite (mal, light blue) replacing a chalcocite (cc)-boniite (bn) grain. Note 
the presence of covellite(cv) and digeaite (di) within the copper carbonate nm. Sample JPS 
3, PS, RL, FOV= 0.87 millimetre. 



Figure 5.25: h r i t e  stain in an intraparticular space of a grainstone. Note the association 
with iron oxides. Sarnple IDH-08-5, PTS, PPL, FOV= 1 millimetre. 

Figure 5 -26: Cerussite (ce) and smithsonite (sm) partially replacing galena (gn) and 
sphalente (sph) in a grainstoae. Note the lighter color of the lead and zinc carbonates with 
respect to the ooids. Sample 59, PTS, RL, FOV= 0.87 rnillimetres. 



5.4.3 Covellite and Digenite 

Tlicse supergene rninerals were observed both in the oxide zone and in the imrnediritely 

iinderlying sulphide zone. 

Covcllitc. observed in minor to major amounts in many drill holes. f o m s  veins across 

; i d  rinis :iround primary cupriferous sulphides such as chalcocite and bornite of the 

~iilpliidc zonc tFig. 5.27) and it dso occurs within rims of copper carbonates 

\tirroiindin~ rcmnant copper sulphides in the oxidr zone. suggcst ing thiit it preceded the 

1'oriri:it ion of t hc copper carbonates ( Fig. 5 . 3 ) .  

Digeiiitc is ohscrwd only in srimpies from üre:is imrnediritely helow the oxidation zone 

ir, hcrc i t fornis ri ni.; around primüry scil phides soçh as bornitc and chnlcopyrite. and 

o~cry-owths o n  sphrileritr and galena (Fig. 5.28 and 5.29). The observed covrllite rim 

aoests icsttirc t» only relatively modrst drill intersections below the oxidation zone sii,, 

rclüii\.cly moderate supergene alteniion in the Jiiramento area. 



Figure 5.27: Covellite (cv, dark Mue) replacing chalcocite (cc) and chalcopyrite (cpy). 
Note the presence of disseminated fine-grained pyrite in ttie rnarrix and inside the 
allochems. Sample 17, PTS, RL, FOV= 0.2 millimetre. 

Figure 5.28: Digenite (di) and covellite (cv) replacing chalcocite (cc). Note the bluish 
colour of the digenite with respect to chdcocite and the dark blue wvellite rim around 
the chalcocite and digenite grains. Sample 2, PTS, RL, FOV= 2 millimetres. 



Figure 5.29: Digenite (di) repiacing pink bomite (bn). Note the disposition of bomite in 
layers between cortices in an ooid. Sample 3 1, PTS, RL, FOV=0.5 rnillimetre. 



CHAPTER 6 

DISCUSSION 

6.1 <;eology and Diügenesis of the Sedirnentary Bnsin 

i\.lucli o f  oiir interpretrition of thc Juramento copper deposit is basçd upon its 

wrliiiicniüry contcxt. Witli this in mind. the following discussion presents a sumrnary of 

ilic cnvin~rinicnt o f  initial scdimentntion. follo~ved by the progressive diagenesis of the 

iciliiiiciits. indiidin- tlie emplacement of its copper-dominant mineraliziition. 

:\s sliou-n in  Clicipttx 2. the Juramento deposit is hosted principally by the carbonaceous 

c:ilc;ircoiis scdiments of the Ynçoraite Formation. a sedimentary unit deposited in 

\;ji;d I inv miirine or s;iline Iiicustrine waters: a rninor portion occurs in the immedintely 

;iilj;iccnt Lcclio Formation (Marqiiillns. 198-1: Palma. 1984. and Marquillas and Salfity. 

1988). Thc Ynçoraite and Lecho sediments stratigraphically overlie redbeds of the 

Pirguci Formation which is composed müinly of reddish conglomerates and snndstonrs 

~lcpositcd in  n rift  bnsin under a warm and cirid climaie (see Chapter 2 and Chapter 3). 

Tlie occiirrcncc of a carbonûceous unit (greybeds) overl ying large voolmes of immature 

çontincntal clastic sediments (redbeds) is si_enitÏcant because of the capacity for 

nxiclizine chloride brines in the redbeds to carry copper while reducing sulphide-rich 

conditions in the grey beds are suitable for copper sulphide deposition (Rose, 1989). The 

snme fiindamental stratigraphie units and tectonic settings can be found in many districts 

k n o a v n  for sedinient-hosted stratifom copper deposits (SHSCDsL For example, for the 



greybed-redbeds couplet, one can read of the Lower Zechstein and Rotliegende in the 

Kupferschiefer district (Rentzsch, 1 974: Jowett, 1 986, 19871, the Nonesuch Formation 

and the Copper Harbour Formation for the White Pine deposit (White and Wright. 1954, 

1966: Brown, 197 1 ), the R.2 (Groupe des Mines) and R. 1 (R.A.T. rouge) in the Shaban- 

Znmbian Copperbelt (Bartholorné. 1974; Cahen. 1974; Fleischer et al. 1976). and the 

Transition Zone and the Redstone River Formation in the Redstone (Coates Lake) 

deposit (Jefferson. 1978; Chartrand. 198 1 : Ruelle. 1982: Chartrand and Brown, 1985). 

In ail of these cxiimples and more. redocing conditions prevailed in the stratigraphically 

higher greybeds. and oxidizing conditions prevailed in the underlying redbeds. 

Although considerable variation exists among the host-rocks for sediment-hosted 

strotiform copper deposits . the Yacorÿite unit  shitres with other copper deposits of this 

type the essential charxtrristic of k ing  a reduced greybed that acted as a chernical 

recrptor for irnported mrtals. as sugpstrd in the çeneral genetic models for sediment- 

hosted stratiforrn copper deposits drscribed in the modern litrrature (for example, 

Gustafson and Williams. 198 1: Haynes. 1956: Kirkham. 1989; Brown, 1992, 1997). 

6.1.1 Environrnents of Deposition of the Host-Rocks 

Because host-rock preparation is an important factor for the precipitation of metals from 

the  ore fluids and becriuse this preparütion is a function of the environment of 

deposition. we now discuss the probable environment of deposition of the Juramento 

host-rocks. based on our observations and on descriptions of similar environments 

elsewhere. 

Although The Yacoraite Formation is generally known as a simple carbonate unit. in 

fact, in the Junmento area. this unit possesses several specific rock types that vary from 



high-energy carbonates (e.g.. grainstones and packstones) to iow-energy carbonates 

(e.g.. wackestones and mudstones) and siltstones (see Chapter 3). 

The high- to low-energy calcareous sediments. as well as the siltstones show a particular 

apparent vertical arrangement across the stratigraphie column ai Juramento. For 

instance. high-energy and low-energy calcareous sediments are abundant and thick at the 

base of the Yacoraite Formation whereas thry are less cornmon and less important 

higher in thc stratigraphy where clastic sediments become dominant (see Fig. 2.8). 

Examincd more closely. the Yacoraite sediments rnhibit other apparent vertical 

v;iriritions. For instance. oolitic-oncol itiç grainstones and ptickstones with cross- 

hcdding typical of moderate to high-energy ;inci tvave-dominüted environments 

i Grcensmith. 1989) lie in most cases on top of low-enrrgy carbonates (Fig. 6.1 ). 

Lw-energy carbonate are composed mainly of wackestones and miidstones. The 

mudstones are commonly burrowed. ii I'eüture most likcly formed within d m  or 

restricted environments such as those found in Iügoons or iit levels benrath wave action 

(Grcensmith. 1959). Because the alloçhems of some wackestones tire oncoids or 

concentric dgal concretions. a lagoonal environment with only slightly itgitated water is 

more probable. probably located behind a protection barrier ( e g .  sand bars) where 

biological activi ty is high. The fine parallel-laminated nature of the mudstones also 

suggests deposition in calm andor restricted environments. 

Clastic sediments are also important in the Yriconite strütigraphic column. especially 

towards the upper Yacoraite. In the lower Yacoraite where clastic sediments are rare. 

the siltsiones are mainly fine parallel-laminated and the principal grain size is a very fine 

silt associated with organic matter-rich laminae. These siltstones are generdly overlain 

by low-energy calcareous sedirnents and form the base of built-up sedimentary cycles. 



.- MUD FUT -. , - NEAR SHORE . O P E N  PLATFORM- 
A) (High Energy Zone) (Law Energy Zone) 

- - - - - u -.- -. Allochems 

MUD 
FLAT 

LLE_G_ENoEE!END 
1 SiltstoneslMarls 
2 Mudstones 
3 Wackestones 
4 Packstones 
5 Grainstones 
6 Strornatolitic boundstones 
7 Intraclastic Conglomerates 
-6 reccias 

NEAR 
SHORE 

OPEN 
PLATFORM 

t -  - -  . I 
Figure 6.1 : Shallowing-upward sequence. A - Sketch of the environments of deposition for 
a theoretical shallowing-upward sequence (modified afier James, 1984). B - Schematic 
shallowing-upward sequence for Juramento, see text for discussion. C- Interpreted 
shallowing-upward sequences (arrows) in the vicinity ofthe Leon adit. 



brginning with sedirnentation in  a very calm environment such as an open platform 

(James. 1984). 

Siltstones from the middle and upper Yaconite are slightly different from those of the 

lower Yacoraitr. They are associated with stromatolites (or fine cnlcareous laminations 

interpreted to be of ül_gaI origin), intraclastic conglornerates and oolitic bars. Gypsum 

nodules are also cornmon in  the upper Yaconite. Grain sizes are variable and. in some 

cases. they attain corne silt size. These coarsrr sedinients suggest a high-energy 

ç;ilçiireous sediments interpreted as having formed in shore or near-shore. clastic- 

tiominntcd environments. They could have bern deposited on mud llats or flood plains 

(PI:itt ;inci Wright 199 1 ) with associated algal mats. In this case. spor~dic storms would 

t>c responsiblc for the nllochtonous scdiments such as oolitic bars and intrüclastic 

ctiriglomcratcs. 

Thus. the Yxoraite Formation is characterized by both high-energy and low-energy 

cnvi ronments. In generil. these contrasting end members are arranged in sequences 

with passages from low- to high-energy rnvironments in  which the pelacgic clastic 

sediments and low-energy carbonates are followed upwards by high-enrrgy limestones 

and Inter by shoreline or flood plains clastic sediments. 

These characteristic shallowing-upward sequences would have formrd on stable 

carbonate platfoms (Friedman and Sanders. 1978; James, 1984: Tucker and Wright. 

1990: Friedman et al.. 1992) where the rates of sedimentation are greater than the rate of 

subsidence (James. 1984) and where successive sediments are deposited in 

progressively shallower waters. 

Such shallow ingupward sequences are found in lacustrine low-gradient ramp margins 

(Tucker and Wright. 1990), as in the lacustrine Eocene Green River Formation in the 



western United States (Williamson and Pickard, 1974) and in the modem lake sediments 

of the East African Rift (Kendall, 1969; Readings. 1982: Platt and Wright, l95) 1). 

Tliese basin environments are paralleled in the luramento area by two positive elements 

in the nonhwestern portion of the Metan sub-basin (see Fig. 2.6): one is a swell (basin 

hit-11) ;incl the otlier is the margin of the Salta-Jujuy high. The Salta-Jujuy high slowly 

siibsided during Creixeous tirne and acted as a stiible platforrn throughout the existence 

of the S;ilt;t B;isin (Marquilllis mi Siiltïty. 1988). 

Our stiitly of the Jurnrnento sediments suggests os well that sediments of the iipper 

Yxuraite occurrcd without neccl for tectonic control on sedirnent;ition ancl hcics 

locrition. That control woulci have bcen an t.nvirnnmt.nt:il control on the writsr Ievel. 

dlowinp clastic sçdirnents to progress and to bccome dominant over the cdcareous 

seciiinents. 

Anicnguiil and Espisiiti ( 1983) describrd the Juramento rocks as having been deposited 

in a scibkha environment. but _rave few drtails lo support their intrrpretations. For 

example. there is no direct evidence of extensive evaporiiic beds in the Yacorriite. at 

Içast in the Juramento area. However. gypsum laths served as an early cernent in oolitic 

grainstones and pypsun~ nodules rire common in the upper Yacoraite. 

More complete and detailed descriptions of the scdirnentology of the nrea are discussed 

by Marquillas (19841. 1986) (Chapter 2) for a sector approxirnately 15 km to the 

southwesi of Juramento. After descriptions of the rocks types and their relative 

locations. Marquillas made a statistical analysis of the frequency of sedimentological 

transitions. and found a cyclicity in sedimentûtion. Cycles begin with low-energy 

sedirnents (mudstones and wackestones) that evolve upward towards high-energy ones 

(pinstones and packstones). as seems to be the case for the Juramento ûrea (see 

above). 



Palma ( 1984) did work similar to that of Marquillas but in the northem portions of the 

Siiltii-Jujuy high (in the Tres Cruces sub-basin: Fig. 2.5) and found the same suite of 

scdiments and transitions as Marquillas. He also found that the secliments were 

clcposited both in low-energy near-shore rnvironments and in moderüte to high-çnergy 

i i .es. wwè-dominatcd) transitional environrnents. and in accordrince with variations of 

woter levrl in the tipper Yacorüitr. Bassed on sedirnentologiciil and friuncil evidence. 

Piilma c<includt.cl that the sedirnents of his study areri rire lacustrine. In addition. he 

ilcsçrihcd the Tiinal Formation lis a fluvial-dominateci tlood-plain scdirncnt. 

C;inioin ct A. ( 1994 worked on the El blolinu Fom~ition in the Central ,\nds;tn Brisin 

of Dolivin (Fig. 2.51. They agree with the facies rnodcl presented by Pnlm;i and su~_gest 

rli;it itie wtiimtmts rcpresent an open perenniiil I;ike diiring the tleposition of the Lower 

El Molino Formation tind an ephrrnrrnl Iske for the Upper Ei Molino Formation. For 

the Luwcr and iMicirlle El Molino Formation. they describcd the srime lacustrine fricies as 

P;ilin;i dcsçribeci for the Yncoraite Formation. They also concluded thnt. in the case of 

t hc Upper El Mol ino Formation. flood-plain and shallow-water calcüreous scdimrnts 

wcre dcposited in an ephemeral Iake environment. In ihis stratigraphic portion of the El 

Molino Formation. they nlso noted evûporites (sulphatrs and chlorides) townrds the 

ccntrc of thc brisin. 

In oddi tion to similnrities between the stratigraphic sequcnces at Jurnmento and the 

strata described by Mnrquillas and Palma in other sectors of the basin, and by Camoin in 

othçr portions of the Cretaceous rift, we can add important sedimentological fentures 

thrit seem to support the Juramento section as shallow marginal lacustrine scdiments. 

For example. the oolites which form grainstones and packstones in the Yxoraite 

Fomiation are large compared with oolites forming in the modem marine environment 

of the Biihnrnas (Tucker and Wright. 1990); at 0.7 to 1.2 mm in size. they are two to 



t hrcc t i mcs Inrger than bahamites. Also. the Yacoraite oolites typically have radial 

çortices likely to have formed in saline lakes where the cortex-forming mineral is 

xyonite: a modern example of lake-type oolites is found in the Great Salt Lake of Utah 

( Eiirc11y. 1 966: Snndberg. 1980: Dean and Fouch. 1983). Large lakes of this type tend to 

fmii i i i  intracrütonic rift basins, such as those of the Basin and Range Province and of 

ttic E;ist Atric;in rift (Tiercclin. 199 1 ). 

Siicti tcctonic scttings would be appropriate for dcposition of the Yacoraitc sediments. 

Xloreovcr. t hc fincl y and evenl y laminateci. orgnnic matter-rich strom:itoli tes foiinci üt 

Iiir;iiticnti> arc clinrectrristiç of the near-shore facies of saline lakcs (Tucker and Wright. 

1000) ;ind they rcsemble those of the lacustrine Eocene Green River Formation of the 

n.csic.rn Ilnitcd States (Hoffmün. 1997. persona1 communicütion i .  In addition. 

hi-ophyics foiintl ;it Juramento ancl in other areas of the Salta hüsin iire typic~il of I;ike 

scdiiticnts c l'vlussricctiio. 1972: Palma. 1984; Marquillas 1956). 

1-lowvcr. thcrc is ;1 Inck of cxtrnsivr rvaporitic sediments in the Juramrnto nrea. If 

wcti ssdimcnts rsistrd possibly they were removed in the vüdose environment. 

Nc.\~çrthcless. i t  is çomrnon to see displûcive gypsurn nodules in the silistones in the 

iippsr Yncixnite: in some cases, the nodules are replacrd by quartz (see "Syndiagenesis" 

t-rrIow 1. It is dso notable that in this siltstone section the dominant sediments are tlood- 

pl:ii ri deposits rüther than carbonates. The latter wouId be characteristic of a low-energy 

shoreline environment where stromatolites could be common. 

In smmriry. the rock types of lower Yacoraite in the Juramento area are similar to 

rii;trpinlil srdimsnts deposited on a low-gradient ramp with coastal (probably lacustrine) 

lind continentril intluence. 



6.1.1 Syndiagenesis 

In this and the following two sections ("Early Diagenesis" and "Late Diagenesis"), we 

discuss vnrious stages of diagenesis in some detail because they involve sevenl 

fiindamental events and processes crucial to the preparation of the host sediments for 

niincr;ilizatioii and cnicid nlso (it the moment of copper emplacement. Among topics 

disc~issed ;ire: 1 )  the preservation of organic mütter and its degradation. to assure 

rerlucing conditions within the Yacoraite sediments: 2) the formation of post- 

scdimentary pyrite: 3 )  the preservation and creation of sedirnent porosity; and 4) the 

ii i t lux o f  (Cu-Pb-Zn-Ag)-buring tluids resulting in the Juramento minerûlization. 

Posr-sedimrnt;iry t i nie is dividrd into the following progressiveiy more ridvanced 

inter\f;ils within ille cvolution of the Salta basin and suh-büsins: 1 )  syodiiigenesis. 

3 c;irly iktgcnesis. 3 i  late diagrnesis. 4) tectonic overprinting and 5 )  supergenc 

;iiter;,tion t Scc Fig. 6.2). Emphiisis is piven to time rather than space dunng this 

progressive diiigenrsis because Our observations are limited mostly to the 

Jur;imcnto property and are not sufficiently widely distributed across the Salta 

Basin tu coninient on regional aspects. 

Scvrrül proccsses and events rire included in the present section under the title of 

"syndi;i~enrsis". those having occurred within centimetres of the active sedimentary 

surfxc. Uncier this heading. we discuss: 1 )  gypsum precipitation, 2) micntization, 3) 

pyt-ite formation. 4) rarly cements. and 5 )  dolomitization. 

Ttie two forms of gypsum are found in the Yacoraite Formation: gypsum laths and 

evpsum nodules. In some oolitic grainstones of the lower to middle Yricoraite. former 
L - 
pypslirn laths ore found in intergranular spaces. indicating porosity was high; this 

cvpsuin precrdes the filling of pores by micritic cernent (Fig. 4-27). Meanwhile, in the 
C I  
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calcarcous siltstones and pellites of the Upper Yacoraite. gypsum nodules show 

clisplncive growth textures in which growth occurred in association with surface 

evaportition and before important compaction by overlying sediments (Figs. 4-20 and 

4.30). Therefore. gypsum laths and gypsum nodule precipitation are interpreted to be 

syndirigenetic. probably having occurred very shonly afier deposition of the sedirncnts 

and ciuring pcriods of subrierial exposure. 

b1icritiz;ition is ;in omnipresent process in some of [tic Y acorriire lirntstones nt 

Iiiranicnto (Figs. 3.9. 3.1 1 and 4.2). It is prodiiced by tindolithic (horing) micro- 

or-g;inisiiis siicli ris cyanobacteria. tilycie or fungi (Tiicksr iintl Wright. 1 %KU. Thos. 

riiicri tizrition ;icçompünies rtbundant orgünic activity. Occiirrinp inimccliütely below the 

~v;itcr/scJinient interlriçe. this proçess is intcrprcictl as syndingcnctic. l t  is probably 

contcnipi~r;int.oiIs with pelloid formition. during which pcriotl orgtinic activity is high 

c Wol t'. I 065:  Friednirin. 1973). 

Extensive hnctcrid activity durin2 syndiagenetic tirne would tilso Iiwe been saiirtble for 

tlic precipitniion of pyrite under reducing çonditiuns. Two textures of pyrite are 

iihsc rvctl: 1 ) pyrite aftrr gypsum laths. and 2 )  disseminatecl pyrite. Pyrite pseudomorphs 

; i R u  Sypsum Iriths has bern totülly ro partinlly repiriced by çhrilçopyrite in sornc 

liorizons of the lower Yacoraite Formation (Fig. 4.27). but remniints of pyrite in gypsum 

laths was seen in one sample. Most likely. this pyrite resultrd from the direct anüerobic 

bocteria rediiction of the sulphate of gypsum Iaths. In addition. anaerobic bücterie 

freding on organic debris would reduce dissolved sulphatr nvüilnble in the interstitial 

pore Huids. leriding to the precipitation of pyrite (Figs. 4.2 1.4.22. 4.14 and 4 -29 .  Thus. 

hoth f o n s  of pyrite are interpreted to be bacteriogenic and to have f o n e d  close io or at 

the rictive depositionni surface. as described by Tucker and Wright ( 1990). 

Another syndiagenetic event consisted of the development of a secondary porosity 



closel y associnted with the micri tization: micritic boxes around pelecypods and 

2;isteropods shells are found to be the only remnants of these allochems after selective 

diss»liition and the formation of secondary porosity (Fig. 3.9). The shells woiild have 

becn dissolveci in the vadose zone where the sediment comes in contact with CriC0:- 

iindc.rs;itiir:itcd water: Inter calcite is seen to fiIl moulds. This process is interprcted to 

ht. ~ y i d  iagenetic. wi th  dissolution occurring soon after micriiizntion. 

..\ siibsequent ç:ilcitic rneniscus cernent is also interprcted to be ü very carly diagcnetic 

(c\wnii;illy syi1di;igcneticl feature. resulting from the precipitation of calcite in pores 

(rani ;i filrii of  watcr wetting the porc walis (Fiss. 3.9 and -5.3. This ccment wciiilci 

tvpically precipitaic in the vadose zone durinp vrry  cirly dicigcnesis or diirinp suh;icri;il 

csposiirc ot' tlic sediment t Tucker and Wright. 1990: James cind Choqtiettc. 1090). This 

~ ~ i ~ s c .  c ~ ~ ~ i t  wis probably closely coincidçnt with the dissolution event <dcvelopnient 

of ;in c;irly scçontlnry porosity ). 

,-Inotlier cernent consists of a nnrrow fringe of isopachous çalciiic cernent (Figs. 3.6 and 

S .  This cxly cernent would have brrn generrited durinz sedimentaiion. heforc 

cl«siirc of the pores by rquigranular cement. The isop;ichous cernent is niimed first- 

w-mütion cernent and happened in high-eneqy limestones (main1 y in ool iiic c' 

pinstones ) and demonstrates that the limestones were pooriy cemrnied during this first 

stase of diqenesis. Marquillüs and Matheos (in press) also found this fentiire diirin_o 

c:ithodoliiminescence studies of grainstones in the San Pablo mnrgins. 

Dolomite in the Yncoraite sediments show that it preferentially replücrd fine-grained 

crilcareous sediments such as siltstones and mudstones. rather than grainstones and 

packstones. This dolomite is not well crystallized and'is very similar to the micritr of 

bo rd  modstone. The fine-grained texture suggrsts a peneconternporrineous 

replacement of pre-existing fine-pined sedirnents. a texture distinctly differeni from 

the coarser grainrd euhedral crystals of dolomite formed during later burial diagenesis. 



Intraclüstic conglomeratrs also show clasts of fine-grained dolomitic mud, in which the 

clasts were dolomitized before transportation to their present site of sedirnentation, also 

suggesting penecontemporaneous replacement (Fig. 3.2 1 ). These observations suggest 

very early dolomitization. 

6.1 .? Early Diagenesis 

We in terpret cürl y diügenetic io includr processes that occurred without furiher 

influençc frorn the depositional environment at the sediinent-water interface. Early 

t l iapes is  probübly cxtended from the first centimeires of burial down to ü maximum of 

100 ttwtrcs ( i . ~ . ,  within a zone of shdlow burial). Here WC discuss: 1 )  sediment 

pac king. 7) hase-metal minernlization. 3) second-genrration cernent. end 4) 

silicification. 

The pncking of oolitic sedirnents is obvious from spalled conices of concentric oolites. 

The absence of extensive cementation before this compaction would have allowed for 

deformûtion by compaction between a burial of a few rnetres to 100 metres. depending 

on the composition of the sediment and on the overburden charge (Choquetie and 

James. 1 990). It is also possible to see collapsed ooids which were partially dissolved 

before compaction. possibly during residence in the vadose meteoric zone and during 

ihe creiition of lin early secondary porosity. 

Minor fracturing is also observed in sorne ooids which. after initially resisting the stress 

of modrrate burial, gave way with brittle fracture to the increasing burial pressure. 

These fractures are nevertheless interpreted to have resulted during relatively minor 

compaction. After that packing and fracturing, the remaining pores and newly forrned 

fractures were filled with a second-generation cernent- 



A second seneration of coarse. equigranular. non-ferroan to slightly ferroan carbonate 

cernent is observed in  the Yacoraite sediments (Figs. 3.8 and 4.2). This cernent. mainly 

Ibund in grainsiones. completed the filling of pores and the minor fractures in ooids, 

;ifter the emplacement of the isopachous cernent mentioned above. It nlso filied voids 

fornicd by dissolution of aragonitic shells (Fig. 3.9). This cementntion took place before 

dvancrd compact ion iind deep buriül. during which voids would ülreaciy have collapsed 

at ilcpths cxcecding opproximately 100 metres (Choqiictte and James. 1990). 

Xlnrquillns iind Matheos (in press). using çathodoluminescence. found the equivalrnt 

çcmcnt in hi&-cnergy sediments of the Yncoraite Forrn;ition: they identiîj it as second- 

gcncratiim ccincnt ;iiid interpreted that cernent as e;irly diosenetic ioo. 

Silicif'ic;ition. perv;isivc durin3 carly diügcnesis. consists OC the deposition of iiuthigenic 

~Iliiirt%. microq~1:irtz and chiilcedony. Dolomitized ooicls ;ind sulphidc grains ;ire 

cnvclnpccl by microquartz thrit occupies the porc spiiccs riround them t Figs. -1.10 and 

4 . 1 .  Also. chalcedony is present in intcrcrysiüllinc spaces between rhombohedr;i of 

dolomite in tlolomitized low energy sediments (Fig. -1. l 1). Silicification is thrn 

interpreted to Iiavc ocçurred after dolomitizütion and pyritizntion and also ro hrivr 

complçtçly scciled the porosity in some cases. 

In other cases. detrital grains of quartz show overgrowths, resulting in euhedral quartz 

grains ( Fies. 4. IL) .  4.15 and 4.16). In tum. the overgrowths preferentially peneiraie the 

corticrs of some ooids (Figs 4.15 and 4.16), but do not replace the micritic cernent. This 

texture sugests t h3t silicü preferentiall y replaced unstable aragonite before its 

modification to the more stable calcite (high- and low-Mg sub-types). This 

emplacement of quartz is interpreted as early diagenetic. Hesse ( 1987) found similar 

textures for the sediments of the Lower Cretaceous Gault Formation of the eastem Alps 

and interpreted the silicification to be early diagenetic and conternporaneous with 

sèlective dissolution of carbonate. 



In addition, silicified oolitic grainstones with cores replaced by microquartz as well as 

authigenic quartz overgrowth show high resistance to deformation by compaction. 

Other deformed or collapsrd (i.e., previously dissolved) ooids or pelloids do not show 

silicification. and therefore silicification is also interpreted to hnve happened before the 

dviinccd compaction of laie diagenesis . 

It is also possible to constrain the mineralization nt Juramento to cm erirly diagenetic 

timing. First. the clcnvage sern in some galena grains demonstrates that this 

mincralizütion wiis present prbr to the uplift and cleformation of the Xndei~n Orogeny 

r Inca phase see Chapter 1). Second. as discussed above. pyrite prrceded silicificrition. 

:incl hase-rnrtnl sulphidc mineralization is seçn to replace this rarly formed pyrite. 

Tliesc observations restnct the timing of base-metal minçrülizntion brtwcen 

syndia~cncsis and much Iater tectonism. 

Howevcr. additional constraints maybe imposed on the timing of mineralization. For 

cx;imple. chalcopyrite forms pseudomorphs after gypsum laths in oolitic grüinstones. In 

tlic samr sample. rnany ooids show advanced deformation: however. the replaced laths 

;ire not highly deformed as might be expected frorn advanced compüction. In somr 

cases. the replaced laths even interpenetrate ooids. In addition. some mineralization 

Iiosted by grainstones occupies intergranular porosity and does not show closure of 

porcs by a second-generation dolomitic cernent. 

It is also possible to observe grains of chalcopyrite hosted in  a dolomitized and silicified 

wackestone. in such case the sulphide grain was surrounded by authigenic quartz. The 

authigenic quartz was also observed to be present in the intercrystalline spaces of 

dolomitic grains. Mineralization cm then be designated as carly diagenetic and is 

interpreted to hnve arrived between dolomitization and silicification and prior to strong 

compact ion. 



6. i .4 Late Diagenesis 

Afkr enrly diagenesis. as pressure increases under more advanced burial. we see 1 )  

cmpliicement of sccond-generation dolomite, 2) recrystallization of calcite. and 3) the 

Iorrn:ition of stylolites. These effects are attributed io laie diagenesis which probably 

cxtrncled uiitil the reversal of the basin during the Inca tectonic phase at the Paleocene- 

Eoccrie tr;irisition. 

Tlic coiirse-grriinrd riihedral ferroan dolomite in the Yacoraite sediments is interpreted 

io have forincd by recrystallization of the fine-grained dolomite discussed above. The 

co;irsr-graincd subtype is consistently in contact with fine-grained dolomite and in some 

c;ises i t  Ioriiis pritçhcs in areas where fine-grained dolomite is dominant. Also. fine- 

grainrd tioli~mite is scen as trapped inclusions in the coarser dolomite (Fig. 4.9). 

C;ilcitc recrystallization is observed in the cortices of ooids (Fig. 3.5) and microspar is 

present in ;r few samples. probably due to recrystallization of the micritic rnatrix (Figs. 

3. I Z ;ind 4.7 ). 

Abundant sutured and non-sutured stylolites are also characteristic of this stage of 

tlingenrsis in the Jurrirnen to host-rocks (Figs. 4.7 and 4.13). They are developed dunng 

burial at depths of üt least 500 (Dunnington, 1967: Mountjoy. 1999, personal 

communication) and are interpreted here as the latest stage of diagenesis recorded in the 

Yacoraite Formation. This diagenesis ends with the beginning of tectonic deformation 

which was probably caused by the reversa1 of the basin (see Chapter 2). It is notable 

that the stylolites at Iuramento were initially mistaken for vein-like rninenlization, and 

wrre interpreted to post-date the formation of hydrocarbons. leading to confusion with 

respect to ihr timing of copper-(silver) mineralization. 



The stylolites at Jurrimento tend to concentrate relativeiy insoluble minerals such as 

qi~artz and feldspars as well as organic matter and suiphides. Much of the quartz is 

cuhedrnl and hnd formecl durin8 silicification prior to stylolitization. They rilso 

ço;icçntrated orgrinic matter and sulphides. 

Sei~i-;il pnwsscs resu l teil froni the i l  pli li and dcforrnation associrttrd wi th the Andean 

Onyciiy: I ) sccoiid-yt'ncr;ition frncttiring. 2 )  third-yencration cementrition. and 3 ) the 

i~i~r~idi~ction of hydrocxhons. 

Sccontl-si:ipc fr;icturcs are found ncross ihr entire Yxoraite stratigrüphic section iit 

Jiir;iriiciiio. Tliesc Iroctures pst-date dl previously desct-ibed diagenetic effects. The 

fr:iciiircs arc lillcrl hy ri third-generarion cernent consisting of relativcly corirser grüined 

i 20 to 31 pin ) ferroan c';ilci te ( Figs. 3.10.4.3 and 4.17). 

tlydrocnrhons rrre systeinatically associated with second-generation fractures (Fig. 4-34). 

Tlic Iiyirocarhons are soR he..  tar-like) and do not show high reflectances. as would be 

c..rpccttid hiid the? been present in the sediments before drep burial. Thus. they are 

intcrpreted to be I;iic introductions to the host-rocks. at l e m  in the luramento area. Mon 

and Sülfity < 1995) also noted a trctonic (fracture-controlled) timing for hydrocarbons in 

tlic Y;icor;iitt' sédiments of the Sub-Andean ranges. 



6.1.6 Supergene Al teration 

After uplift, the Yacoraite sediments were weathered when and where they were 

enposeci to meteoric conditions which still continue in the rireri. Here we discuss: 1 )  

scçond-seneration gypsiirn. and 2 )  supergene dtrration minerals. 

Sccond-gcnemt ion gypsum coincides with thc supergenc cilteration zone: as descri bed in 

cliiiptcr 3. gypsurn tïlls Iiite (modern) dissolution ciivities t Fip. 4.30). It is possible that 

SLICII ;i porosity Wi1S creatçd by iiissoli~tion due t» Oie circulüiion of metcoric water 

hct+orc or diiring this Iiiter deposition of gypsum. Thc sulphatc müy hiive been resultrd 

I'rorii the wciithering of sulphidcs. Weüthering of iron sulptiides is well-known to 

prodiicc su lpli~iric acitl w hic h \\foi~ld re;idi l y tlissidve the c;irbon;itc host-rock. 

Coppcr carbonates. imn oxides and m;inpnese onides cire üssociüted with supergene 

;iltcr;ition i sec çhaptcr 5 ) .  This ewnt is the last (and on-goingi proccss affecting the 

Jiirrimento host-rocks. 

A s  noted in the previous sections. base-metal mineralization is interpreted to have bern 

early diagrnetic at Juramento. We now discuss the emplacement of this sulphide 

mi neralizntion in grenter detail. concentrai ing on the minerals of the primary sulphide 

zone. The approach tüken in this discussion is to review our descriptions in prior 

chnpters and to present those features in the form of a genrrai genetic model for the 

Juramento deposit. The model begins with host-rock prepnration. 

The Yricornite Formation wns initially prepared chemically for mineralization due to the 



formation of synsedimentary and syndiagenetic reducing conditions assured by the 

abundance of organic matter found in platform carbonates (e.g.. algal matter). That the 

carbonates were lacustrine or marine is immaterial to our chernical model, but we 

conclude from our observations and their similarities to others that in fact the conditions 

wcre most probably lacustrine. In the presrnce of abundant orsanic matter. anaerobic 

hactrriti would have thtived and reduced important amounts of sulphur from sulphate to 

sulphide. The su1 phate was probably derived in part from su lphate diffusion downward 

Froin the overlying evriporitic lacustrine water (giving rise to disseminated syndiagenetic 

pyrite. including frarnboidal pyrite) and in part from gypsum recrnt l y precipitnted from 

that w ; ~ r  (resulting in replacements of gypsum laths by pyrite). The iron nrcessnry to 

prccipitatr the bxtcriogrnic sulphide ris pyrite m;iy Ii;ive hcen derived lrom the 

ferruginous detritus in carbonate rocks. 

Tlic Yiicor:iite must ;ils0 have been prepared physiclilly for mineralization. For 

cxample. the carbonate would need to have bern at lrast moderately permririble et the 

time of diagenetic mineralization. Wr observe that the sediment reniainrd porous at 

least until early diagenetic time. but becnrne miich more c 

çcinipaction and cemen t ation as diagenesis iidvrrnced iorvnrds 

the texturd evidence of base-metal sulphide deposition places 

metal before sealing by silicification. 

losed or sraled both by 

I;itct diagenesis. In hct. 

, the introduction of base- 

Thus. the timing of rnineralization is satisfactorify explnined by an rarly diagenetic 

influx of ore-foming solutions. If this perspective is correct. then it is to be rxpecied 

that the base-mctals would enhibit r zoning of base-metal (Cu-Pb-Zn) sulphides with 

the more soluble sulphide further "downstream" than the lcss soluble ones. In addition. 

if pyrite and gypsum are the reactant for base-metal precipiiation. as shown by 

replacement textures, then unreplaced pyrite and gypsum should be still further 

downstream. Furthemore. due to their relative solubilities. cupriferous sulphides 



should be closer to the source of infiltrating ore solutions and lead and zinc sulfides 

progressively more distant from that source. 

Oiir observations on the apparent zoning of base-metal sulphides in drill core at 

Jur:imento at least broûdly confirm this perspective. In general. cupriferous sulphides 

;ire conçrntr~ted mostly nrar the base of the Yacoraite Formation (lower to rniddle 

Yacoraite). i.e.. close to the redbed source of ore metals (see below). Pyrite. on the 

otlier hnnd. is pndominant in the upper stratigraphic levels (upper Yacoraite). distant 

from the redbed source. Galena and sphalerite are mostly between the highly 

ciipri Serous basd strüta and the unrninernlized pyritic beds above. Silver-heüring 

sulphosalts arc located in the interface between the cupriferous sulphides and the gülenü 

;incl sptiolcrite dominant zones. 

In tlctail. ttiis pross zoning is variable. In drill core IDH-25 . the emount of gnlrna and 

sphnlrrite is significantly more abundant than copper suiphides. but the copper sulphides 

are ncvcnhelcss concentrated at the base of the Yacoraite Formation. and the most 

coppcr-rich phase is chalcopyrite instead of bornite or chalcocite as seen in other drill 

tioles. This distribution may be enplained by û lateral component to the zoning. Lateral 

zoning is probably also visible to the south of drill hole JDH-25. where the sulphides 

scem to be lateraliy zoned dong a single stratigraphic horizon. 

The characteristic sulphide textures. timing. and zoning of the various sulphide species 

support an introduction of metals through the base of the Yaconite Formation. Imgeiy 

perpendicular to bedding but with a modest departure from the perpendicular in order to 

nccount for the moderately transgressive nature of the zoning. The direction of 

inclination of the zoning cannot be deterrnined due to the limited area investigated and 

to the structural complexity evident on the Juramento property. Although this study 

does not den1 with a complete genetic rnodel. the rnetal source could then be attributed 



to leüching from the subjacent redbeds of the Pirgua Subgroup. The other essential 

constituent of the ore-forming solution would be a low-temperature brine. These brines 

could ;ils0 h w e  been derived from the Pirgua sediments. where evaporitic facies are 

cornnion. The brines would then have equilibrated with the red-beds. thereby 

sçavengi ns met:ils from the oxides and hydroxides surrounding detri ta1 grains anù/or 

1r:içhiiig rncials from the grains themselves (Wnlker. 1989). The brines could then have 

çirculatcd tliroiigh t hc h:isin (driven by hydrostütic pressure. for example) to enter and 

itii ncr;il izc ihc  siilptiiir-ricli rcduced Yacoraite Formation. 

Si~lphur isotopcs nnnlyscs show that the pyrite h m  the Yücornitc Formation posscsscs 

iioi-ni;d lishi sulphiir isotopes values. Thcre is no appürently different vnliirs for the 

tiilfcrcnt pyritc tcxturcs. Mosi important. the observed früctionütion in siilphiir isotopcs 

Ibr pyritc is t~picnl of h:ictcri;il rediiction (Tniclinger et al.. 1985). Thus. niost of the 

.;il lphiir w;is rcductxi by boctrriü fceding on orpünic mitter or rcducing sulphate from 

previoiisly precipit;ited mincrals such ris gypsum. thereby transforming the Yücornitr in 

;i rcodily s«iircc of sulphidc to be used in precipitating the mrtals introduced by the ore- 

Iorming hrine. 

Howevcr. as n whole. the Cu-Pb-Zn sulphides and silver-bearing sulphosalts show a 

sulpliur isotopic signature distinctly different from that of pyrite. These sulphides tend 

to he isotopicrilly heavier than pyrite. including pyrite formed pseudomorphically after 

sypsuni laths. Heavier sulphur isotopic values for the base-metal minerûliziition could 

he cxplüined by contamination or addition of sulphur to the Yacoraite Formation by the 

mincralizin~ brines or connate waters. Additions of sulphur were demonstrrited to be 

important by Hoy and Ohmoto ( 1989) for several other sediment-hosted stratifom 

copper deposits ( c g . .  Redstone and Kamoto). On the other hmd. with the limited 

number of analyses available, it is difficult at this point to advance a plausible 

rnech;inism for sulphur additions and in situ reduction of sulphate from the ore solution 



at Juramento. Such a reduction would require either an excessively high temperature 

(i.e. >250° C; Tmdinger et al. 1985) or the presence of active bacteria at the time and 

place of introduction of a low-temperature brine. There is no evidence from Our 

petrogrnphic observations of temperatures exceeding 250°C . and the presence of 

significant bacterial üctivity after burin1 is also very speculntive. 

The host rocks nt Juramento do not show evidencr of exposure to high temperatures: 

however. certain sulphidr textures suggest appreciable pressures and temperatures. 

prrsumabl y after the mineralization event. Exsolution textures found in pink bornites 

from Jurnmento suggest that mineralization initially happened at low temperatures (sre 

diriptcr 5 ) .  Using the relation between events affecting the host rock. it is possible to 

constrain the timing of rninerdizrition to an early diagenetic. pre-silicificntion timing. 

;ind bcfore 500 metrcs depth of burial of the sedimcnts. At such depths. the tcrnpenture 

diiring mineralization probably never surpassed 75°C. 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

Brised on pctrographic. mineralogic. textural and stratigraphic studies. the foilowing 

principal conclusions cün be drawn about the nature and origin of the Juramento 

scdinicnt- tiosted strnt i form copper deposit: 

I ) The environment of drposition of the host rocks seems to be that of marginal lake 

sctlimenis deposited under shallowing-upward conditions. Low-energy open- 

pl;itform sediments üccount for the base of the sequence whereas high-energy 

cnlcareous sedirnents and mudtlats or shore clastics form the upperrnosi sequence: 

hct ween ;ire Io w-energy cdcareous sedimenis which had abundant organic activi ty. 

7 )  Diagenrtic Frocesses that affected the host rocks at Juramento are interpreted to have 

been those normal for a marginal lacustrine sediment. Three periods of diagenesis 

and the overprints of two subsequent modifications are identified: syndiagenesis, 

early diagenesis, Iate diagenesis, tectonic overprinting and supergene alteration. 

3) Mineralization is interpreted to have arrived, probably in a low-temperature chloride- 

rich brine. during early diagenesis (Le., during shallow burial). between shallow 

syndiagenetic dolomitization and deeper silicification of the host rock. There is no 

apparent relation between mineralization and tectonism, other than the minor 

recrystallization with greater pressure at depth and the supergene alteration during 

near-surface weathering. Nor is ihere any obvious relationship of minenlization with 



the introduction of hydrocarbons which was late diagenetic and related to 

de formation. 

4 )  Primary disseminnted ore-stage mineralization consist mainly of copper sulphide 

;isseniblagcs. such as chalcocite. bomite and chalcopyri te. Accompany ing 

inincr;ilizrition çonsist of galena and sphalerite. Silver is apparently present only in a 

si1 lp1ios;iI t ( i .c.. in iennüntite-tetrrihedrite) closely nssociated with çh;ilçopyriie. 

Coppcr iiiiitcr:iliz:irion replaced the existing reduced sulphur (pyrite) in part: portions 

ot' pyrirc rcrit;iin in non-porous textural sites (e.g.. in the well-seded cortices of 

ooiilsi. Ttic :isscrnh!;iyes and textures of sulphides. rspecially copper. suggest thnt 

111 i ncrd k i t  ion  occurrcd rit low ternperatures. 

5 1 Tlic iiict:ils ;ire zoncil. with the more çopper-rich sulphide species conccntrated netir 

iIic t~risc o f  the Yiicoraite Formation. and more soluble metal sulphides (galena and 

.;pli;ilcritc I gcncrally hishrr strntigraphically and unreplaced pre-ore pyrite still Iiisher 

!.et: :i mincir peneconcordancy of sulphide zones is apparent. The position of the 

copper miic in the basal Yaconiite indicates that the ore-foming fluids entcred from 

iiiiilerlying str;itx the Lrcho Formation which generally carries minor interstitial 

copper itiinerülizüt ion. and ultimately from the Pirgua Formation. the probable source 

of me-st;isc rnet;ils. An ore-forming low-temperature chloride-rich brine formrd in 

ilic P i r p ü  red-beds should be an oxidized fluid capable of transporting the ore metals 

LI ntil tlicy cncounter reducing condit ions and sulphide in the overlying Yacoraite ( and 

Lcctio 1 hrrnritions. 

61  Textures of some protore iron sulphides suggest that high organic activity was 

responsible for in-situ reduction of sulphur. with anaembic bacteria feeding on 

dccnying orgnnic material. This constrains the reduction to syndiagenetic tirne 

becriiisr the most plausible mechanism for low-temperature reduction of sulphur 



from dissolved sulphate or from evaporitic gypsum is bacterial activity, most 

commonl y active in the first few centimetres of organic matter-rich sediments. 

Nevertheless. isotopic data from pyrite and the ore-stage (Cu-. Pb- and Zn-rich) 

sulphides indicüte that the ore-stage sulphides are distinctly lighter isotopically 

relative to pyrite. and this observation suggest that some sulphur was introduced to 

the hosi rock (rom a new source. With the limited analyses available. a clrar 

explanation of this source is not possible. A hydrocarbon source is not expected 

bcçause h y dr«c:irbons were produced iiftrr ore-stage mineralization. 

As ;i result of tiiis rcsrtürch. ii is dso possible to rnake a few recomrnendations for 

;idditional study to improvc rhr minenliziition mode1 for exploration purposes: 

I I A sedimentologic study ai a broader basin-widr scale, in order to provide a more 

coiiiprchcnsivc srdimrntolopical coniext for the Juramento mineralization. 

2 )  Di:igcnet iç studics ( such as ciithodoluminescence analyses of carbonates) would help 

to constrain the interpretütions given above. hlso. organic-rnatter maturation studies 

would providr an independent estimate for the buriai history of the host sediments 

and for the timing of oil/gas generation versus earlier base-metal deposition. 

3) Sulphide studies (such as broader-scale trxtural studies to confirm regional-scale 

metal zoning. aiid rnicroprobe analyses on sulphide compositions. to evaluate the 

importance of useful and detrimental elements (e.g.. Ag and As/Sb in tennantite- 

tetrahedrite) to orient explontion laierally toward areas of more economic metal 

concentrations. 
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Apwndix 1 

Staining techniques for carbonate thin sections and samples 



The technique used was adapted from Dickson (1965) and Hitzman (1999). This 

technique used on the luramento thin sections was found very useful and was applied io 

most of the samples shown in the figures of this thesis. This technique is recommended 

at any stage of funher field work and core logging because of its great value for rapid 

identification of carbonates and their textural relationships. A mix of two stains is 

rcquired (Alizarin Red S and potassium ferricyanide); the following procedure is 

pertinent for thin sections: 

I ) Prepare two staining solurions: 

Solution .A: Alizarin Red S - concentration of 0.1 $00 ml of 1.5% hydrochlonc 

ac i d, 

Solution B: Potassium ferricyanide - concentration 2 gl100 ml of 1.5% hydrochloric 

x i d .  

2 )  Mix solutions A and B in the proportions of 3 parts by volume of A to 2 parts of B. 

3) Imnierse the thin section. or a portion. in the solution for 30 to 45 seconds. 

4) Wash the stained section in running water for a few seconds. 

5 )  Allow to dry. 

6 )  Cover with polyurethone varnish or with a cover glass. 

For field work and drill core staining purposes. the mixture should be slightly different. 

The solution should consist of 250 ml of 7% hydrochlonc acid to which is added 

üpproximately 2 g rach of ülizarin red S and potassium ferricyanide. The staining 

solution can be " painted" or applied onto drill core and hand samples. The stained 

sample or drill core should be rinsed to appreciate the textural relationships between 

minerais. as is the case for thin sections. 



However, several conditions should also be respected. such as the use of plastic or glass 

containers rather than metal containers for the transport and storage of the solution. 

Also. the concentration of hydrochloric acid should not exceed 5%, because such a 

concentration can inhibit the deposition of the stain. In cold weather, avoid the use of 

extremely hot staining solutions because they çan produce cyanide gaî. The solution 

should be kept away from the Sun because it degrrides. Care must be taken to ensure 

that the skin and especially the eyes do not cornes in contact with the solution. Speni 

staining solution should be disposed of properly. 



Appendix 2 

Sample location list 



11 :-JDH- 1.74 m. 1 32: JDH- 16, 100.8 m. 1 57: JûH-20.13 1 m. 1 83: JDH-25, 195.5 m. 1 
2: JDH- 1. 53 m. 

I ~ : - J D H - ~ .  39 m. 1 42: JDH- 19.97.5 m. 1 67: JDH-25.57 m. 1 88: JDH-25.2 12.6 m. 1 

t 
5:  JDH-2. 100 m. 1 40: JDH- 19.54 m. 

34: JDH- 16, 125 m. 

1 I I 

12: JDH-9. 142.8 m. (44: JDH-19. 101 m. 1 69: JDH-25.9455 m. 1 90: JDH- 13. 155 m. I 

62: JDH-22, 102 m. 

1 1 : JDH-8. 124 m. 

58: JDH-20. 140.5 m. 

86: JDH-25.205.2 m. 

1 I I 

14: JDH-12. 81.3 m. 1 46: JDH- IL). 150 m. 1 7 1 : JDH-3.10 1.5 m. 1 92: JDH-25.79 m. I 

84: JDH-25,204.3 m. 

33: JDH- 19, 100.3 m. 

13: IDH-9. 130 m. 

1 I 1 

17: JDH- 1 2. 100.2 m. 1 47: JDH- 19, 160 ln. 172: JDH-25. 103.5 m. 1 IDH-08-4: 66.5 m. 1 

68: JDH-25.66.2 m. 

45: JDH- 19. 148.53 m. 

I I 1 

2 1 : JDH- 13. 178.1 in. 1 49: IDH-20.79 m. 1 74: JDH-25. 1 18.9 m. 1 JDH-OS- IO: I M m. 1 

89: JDH-25.94.55 m. 

20:  JDH-I 3. 178 m. 

I 1 1 

23:  JDH- 13. 184.5 m. 1 5 1 :  JDH-20.97.8 m. 1 76: JDH-15. 124 m. 1 JDH-OS- 12: 108.25 m. 

70: JDH-25. 100.6 m. 

1 I 1 

25: JDH- 13.2 17 m. 1 53: JDH-20.99 m. 1 79: JDH-15. 158 m. 1 JDH-08- 16: 124.6 I 

9 1: JDH-25. 210 m. 

48: JDH-20.70 m. 73: JDH-25. 105.2 m. 

26: JDH- 13. 223.3 m. 

I I 

3 1 : IDH- 16, 83.4 m. 1 56: JDH-20. 1 13 m. 1 82: JDH-S. 185.1 m. 1 I 

JDH-08-5: 7 1 m. 

27: JDH- 14, 57 m. 

1 

54: JDH-20. 100.3 m. 1 80: JDH-25. 161.5 m. JTH-4: Maria adit 

55: JDH-20. 106.8 m. 8 1: JDH-25. 169.5 m. JPS-3: Condor Ridge 
1 




