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TIIESIS ABSTRACT 

The Bongara MVT zinc-lead district is located in the sub-Andean fold-and-thrust belt of the 

northern Peruvian Eastern Foreland Basin. Lower Mesozoic Pucara Group carbonates form a 

craton-margin platform chat represents the first marine transgression of the Andean Cycle. The 

northern Pucara Group developed discordantly over piano-key shaped horst-and-graben terrestrial 

sequences formed under extensional tectonic conditions. Lithofacies differences within the 

Pucara Group are a result of deposition along paleogeographic basement highs through the 

Utcubarnba Valley. MVT-style zinc-lead mineralization is hosted within Pucara carbonates 

associated with pervasive dolomitization, pseudobrecciation, and structural zones of carbonate 

dissolution. Mineralization is predominantly sphalerite, galena, and pyrite observed as replacive 

and open-space filling textures. The paragenetic sequence includes early burial and compaction- 

related carbonate cements, and later diagenetic/epigenetic zoned sparry dolomite and calcite. 

Petrographic and isotopic analysis suggests that early and late diagenetic alteration associated 

with mineralization occurred through an interconnected, district-wide, structurally controlled 

plumbing system. 
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THESIS INTRODUCTION 

Over the course of 6 months between 1999 and 200 1 the author conducted a geological study of 

the northem Pucara Group, within the Utcubamba Valley of  northem Peru. Geological interest in 

the area arose k m  mining companies after the discovery of  significant MVT-sty le mineralization 

in the Florida Canyon area towards the northwest edge of  the valley in 1996. 

The high-energy lithofacies of  the middle Chambara Formation (lower Pucara Group) is the most 

significant host of zinc-lead mineralization in the district. The main objective of this study was to 

examine the distribution of Pucara Group carbonates acmss the area, and identi6 depositional, 

tectonic, and intemal basinal variations responsible for fôcusing zinc-lead sulphide 

mineralization. The northem Pucara Basin specific to the Utcubamba Valley and Bongara district 

has undergone very Iittle scientific study as a result of  poor rock exposure, high elevations, and 

arduous travel. Mineralization, alteration, and ground preparation is observed extensively 

throughout the area. An attempt was made to identifi various diagenetic stages associated wiîh 

early burial and late mineralizing alteration systems. Various alteration and diagenetic stages 

specific to minetalized and barren areas have been studied in an attempt to identie if certain 

carbonate or alteration phases are specific to mineralized horizons when compared with those 

fiom barren areas. 

This work is presented in two separate papers. The first paper discusses the geology, stratigraphy 

and mineralitation of the Bongara area. To define the primary basinal controls on deposition of  

the Pucara Group various methods of geological investigation were attempted, including 

stratigraphic analysis, mapping, cote study, and petrographic analysis. A cornparison is made 

with global MVT districts in an attempt to compare and contrast geological features with those 

fiom proven economic areas. 

The second paper discusses diagenetic and epigenetic alteration phases identified thmugh field 

study, petrographic, and cathodolum inescent anal y sis. A detailed study of paragenetic sequences 

fiom both mineralized and barren areas is made in an attempt to identifi if charactenstics unique 

to mineralized horizons can be identified and to determine if the main areas of study are 

genetically linked by an interçonnected hyhthermal  system. Stable carbonate isotopic anal ysis 

was conducted in an attempt to  expand petrographic observations and provide geochemical 

correlation to basinal alteration patterns. 



This work provides the fîrst produced academic study discussing MVT-style mineralization in the 

Bongara region, The northern Pucara Group shows unique basinal stratigraphic relationships 

when compared with simiiar studies fiom the San Vicente and Central Zinc Belt of central Peru. 

Further academic study is required in the area. This work presents a summary of observations 

wllected through a very large area over a short perid o f  time. Observations regarding the 

depositional and structural controls on carbonate sedimentation and emplacement of zinc-lead 

mineralization in the area cm provide industry with guidelines for site specific exploration. 



PAPER 1. 

STRATIGRAPHIC, BASINAL, AND TECTONIC DEVELOPMENT OF THE BONGARA 

MVT ZINC-LEAD DISTRICT, NORTHERN PERU 

The Bongara zinc-lead district is located within the sub-Andean fold-and-thrust belt of the 

northern Penivian Eastern Foreland Basin. Lower Mesozoic Pucara Group carbonates, host to 

MVT-style mineralization, forni a cratm-margin carbonate platform that represents the f m t  

marine transgression of the Andean Cycle. The northern Pucara Group developed discordantly 

over piano-key shaped horst-and-graben terrestrial sequences f m e d  under extensional tectonic 

conditions. Marked lithofacies differences within the Pucara Group are observeci as  a result of 

deposition along paleogeographic basement highs thtough the Utcubamba Valley. MVT-style 

zinc-lead mineralization is hosted within Pucara carbonates with the most significant being 

associated with pervasive dolornitization, pseudobrecciation, and carbonate dissolution in the 

Florida Canyon area. Mineralization is predorninantly sphalerite, galena, and pyrite with various 

replacive and open-space filling textures. Cornparison with global MVT districts suggests that 

the Bongara area represents an emerging under explored carbonate-hosted zinc district. 

The Bongara zinc-lead district is located within the sub-Andean fold-and-thrust belt of the 

Peruvian Eastern Foreland Basin in northem Peru. The Pucara Basin is a maton-margin carbonate 

platform that represents the fust marine transgression of the Andean Cycle over continental 

clastic sediments, volcanic and volcaniclastic rocks of the Permian-Triassic Mitu Group and 0th- 

Paleozoic rocks. The wide carbonate platforni of the Pucara Group developed discordantly over 

pian* key shaped horst and graben terrestrial sequences formed under extens ional tecton ic 

conditions, on the western margin of the Brazilian Shield in northern and central Peru. 



The Pucara Group of the n d e m  Pucara Basin can be divided sbatigraphically into the 

Chambara, Ararnachay and Condorsinga Formations. Marked lithofacies differences, especially 

in the Chambara Formation have allowed informal subdivisions to be applied locally. These 

Iithofacies differences Iikely reflect development in a differentiated extensional basin controlled 

by local ized paleogeographic highs exhibiting substantial vertical and spatial variation over 

kilometer-scale distances. Syndepositional tectonic, and structural modification of this original 

palerelief may have affected the stratigraphic c haracter and distribution of the Pucara 

carbonates throughout the study area. 

The northern Pucara Group is indicative of a large evolving isolated carbonate platform initiated 

on fault-generated topography likely representing a series of isolated basally-comected smaller 

platforms each developed upon fault generated topographic highs having a Iimited spatial 

distribution. This accounts for the lack of stratigraphic continuity between studied areas, explains 

the lack of hi@-energy carbonates across the central platforrn and the extent of forereef 

carbonates associated with paleo-lows and deeper platformal environments. 

Mississippi Valley type (MVT) lead-zinc (Pb-Zn) mineralization occurring in a variety of types, 

textures and concentrations attracted the interest of exploration companies to the Bongara area. 

Mineralization is predominantly, though not exclusively, confined to the Chambara Formation of 

the Pucara Group, with the most significant mineralization discovered in the Florida Canyon area. 

The best mineralization in the Bongara region is generally associated with strong ground 

preparation observed as pervasive dolomitization, pseudobrecciation, and structurally confined 

carbonate dissolution. Three textures of mineralization have been identified and defined as: i) 

bedding andor small cavity replacement, ii) collapse breccia hosted and iii) minor zinc in vein, 

crackle and mosaic breccias in the upper Chambara Formation (Chambara 3). Zinc mineralization 

consists of dark red to brown sphalerite with lesser dull yellow beige sphalerite being identified 

locally. Sphalerite is observed as coarse euhedral to fine-grained (mm to cm scale) aggregates 

with locally colloformal zoned varieties. Lead mineralization is exclusiveIy observed as galena, 

though oxide varieties of both zinc and lead mineralization have been observed in the district. 

Most commonly zinc and lead sulphides are observed together as an intermeshed mosaic of 

sulphides, though galena veining has also been identified crosscutting early sphalerite phases. 

Pyrite is observed throughout the mineralizing sequence ranging fiom fine mm-scale 

disseminations to cm-scale massive replacement of the host. Later silicification and calcification 

is observed towards the waning stages of the mineralizing system. Other examples of zinc-lead 



mineralization have been documented throughout the property, but the above best describes the 

typical sulphide morphology. 

The Bongara district when compared with gwlogical characteristics fiom other global MVT 

districts represents an emerging, under-explored, belt having significant pdential for future 

discoveries of economic zinc-lead mineralization. 

1 -2.1 Location 

The Bongara study ara is situated between 5'20' to 6'50' south and 78" to 77'30' west, within 

the Eastern Cordillera of the nor thm Peruvian Andes (Fig. 1 . 1 ). The study area is confïned to an 

elongate northeast corridor extending fiom the çouthem Maino region, northeast through the 

Utcubamba Valley totaling approximately 90 kilometers in length and 12-20 kilometers in width. 

The Utcubamba Valley continues to the southeast for an additional 40 kilometers through the 

Leimebamba area. The study ares is located in the Bongara territory of the Amazonas 

Department. 

Access to the area is by paved highway From the city of Chiclayo via the town of Bagua Grande 

to the village of Pedro Ruiz. Pedro Ruiz acted a s  the central logistic base for study and 

exploration work carried out in the region. The paved highway continues east of Pedro Ruiz to 

the jungle towns of Rioja and Tarapoto. There are daily commercial flights fiom Lima to both 

Chiclayo and Tarapoto. Dtiving time fiom both cites to Pedro Ruiz is approximately 6 hours. An 

unpaved road connects Pedro Ruiz with Chachapoyas, the capital of the Department of 

Amazonas, and continues south to Cajamarca. Access to the area is relatively easy by road; 

however, travel within the property is arduous due to high elevations and jungle cover requiring 

helicopter support or local guides with knowledge of the jungle areas and passes. 

1.3.1 Tectonic Development of the Pemvian Andes (The Andean Cycle) 

This section describes the geochronological development of the Andean Cycle (Megard, 1987). 

The description here is a summary of geological work emphasizing the tectonic developrnent and 

morphologiçal division of the Peruvian Andes. The work of the author is çonfined to a very well- 



Figure 1.1 - Location of the Bongara, San Vicente, and 
Central Peru CRD zinc districts. CITYKOWNNILLAGE - HIGHWAY 
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Figure 1 -2 Main morphostructural units of Peru. Modified from 
Benavides-Caceres. 1 999. 



defined segment of the Eastern Foreland Basin located in the northern portion of the Sub-Andean 

zone (Fig. 1.2). 

The Andean Cordillera, a major mountain range located beâween the Peni-Chile oceanic trench in 

the West and the Brazilian shield in the east, f m s  the western-central part of Pen. The 

formation of the Andes is a result of the Mariana-type subduction of the Nazca Plate beneath the 

ensialic South American Plate. Along the western margin of the plate the development of over 70 

km. of cmstal thickening has led to  cordilleran uplifi of approximately 4000 meters fiom the Late 

Triassic to Present (Megard, 1 987; Benavides-Caceres, 1 999). 

The Andean Cordil lem is a result of three geodynamic pulses (Benavides-Caceres, 1999): 

Precambrian; Paleozoic to Early Triassic; and Late Triassic to Present. The Cordillera can be 

divided into two dominant ranges: he Western Cordil lem, resulting fiom the formation of a 

magmatic arc, and the Eastern Cordillera, representing the zone of uplifl. Between these ranges is 

the Altiplano, a zone between the PacifÏc margin of the magmatic arc and the oceanic trench. 

Prominent features of the Andes include the Cretaceous-Paleocene Coastal Batholith. which is 

bounded to the east by the Incaic fold-and-thst belt, the site of a series of compressive events. 

East of the eastern Cordillera horst is the Sub-Andean fold-and-thrust belt formed during the Late 

Miocene. The Eastern Foreland Basin marks the eastern edge of the Andean Cordillera with a 

thinning sedimentary package unconfomably overlying the Brazilian Shield. 

By the end of the Paleozoic, the Andean region was part of the western Pangean margin. During 

Middle Triassic time intense inbacontinenta1 rifting formed a large horst-and graben-systern 

occupying the present Andean trend. The most dramatic of these systems was the Mitu Graben, 

which received over 3000 meters of continental red beds, votcaniclastics, and alkaline volcanic 

rocks (Megard, 1 987; Benavides-Caceres, 1999) (Fig. 1.3). Large master faults a b n g  the axial 

parts of this system became the sites of mantle-deriveci continental volcanism and intrusions that 

dominated the Eastern Cordillera. The focus of this review will be on the Andean Cycle 

(Megard, 1987) encompassing those tectonic processes occurring fiom the Late Triassic to 

P rwn t .  It is within this tectonic system that the mechanisms and processes inherently impomnt 

to this p a p a  are studied. 
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1 -3.1.1 The Andean Cycle - Late Triassic to Present 

The Andean Cycle defineâ by Megard (1987) encompasses al1 processes that led to the formation 

of the present Andes fiom the initial opening of the Atlantic Ocean in the Triassic. The Andean 

Cycle is defined by two major periods of formation. The fmt  period was primarily an extensional 

phase that lasted fkom the Late Triassic to the Late Cretaceous, during which time the Andean 

region underwent crustal attenuation and marine sedimentation (Megard, 1987; Benavides- 

Caceres, 1999). The second phase showed an absence of marine sedimentation along the 

cordilleran margin, reccurring compressive episodes, intense continental volcanism and 

plutonism, extreme crustal thickening and massive uplift. These characteristics fonn the basis of 

Andean-type subduction (Benavides-C~ceres, 1 999). 

1 -3.1.2 The Andean Cycle - Extensional Tectonics 

Late Triassic through Senonian time was characterized by widespread extensional tectonics. 

Through most of the Mesozoic, the back arc region between the subduction complex and the 

Brazilian Shield saw the formation of belts with differential subsidence bounded by major 

separating longitudial crustal faults, which were likely reactivated Paleozoic basement 

lineaments. The major longitudinal feature prominent through Mesozoic time was the Maranon 

Arch (Fig. 1.4) that resulted in the formation of the Eastern Cordillera. Transverse or Andean- 

normal features include the Huancabamba and Ababcay deflections and the Bolivian EIbow. 

These structures trend almost east-west. normal to the main direction of Andean tectonics. 

Late Triassic to Early Jurassic development of the Andes led to the developrnent of definable 

geotectonic regions. The eastem margin is defined by the Brazilian Craton, bordered to the west 

by the Eastern Basin. The Eastern Basin includes areas presently occupied by the Sub-Andean 

fold-and- thmst belt and the Eastern Foreland Plains, site of epicont inental evaporite and 

carbonate sedimentation of  the Pucara Gmup (Fig. 1.4). The Eastern Basin is bounded to the West 

by the Maranon Arch geanticline, a zone of  lesser subsidence, and site of the current Eastern 

Cordillera. The Maranon Arch started to  develop a s  a horst in the Mitu Graben and provided the 

base for shallow water carbonate platformal sedimentation of the Pucara Group (hnavides- 

Caceres, 1999; Megard, 1987; Rosas, 1W4). The Maranon Arch is bordered by the Western 

Pfatform consisting of shallow marine carbonate sedimentation of the Pucara Group. The Pucara 



Figure 1.4 Main tectonic d t s  of Peru during Late Triassic-Middle 
Jurassic time. Modified fiom Benavides-Caceres, 1 999. 



transgression began in the Middle Norian in northern Peni, reached central Peru by Upper Norian 

time and the south by Sinemurian time. The Western Platform is bord& by the Divisoria Arch, 

which, like the Maranon Arch, is a zone of lesser subsidence and borderai by subduction-related 

volcanics to the West. 

The Early to Middle Jurassic Vicusian Orogeny of South-Central Ecuador and Northm Pem 

truncated the Penivian Andean elements at the Huancabamba Deflection. The Vicusian Orogeny 

was characterized by a major regressive marine event, cessation of Puma Group carbonate 

sedimentation, and the development of the northeast-trending Vicus fold belt. Regional 

emergence and subsequent unconfonnity developrnent marked the shift fkom carbonate to 

siliciclastic sedimentation. There was a tectonic shifi h m  an island arc volcanic setting to a 

continental volcanic arc environment. Major batholithic intrusions developed an inner foreland 

trough along the present Sub-Andean region that extended southward to the Abancay Deflection. 

The Vicusian Orogeny resulted in up to 3 km. of material being removed h m  the Maranon Arch 

and redqosited along the western margin of the foreland trough (Benavides-Cacereces, 1999; 

Laubacher and Naeser, 1 994). 

Following the Vicusian Orogen a new extensional tectonic period commenced (Callovian- 

Tithonian time) that saw the emergence of the regions containing the Eastern Basin, Maranon 

Arch, and the Huancabamba Deflection. During this t h e  subsidence remained confined to areas 

of the Western Basin. Sedimentation was predominantly siliciclastic paralic and deltaic in origin. 

During the Lower Cretaceous (Valanginian), a major siliciclastic sequence (The Chimu Group) 

was deposited regionally over the Penivian territories. 

Mid Cretaceous (Middle Alhian) extension Ied to formation of a major rift trough, known as  the 

Huarrney-Canete Trough, located along the western margin of the back arc basin. 

During the Aptian to Albian east of the marginal trou& the Goyllarisquùga Formation was 

deposited, initially as  a basal quartzose sedimentay wedge, succeeded by a transgressive molasse 

and carbonate sequence in northern and central Peru (Yates et al., 1 95 1 ; Paredes, 1 980; and Soler, 

1989,1991). 

During the Eariy-Middle Albian (100-95 Ma) the compressive Mochica Orogeny developed 

(Myers, 1 974; Cobbing et al, 1 98 1 ; Megard, 1 984; Benavides-Caceres, 1999). This caused 

regional emergence and the subsequent formation of a significant regional unconformiîy through 



the Pemvian territories Through the Late Albian to Campanian the tectonic regime retumed to 

extension and a new sedirnentary cycle was initiated, parallehg the orientation of the earlier 

extensional phases (Myers, 1 974, 1980; Benavides-Caceres, 1999). 

The final major event ending the primarily early extensional formation of the Andes was the 

emplacement of the coastal batholith during the Middle Albian (1 00-55 Ma) (Atherton, 1990). 

This continental sale  feature was located along the Pacific flank of the Cordillera. As describecl 

by Benavides-Caceres (1999) bas4 upon the work of Atherton (1 990), magmatism changed fiom 

early tholeiitic dike and gabbroic pfutonism to emplacement of the large calc-alkaline dioritic and 

tonalitic plutons. 

1.3.1.3 The Andean Cycle - Compressive Tectonics 

In the Early Senonian, a geodynamic change heraldeù Andean-type subduction, marine 

withdrawal, and Cordilleran emergence. This shiA was characterized by recumng eastward- 

developing compressive pulses and the presence of a magmatic arc along the continental rnargin. 

A series of 9 compressive events - Pemvian (84-79 Ma), lncaic 1 (59-55 Ma). Incaic Il (43-42 

Ma), Incaic III (30-27 Ma), Incaic IV (22 Ma), Quechua 1 (1 7 Ma), Quechua 11 (8-7 Ma), 

Quechua III (5-4 Ma) and Quechua IV (Early Pleistocene) - f m e d  three major fold-and-thnist 

belts: the Peruvian (Campanian), Incaic (Paleocene-Eocene) and sub-Andean (Neogene). These 

resulted in crusta1 thickening and uplifl, which was followed by erosion and formation of major 

unconformity surfaces. The compressive pulses intempted longer periods of extension during 

which the magmatic arc was particularly active, and which were also characterized by the 

development of fore-arc basins, intermontane grabens, and the great Eastern Foreland Basin 

(Benavides-Caceres, 1999). This period of Andean-type subduction was characterized by a 

change from a marine volcanic arc into a continental volcanic arc, formation of a fore-arc, 

intermontane and foreland basins during the extensional intervals, great crustal shortening and 

thickening with attendant continental emergence and uplift. This resulted in the development of 

several significant regional erosional surfaces indicative of periods of relative stability following 

the compressive pulses (Benavides-Caceres, 1999). 

The Penivian fold-and-thrust belt developed between the Early to Middle-Campanian (84-79Ma) 

and the Incaic 1 compressional puise (59-55Ma). The Peruvian fold-and-thst bett forrned as a 

result of compression between the Amotape and Olrnos Massifs in northern Pem and 



compression West of the coastal batholith along the remainder of the country. During the 

formation of  this belt the tectonic framework fiom east to West included the Brazilian Craton. the 

Eastern Foreland Basin (sight of major non-marine red-bed deposition), the Maranon Arch, 

intemiontane basin. the continental arc, and the beginning of a forearc basin to the West, against 

the Pacific realm (Benavides-Caceres, 1 999). 

The lncaic fold-and-thrust belt formed as a result of at least four compressive events between the 

coastal block and the Maranon Arch. The lncaic 1 and II (59-55 Ma and 42-42 Ma respectively) 

are considered to have been the most tectonically dynamic of  the pulses (Steinmann, 1929; Noble 

et al., 1979, 1985, 1990). The belt developed east of the Incaic megafault that is m w  marked by 

the Cordillera Blanca fault zone (Benavides-Caceres. 1999). West of this lineament compression 

was active but did not result in any major deformation. Both the lncaic 1 and II compressional 

pulses were followed by a period of ciramatic uplift and erosion forming the Incaic 1 and II  

unconfonnities (Megard, 1987). Structures indicate compression in a southwest-northeast 

direction. Surface geology shows major shortening, accommodatd by the folding and thrusting 

east of the Incaic rnegafault (Megard, 1987; Benavides-Caceres, 1 999). 

The eastem margin of the Maranon Arch is formed by the Sub-Andean fault system (Ham and 

Herrera 1963). This system acted a s  a hinge line west of which was the highest part of the 

Pucara carbonate platform, and to the east, a subsiding area where Norian shallow-water and 

evaporitic sediments gave way to pelitic carbonates. During the Senonian, as  the Cretaceous seas 

withdrew fiom the cordillera interior. the Eastern Basin east of the sub-Andean fault system 

evolved into an asymmeîric, increasingly subsiding foreland basin filled by upward coarsening 

siliciclastic mollasse deposits derived from the Andean hinterland (Benavides-Caceres, 1 999). 

Movement along the Sub-Andean fault system has been uneven, with greatest displacement in 

northern Peru. Precambrian rocks are exposed along the upthrown side of the Maranon Arch, and 

within the Eastern Foreland Basin the greatest subsidence is reached with over 1 0,000 meters of 

Tertiary-Quaternary sediments accumulating, representing a combined throw of  approximately 

12,000 meters. During the Quechua II orogenic pulse (8-7 Ma) the Sub-Andean megafault played 

a major role in the formation of the Sub-Andean fold-and-thrust belt (Megard, 1984; Benavides- 

Caceres, 1999). 

Along the western margin of the Eastern Foreland Basin, late Miocene ( 1  0-8 Ma) compression 

d e f m e d  the sedimentary pile into the sub-Andean fold-and-thmst belt (Megard 1984, 1987; 



Benavides-Caceres, 1999). The SubAndean zone is located between the Maranon Arch and the 

Brazilian shield. East of this belt is the undefmed,  westdipping monocline of the foreland area, 

where eastward-thinning seûimentary units lie over the Brazilian shield. The Sub-Andean fold- 

and-thrust belt is primarily the expression of thin-skinned tectonics and crustal shortening. It also 

includes some important basement involved fanires, as well as the belt of crustal shortening 

(Megard, 1 987; Roeder and Chamberlain, 1995; BenavidesCaceres, 1 999). Sedimentary 

deformation occurs across the expanse of the fold-and-thrust bel& particularly at its eastern 

rnargins. Crustal shortening takes place at the Sub-Andean fault zone, which is seen as the root of 

the fold-and-thnist belt and as the locus of absorption of the shortening caused during its 

formation (Fukao and Yamamoto, 1989; Dohath et al, 1993; Suarez et al 1983, 1990). 

The third geodynamic cycle in the formation of the Andes (Andean Cycle) commenced with the 

opening of the Atlantic in the Triassic, inçluding an extens ional phase (late Triassic to earb 

Senonian) of Mariana-type subduction which was basically extensional and of crustai attenuation 

(Megard, 1984, 1987; Benavides-Caceres, 1999). During this time the cordilleran belt was the 

site of major shelf sedimentation, bordered on the west by island arc volcanism or a marginal 

volcanic rift. In the Early Senonian, a geodynamic change evoked Andean-type subduction, 

marine w ithdrawal, and cordi l leran emergence. This s hi ft was characterized by reoccwring 

compressive pulses and the presence of a magrnatic arc along the continental margin. A series of 

9 compressive events formed three major fold-and-thnist belts: the Peruvian (Campanian); Incaic 

(Paleocene-Eocene); and Sub-Andean (Neogene). These resulted in cnistal thickening and uplift, 

which was followed by erosion and formation of major unconformity surfaces. The compressive 

pulses intempted longer petiods of extension during which die magmatic arc was particularly 

active, and which were also characterized by the development of forearc basins, intermontane 

grabens, and the Great Eastern Foreland Basin. Throughout this Andean development the 

presence of a magarnatic arc, the Maranon Arch, and Eastern Foreland Basin remained persistent 

(E3enavides-Caceres, 1 999). 



The Pucara Basin is a craton-margin carbonate platform that represents the first marine 

transgression of the Andean Cycle over continental clastic sediments, volcanic and volcaniclastic 

rocks of the Permian-Triassic Mitu Group and other Paieozoic rocks (Fig. 1.5). The wide 

carbonate platforrn of the Pucara Croup developed discordantly over pianekey shaped horst and 

graben terrestrial sequences formed under extensional tectonic conditions, on the western margin 

of the Brazilian Shieid in Northem and Central P m  (Fontbote, 1990; Megard, 1987). 

The Pucara Basin has been best studied in the Altiplano region of central and south central P m  

where it has been subdivided into three formations: Chambara, Aramachay, and Condorsinga. In 

the Altiplano region of Peru the Chambara Formation consists primarily of shaley and bituminous 

limestones up to 1500 meters in thickness. The Aramachay Formation consists of bituminous 

shale, sandstone, c h a t  and phosphatic rocks up to 600 meters thick, and the Condorsinga 

Formation comprises mainly bioclastic and ch- limestones and shales up to 2900 meters in 

thickness (Font bote, t 990; Rosas, 1 994). 

This study is confined to a detailed area of the Utcubamba Valley in Northem Peru. Other 

investigations of the Pucara Group in northem P m  include that of Wilson and Reyes (1 964) and 

Prinz (1985). Other studies of Pucara Group stratigraphy in the Sub-Andean region of central 

Peru include those of Levin (1  974) and Palcios (1  980). Generally the age range of sediments in 

the Eastern Pucara belt is comparable with those of the central Pucata. Fontbote (1990) notes 

important difference in the depositional environments between the eastern and central Pucara. 

The Eastern Pucara is characterized by the presence of several thick petitidal dolomitic units with 

abundant alga l lamination and sulfate molds deposited in sabkha-like environments whereas the 

Central Pucara consists of predominant ly stable s hallow water calcareous carbonates. The 

eastern Pucara represents the basin margin as it interfingers with the clastic-evaporitic sediments 

of the Iowa Sarayaquillo Formation (Megard, 1978) along the western margin of the Brazilian 

Shield. 

Many models have been proposed conceming the development of the Pucara Basin. Loughman 

and Hallam (1982) proposed an unrestricted open shelf to the Pal-Pacific in the west. Szekely 

and Grose (1972) and Megard (1978) proposed the existence of a structural hi& with ernergent 

areas between the Pucara Basin and the Pal-Pacific. Fontbote ( 1 990) suggests that the 



Figure 1.5 Schematic W-E profile of the Pucara encompassing the Utcubamba Study area. 
Modified fiom Fontbote, 1990. Based upon data fiom hgernmet Boletin No.60, 
1 995 and stratigraphie data wllected by the author. 



evolution of Triassic-Liassic Pucara basin has more similarities to basins in the Triassic of the 

Alpino-type lithofac ies than to the Andean basins related to paired magrnatic arc-back-arc. These 

similarities inc lude high subsidence rates, predominant carbonate sedimentation, and the 

paleogeographic situation at the margin of an emerged continent. 

This study witl fwus on the stratigraphy and stratigraphic distribution of the Pucara Group, in a 

discrete (90 x 20 km) area of northern Peru, within the Utcubamba valley (Fig. 1.6). 

1.3.3 Geological Setting of the Northern Pucara Basin 

The Pucara Group of the Northern Pucara Basin can be divided stratigraphically into the 

Chambara, Aramachay and Condotsinga Formations, as described h m  studies of the Pucara 

group fiom the central Altiplano region of P m .  However, marked lithofacies differences, 

especially in the Ctiambara Formation have allowed informal subdivisims to be applied locally. 

These lithofac ies differences (discussed below) l ikel y resulted fiom a differentiated extens ional 

basin controlled by localized paleogeographic highs exhibiting substantial vertical and spatial 

variation over kilometer-scale distances. As well, syndepositional tectonic, structural 

modification of this original palerelief rnay have affected the stratigraphic character and 

distribution of the Pucara carbonates throughout the study area. 

The study area (Fig. 1.6) is confined to an elongate northeast corridor that extends fiom the 

southern Maino region northeast through the Utcubamba valley and terminates north of Florida 

Canyon in the Naranjitos area, approximately 90 kilometers in length and 12-20 kilometers in 

width. The Utcubamba Valley continues to the southeast for an additional 40 kilometers through 

the Leimebamba area. Six partial stratigraphic sections, accompanied by local geological 

mapping were rneasured within the study area. Sections were confined to carbonate rocks of the 

Pucara Group. Section selection was a fùnction of accessibility, exposure, infiastructure, and 

ultirnately time and budget constraints. At the time of the study exploration was king carrieci out 

by Cominco Ltd. and later tfirough a joint venture between Cominco Ltd. and Pasminco Ltd. Due 

to very poor exposure, heavy vegetation, extreme topography, and intensive pst-depositional 

structural modification it was difficult to measure complete stratigraphic sections through the 

entire Pucara Group in any one locale. 



Figure l .6 Bongara Location Map. Locations of major villages, zinc 
occurences, and measured stratigraphie sections witb relation to 
the major geographic subdivisions of  the region. Modified h m  
Fig. 2.1 of Ingemmet Boletin No.56, 1995. 



Stratigraphie sections were measured in the following locations: Flori& Canyon, Tesoro Canyon, 

Tingo, Floricita, Maino, Buenos Aires, and Nruanjitos, as indicated on figure 1.6. A significant 

drill core database exists for Florida Canyon (70+ ddh's), Tesoro, and Floricita. During 

stratigraphic work, over 700 sarnples were collected by the author (Appendk 1 ; Reid, 2001 ). 

1.3 -4 Stratigraphy of the Utcubamba Corridor 

Unlike most global MVT districts, the Bongara a r a  is loçated centrally within a moderately 

stable carbonate platforrn rather than along the basin margins. Within the study area the formal 

stratigraphic division of the Pucara Group (Gp.) as suggested by Harrison (1943), and Megard 

(1968) can be identifie4 though regional lithofacies correlation is dificult due to depositional 

controls, structural modification and lack of exposure. The Pucara sequences of this area provide 

a unique stratigraphic study due to the fact that tectonism and structural movements were active 

duting and afier Pucara Gp. deposition. This strrlctural movement was both local and regional 

and variable in intensity. The end result is a northwest-southeast corridor of structural highs and 

lows preserved in an elongate structural M t  corresponding grossly with the horst and graben 

structures of the underlying Mitu graben and elongate perpendicular to the later Andean thmst 

movement. These variable basernent structures provided antecedent surface on which carbonate 

deposition was initiated, and appear confined within the Utcubarnba Valley, an area of significant 

basement upiifi. The distribution of carbonate facies observed in the area is a fiinction of original 

Mitu basement topography, depth of water during carbonate production and distribution of 

structural reactivation of basement structures through the sediment pile during active deposition. 

The end result is a stnicturally controlled depositional pattern that closely conforms to the 

distribution of palec~highs formed as a result of extensional tectonics and the associateci structural 

reactivation along these topographic margins. 

The best applicable deposit ional model is one of a series of stepped, piano-keyed, isolated, 

carbonate platforms distributed within a much larger platfôrm that extends the length of the study 

area. The following section will discuss the general stratigraphy for the study ara, encompassing 

local variations within the corridor as per observation fiom measured sections and regional 

mapping, as well as from detailed a m  studies conducted by the author and other Cominco Ltd. 

personnel involved in exploration of the area. 



1.3 -4.1 Basernent 

The oldest rocks in the study area are Precambrian gneisses of the Maranon cornplex, exposed in 

elongate, northwest trending, fault-bounded blocks which outcrop to the north of the study area 

and form the topographically highest blocks to the north of the study area (Fig. 1.3). 

The Pemiiafi Mitu red beds unconformably overiie the Maranon Complex and are well exposed 

throughout the study area, predominantly on the main r a d  between the towns of Bagua Grande 

in the west to Pedro Ruiz in the east. In the study area the Mitu Formation consists of coarse- 

grained ferruginous sandstones and both 01 igomictic and polymict ic conglomerates and/or local 

debris flows (Plates 1.1 and 1.2). These rocks are associatecl with horst and graben structures 

reiated to an failed ensialic rift (Noble et al; 1978; Kontak et al; 1985)- Stratabound copper 

deposits and occurrences have been reporteci in the Mitu within central Peru (Amstutz, 1956; 

Kobe, 1960, 1990). The ri fi-related horst-and-graben structures of the Mitu provide the 

differentiated pian-key shaped basin surface, or paleorelief in which the carbonates of the Pucara 

Group were deposited. 

1.3.4.2 Local Pucara Group 

Through the studied are* the Pucara Group can be observeci fiom the basal Chambara Formation 

unconformably overlying the Mitu redbeds through to the Aramachay Formation and in places, 

where preserved, the Condorsinga Formation (Fig. 1.3) 

1 -3.4.2.1 Chambara Formation 

Weaver ( 1942) applied different names to various intervals of the Chambara Formation, including 

the Utcubamba Fm. within this study area. The Upper Triassic limestones were named the 

Chambara Formation by Grose (196 1) based upon outcrops near the Chambara village, about 20 

km. northwest of the town of Huancayo. Stratigraphie correlations made between central and 

northem Peru have ensured the acceptame of  the Grose (1 96 1) nomenclature for the Chambara 

Fm. and has become the scientific standard. Though persistent through the study a r a ,  the 

C hambara exhibits laterally variable lithofacies, depending on the depth and location of the 

carbonate depositional environment in relation to basement paleo highs. For the purpose of this 

discussion the "reference" section for the Chambara Fm. will be that at Florida Canyon (Fig. 1.6) 



Plate 1.1 - Mitu Conglomerate; fragments of Proterozoic Maranon Complex 
gneisses supporteci within coarse-grained, well-sorted, consolidated 
ferriginous sand. 

Plate 1.2 - Mitu Sandstones; larninated and cross-bedded,composed of 
we Il-sorted. consolidated, ferruginous sand. 



k i n g  the best exposed of the seven measured and also having the most associated diamond drill 

core information. As a consequence, the Chambam has been informally divided into three sub- 

members designated Chambara 1,2, and 3, as described below. It should be noted at  this point that 

throughout the Bongara region, carbonate stratigraphy has been overprinted by local and regional 

multiphase dolomitization. Based on stratigraphie, petmgraphic and isotopic work by the author 

(Reid, 2001) no early syn-depositional dolomite is present. Al identified dolomite is late 

diagenetic to epigenetic, associated exclusively with the early ground preparation and pst-metal 

precipitating phases of the MVT-style mineralization. 

The Chambara 1 lies unconformably on Mitu Gp. red beûs and where identified is comprised 

predominantly of  algal limestones and lime mudstones, deposited in a very shallow, hypersaline 

sea with algai mats being common and evaporitic conditions beinp sumcient to precipitate 

anhydrite nodules within the lime muds. Substantial facies variations exist ranging fiom algal 

lime mudstones to local wackestones and storm deposits. 

The Chambara 2 is composed of carbonate rocks fiom predominantly high-energy depositional 

carbonate environments. Lithologies range fiom nodular, bituminous lime mudstones through 

skeletal wackestones and packstones, fossiliferous floatstones and rudstones. Where exposed, the 

Chambara 2 -type lithologies remain relatively consistent and locally çorrelatable b a s 4  upon a 

series of markers identified within the Florida Canyon, Tingo and Tesoro areas. These markers 

include the first appearance of a Sponge rudstone separating the Chambara 1 fiom the Chambara 

2, a star crinoid marker, a well-developed and locally consistent coquina mark-, and an intact 

bivalve marker. Centimetric to daimetrk c h a t  nodules are commonly observed within the 

Chamabara 2, but, due to lack of regional continuity, are useless for siratigraphic correlation. 

The Chambara 3 is predominantly deep basinal lime mudstones and bituminous lime mudstones 

with minor shale interbeds, turbidities, and debris flows. Local work by exploration companies 

within the central part of the study area has defined a five-fold subdivision for the Chambara 3. 

The Chambara 3A is observed as  a nodular textured lime mudstone. The Chambara 3B is a deep 

basinal turbiditic unit, while the Chambara 3C is predominantly a lime mudstone, with lesser 

shales, common bivalve debris, and is observed locally interbedded with 3B equivalents. 

Chambara 3D is dominantly silt laminated lime mudstones, turbiditic mudstones with minor 

interbedded shales. The 3E is very similar to 3D with the exception of the predominance of 



variable s u d  concretions developed within the strata. The observation of concretions within the 

Chambara 3 marks the transitional contact into the Aramachay Formation. 

1.3.4.2.2 Aramachay Formation 

Megard (1 968) named the Aramachay Formation based upon exposed shaley strata a t  the site of  

the Ichpachi mine, 2 km, southwest of the village of Ararnachay about 30 lan. northwest of the 

town of Hyancayo. Within the Bongara region the Ararnachay is observed with various 

stratigraphic thicknesses throughout the district and is composed predominantly of deep basinal 

lime rnudstones, calcarmus shales and variable turbidites. The contact between the Ararnachay 

and the upper Chambara Fm. is gradational over tens of meters and at times difficult to pick. The 

contact with the overlying Condorsinga where exposed is sharp and well defined. 

1.3.4.2.3 Condorsinga Formation 

Megard (1968) named the upper limestone unit of the Pucara Group the Condorsinga Formation. 

Within the Bongara area there is a marked difference in stratigraphic thickness regionally. 

Measured sections range fiom approximately 100 meters in the Floricita area (discussed below) 

to greater than 180 meters in the distal northeastern Buenos Aires section. Rhodes (1 998) 

discusses the regional variations observed within the Condorsinga Formation with regards to both 

facies distribution and thickness. At Minas Grande, Rhodes (1 998) observed coarsely pelletal 

lime mudstones. which overlie chicken wire-textured gypsum (after anhydrite). In the Floricita 

area the Condorsinga is predominant ly medium-to-thin bedded l imestones and dolom it ized 

(mineralization-related) equivalents. In the Buenos Aires section the thickest exposures of 

Condorsinga were examined at over 200 meters thickness. Here the Condorsinga is 

predominantly a thin to fine bedded, bituminous, black to dark grey, fine-grained nodular lime 

mudstone. The Minas Grande area (Rhodes, 1998), and the Floricita area appear to represent a 

very shallow water depositional envuonments characteristic of a shallow hypersaline and 

restricted environment. On the 0th- hand, the nottheastm and eastern equivalents mark a much 

deeper basinal environment. This is a fùnction of proximity to  the general corridor of uplift 

within the Utcubamba Valley. The contact between the deeper basinal Ararnachay and the 

Condorsinga in the central corridor of the area is much sharper than the eastern equivalents which 

appear to be a more inter-tonguing, transitional depositional center. 



1.3.4.2.4 Post Pucara Graip Units 

To the east of the Utcubamba Valley the Corontochaca and Sarayaquil Io formations are variably 

observed and p i n c h a t  against a nanow high(s) formed by the uplified Pucara Group and rapidly 

thicken away fiom it. Bdh units indicate a substantial degree of uplif?, subaerial exposure and 

erosion of the Pucara group (Rhodes, 1998; Pardo and Sanz, 1979; Prinz, 1985; Rosas, 1994). 

The Corontochaca varies fiom very coarse scarpderived boulder conglomerates to more sorted 

conglomerates, sandstones and silts of fluviaildeltaic character. The Sarayaquillo Formation is 

predominantly redbed shales, sandstones and marls with some gypsum beds. The contact with 

underlying stratigraphy in the Bongara region is unique and locally a strong angular unconformity 

is observed between the Pucara Grwp and the Corontochaca and Sarayaquillo Formations. This 

suggests a substantial degree of uptifl and deformation, subaerial exposure and erosion of the 

Pucara Group rocks during the midJurassic, confined within the Utcubamba Corridor. 

The Lower Cretaceous clastic Goyllarizquisga Formation unconforrnably overlies the Pucara 

Group within the study area anci the Sarayaquillo formation locally. The Goyllarizquisga 

Formation consists mainly of delta and shallow-marine clastic sediments (Wilson, 1963; Rosas, 

1986). These continental siliciclastics are interpreted as synorogenic products of the Nevadian 

Orogeny and overlie a regional stratigraphic unconformity. Elsewhere within the study area, the 

unconforrnity surface cuts variably through different stratigraphic levels of the Pucara Group, and 

in places near Maino, rests upon the Mitu, suggesting cornpiete erosion of the Pucara. 

1.3.5 Description of Studied Sections 

Throughout the study ara, seven measured sections were cornpleted, accompanied by geological 

mapping, sampling and drill core analysis when available. Investigations include petrographic 

and stratigraphic analysis as well as catfiodoluminescence and stable carbonate isotope analysis. 

The six measured sections include the Florida Canyon, Tesoro, Tingo, Naranjitos, Floricita, 

Buenos Aires, and Maino areas. The following will discuss the stratigraphy of each area 

individually. An attempt to synthesize and interpret the data on a basinal and depositional s ~ I e  

will be made later along with a structural synthesis. 



The Florida Canyon area is iocated approxirnately 13 km. northwest of the village o f  P h  Ruiz 

(Fig 1.6). This area has k e n  the focus of study since the most significant amount of 

mineralization discovered thus far has been confined to this area. There is good access and 

exposure within the area. To  date approximately seventy drill holes and significant detailed 

mapping have provided the author with a very good, detailed geological database fiom which to 

draw additional information. 

The F l o d a  Canyon area is Iocated within a fold-and-thst belt that resulted fiom continuous 

compressive orogenic events associated with the formation of the present Andes. The belt trends 

NN W-SSE and includes fol& that are predominant ly parallel to the belt and are characterized by 

relatively long wavelengths and small amplitudes (Szybinski, 1998). Florida Canyon cuts across 

the southwestern limb of a broad dome overlying exposed Chambara formation rocks. Rocks are 

generally flat lying, with minor gentle folds. Detailed mapping by Cominco staff shows that the 

Florida Canyon area is typified by a well-developed dome-and-basin pattern. Stratigraphie 

logging of al1 the holes confirms a domal stratigraphie pattern confined to the main area of 

interest (Fig. 1.7 and Fig. 1 -8). 

A major fault zone, the Sam Fauh cuts the stratigraphy on the west side of Florida Creek and 

down drops Chambara 3 in the western block against Chambara 2 rocks in the eastern block. 

Movement of the Sam Fault is comptex and has a scissor component with offset greater in the 

north (approx. 125 meters) than in the south (approx. 50 meters) (Szybinski, 1998; Wodzicki, 

1998). The Sam Fault also has a right lateral strike slip component and some splays off the main 

fault in the northern part of the Canyon are in fact positive flower structures (Szybinski, 1998). 

Numerous northeast trending fractures cut rocks in the eastern block; however, the planar bedding 

does not appear to be displaced by faulting (Fig 1 -9). 

In the Florida Canyon section, only the Chambara and Aramachay Formations of the Pucara Gp. 

are exposed. As noted previously, the Chambara has been informally divided into 3 subunits, 

desctibed below. 
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Figure 1 -7 Structural contour map on the top of the CI 
Florida Canyon. 

Figure 1 -8 Stratigraphy of the Florida Canyon 
and Tesoro Canyon areas. 
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Figure 1.9 Smicturai cross section A-A', looking northwest, of the southem Sam Fault system in 
Florida Canyon. 



The Chambara 1 Formation has been intersected by exploration dnlling in the area and is well 

exposeci within the lower Florida Canyon. It unconfmably ovedies an enisional surface on the 

underlying Mitu Gp. sediments and is observed with a general thickness of approximately 200 

meters representative of a restrictive tidal flat depositional environment. The rocks wnsist of light 

to cream to medium brown, finely crystalline, lime mudstones with textures that Vary fiom 

relatively massive, to fine and subtly laminated, with O. 1 to 4 mm dark brown to black, clay 

a d o r  organic ric h layers (Rhodes, 1 998.) Occasional small intraclast breçcias are observed and 

likely resultant fiom periodic storrn ripup events. Evidence to the restrictive and evaporative 

nature of the environment is provided by the presence of 2 to 20 mm. irregularly bounded ovoid 

calcite spar forms that are typical of psuedomorphs after anhydrite nodules. Rhodes (1998) 

obsewed small-sale faults that cut some laminations but are capped by iùrther undisplaced 

laminations as evidence for small tectonic dismptions of the algal flats. It seems likely that in 

many places within the study area active fault movement and reactivation petsisteci through 

sedimentation. In this study, only local sections of the C harnbara 1 were observed in drill ho le as 

most exploration holes were shut down when this unit was intersected. 

Regionally, this tidal flat unit of algal laminations has only been identified in the Flori& Area 

and in a slightly modified forrn in the southernrnost Maino area. This initially suggests a 

localized, restricted depositional environment, likely on top of a paleo hi@, when comparai with 

deeper basinal and platformal carbonate sedimentation observed elsewhere. The characterist ics 

of these rocks indicate they were deposited in a very shallow (sub to intertidal), hypersaline sea 

with algal mats k i n g  common and evaporitic conditions k i n g  suficient to precipitate anhydrite 

nodules within the lime mudstones (Plates 1.3 and 1.4) (Shinn, 1983). 

The Chambara 2 formation is indicative of a shoal to biostrome unit deposited within a high-to 

very-high energy depositional environment. This is the major host to the bulk of mineralization 

observed within the Florida Canyon area. The contact with the Iowa Chambara 1 algally 

laminated lithofacie is sharp and easily cordatable. The section varies fkom 150 to 180 meters 

true thickness depending on proximity to the f a u b  and location on the local platform. Rhodes 

(1998) identified five prominent lithofacies within this middle division (Chambara 2) of the 

formation. Al1 of these lithofacies can be identified in the drill holes, in local rnapping, and in 

measured sections fiom proximal areas. Throughout the F M &  Canyon area this unit is observed 

pervasively dolornitized. Drill hole analysis and lithofacie distribution show that al1 



Plate 1.3 - Chambara 1 equivalent dolomitic limestones h m  the basal Maino 
section. Samples show open space infill and partiai psuedobrecciation 
by late white dolospar. 

Plate 1 .4 - Chambara 1 algal laminated lime mudstones and cream lime 
mudstones with calcite psuedomorphs after anhydrite nodules. 



Chambara rocks in the Florida Canyon area were original limestones and any dolomitization is a 

result of evolving basinal fluids associated with mineralization and/or late diagenetic alteration. 

The five lithofacies identified are: 1. Wispy, argillaceous, usually nodular, moderately dark to 

medium grey, fine grained bituminous lime mudstone (Plate 1 S). 2. Wackestones in which 10% 

or more fine skeletal debris generally crinoihl ancilor fiagmented bivalve shells, occurs in and is 

supported by a lime rnud matrix (Plate 1.6). 3. Packstones comprised of abundant skeletal debris 

generally clast-supported with a fine lime rnud matrix. Two types seem to be exclusively 

composed of intact to abraded crinoid ossicles and those that combine crinoid ossicles with some 

shelly debris represent the packstones. The former were deposited in a more strongly 

wave/current dominated environment than the latter. 4. Fossiliferous floatstones consist of greater 

than 10% fossil debris coarser than 2rnm but in a mud and fine fossil matrix. The fossils are most 

commonly fiagmental bivalves (pelecypod, brachiopd) but may include thicker ceiled or 

chambered forms that are probably corals, calcisponges and in some instances gastropods (Plate 
i 

1.7 and 1.8). 5. Fossil rudstones com posed of abundant coarse fossil debris that is clast-supported 

with fine fossil and some lime mud matrix. The fossils are the same as those found in the 

floatstones. 

The Chambara formation in the Florida Canyon are* especially the shoaübiostrome Chambara 2 

middle division, shows a very high degree of stratigraphic control and planar stratigraphic 

correlation. In general the most useful units for stratigraphic correlation have proven to be the 

coarsely fossiliferous floatstones and rudstones. There are four such units that show the 

consistency of characteristics to act as  reliable markers within the area. A distinctive black 

matrix, star crinoid-rich wackestone, also serves as a g d  stratigraphic marker. Most of the 

fossil units higher in the Chambara 2 show a degree of thickening and thinning, occasional 

absence and a lack of distinctiveness fiom each other. 

The depositional environments of these rocks is predominantly one of hi& energy, wave anaor  

current conditions with relatively shallow water depths. Light and oxygen were sufficient to 

encourage abundant marine organism to thrive but at the sarne time to be broken up and 

winnowed to some degree so that concentrations of brdcen crinoid ossicles and shell debris 

accumulate. The depositional environment of the Chambara 2 in Florida Canyon is indicative of 

a common bank margin or wave-side reefal environment as defined by identified lithofacies 

assemblages (Fig. 1.1 O) (James, 1983; Halley, et al., 1983). The coarser fossil Iithologies represent 



Plate 1 .S - Chambara Formation in the lower Florida Canyon near Tingo. 
Marked area represents, a sequence of fine-grained bitumïnous 
mudstones of the lower Chambara 2. 

Plate 1.6 - Chambara 2 - Wackestone of which 10% +/- is comprised of fine 
skeletal debris gennerally of crinoidal andor fiagmental bivalve shel 
supported in a lime mud supported matrix. 



Plate 1.7 - Fossiliferous packstone composed of clast-supporteci skeletal debris 
with a fine lime mud matnx. Here the crinoidal packstone is 
partial1 y psuedobrecciated. 

Plate 1.8 - Fossiliferous Floatstone consists of  pater than 1û% fossil debris 
coarser that 2 mm. But in a mud and fine fossil matrix. 
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lower energy and/or optimum conditions for larger fossil organisms and apptoach reefal 

conditions. The oscillation of the different lithofacies evident in the stratigraphy of the Chambara 

2 represent slight and partially cyclic variations in the conditions of the environment. 

The Chambara 3 is comprised predominantly of deep basinal lime mudstones and bituminous 

lime mudstones with minor shale, turbidite and local debris flow units identified. A g m s  

infotmal subdivision can be applied to  the Chambara 3. The Chambara 3A is observed as a 

nodular texîured lime mudstone. The Chambara 38 is a deep basinal turbiditic unit. Charnbara 

3C is predominantly a lime mudstone with lesser shales and common bivalve debris, and is 

observed Iocally interbedded with 3B equivalents. Charnbara 3D is ptedominantly silt laminated 

lime mudstones and turbiditic mudstones with minor interkdded shales, The 3E is very similar to 

D with the exception of  the predominance of variable-sized concretions developed within the 

ssata. The observation of concretions within the TCh3 mark the transitional contact into the 

A r m c h a y  Formation (Plate 1 -9). 

The depositional environment of the Chambara 3 can be considered one of a typical fore-reef 

dope grading towards a slightly deeper basinal environment when shales are deposited (Fig. 1.10) 

(Enos, 1983). The presence of local turbidites is indicative of some nearby basinal relief while 

the mudstone suggests fairly deep basinal conditions, or a fore-reef to basinal margin depository 

for carbonate sediments spilling ofTa shelf-edge environment. The Charnbara 3 division has not 

been completely measured in the Florida canyon area due to extreme topography. However, in 

the proximal Tesoro area, a complete section has been documented. In general the Chambara 3 

section in the Florida Canyon is at Ieast 200 meters thick and conforms to the variations above. 

The Chambara section at Florida Canyon is considered the type section for base metal work in the 

area as a result of the significant geological database, and drill hole information collected. 

Interestingly the consistency and definability of the stratigraphy in the area is unique and does not 

easily extrapolate regionally for more than 8 to 10 kilometers peripheral to the center of known 

mineralization. 

1.3 -5.2 Tingo 

The Tingo Section is located at the southernmost end of Florida Canyon, approxirnately 5 

kilometers south of the main exploration area (Fig. 1.6). Though the section is well e x p d  and 



Plate 1 -9 - Transition between the upper Chambara 3 and the Aramachay 
Formations. In most areas this gradational contact ranges from 
10 to 25 meters. 

Plate 1 - 1  0 - Structural1 ycontrolled valley near the village of Tïngo. Slopes are 
assumed to have resulted h m  reactivated structures within the 
Mitu horst-and-graben sy stem, likel y representing platformal 
margins for Pucara Gp. carbonate sedimentation. 



easily measurable along a m i l  that climbs fiom the village of  Tingo into the min forest, the 

section represents the southeni most extrapolation of the northem trending Sam structure 

discussed above. A significant degree of structural reworking, late dolomitic overprinting and 

structural btecciation obscures the original lithotàcie and makes identification difflcult. A 

preserveâ section resting on the Mitu sandstones extending upward through the Chambara was 

obtained and is grossly correlative with the Florida Canyon section. The t d a l  section measured 

335 meters, starting in the lower Chambara 1 tidal flat unit and extending through to the 

Chambara 3 of Florida Canyon. 

Chambara 1 equivalent lithologies were observed over a thickness of  approximately 160 meters. 

Distinct lithofacies comparable in part with Florida Canyon include a lml  laminated mudstones 

and argi llaceous th in mudstones. Interestingl y, lithofacies consisting o f  bioclast ic wackestones 

and packstones, comprised of skeletal debris, indicative o f  higher enetgy depositional 

environments, were encountered interbedded throughout the lower C harnbara section. At Tingo, 

these sequences were slightly thicker-bedded on the s a l e  o f  2- 15 cm., were dark grey and 

conformed very closely to those described within the central stratigraphy o f  Florida Canyon 

(Refer to Appendix 2 of Reid, 2001 for detailed sections and lithologs). These units were 

consistently overlain by thin lime mudstone lithofacies. 

The Chambara 2 equivalent lithofacies were observeci over a thickness of 2 10 meters, which 

correlates very well with Florida Canyon. Lithofacies consisted of high-energy wackestones, 

packstones with rare floatstones, and rudstones. Markers observed in Florida Canyon were not 

encountered in the Tingo section likely due to the very strong overprinting of original 

sedimentary features by various coarse dolospar phases (discussed later). The contact between 

the lower tidal flat unit and the high-energy biostromal unit was based upon the first appearance 

of a thick packstone unit. Though pervasively dolomitized, they are identifiable by the nature of  

preserved bedding, relict textures and outcrop weathering. 

Forty-five meters of Chambara 3 equivalent lithofacies was studied until exposure was Iost to 

ovetburden. The lithologies seen were consistently fine-graine4 thin-bedded, slightly biturninous 

lime rnudstones with small chert nodules in the I o w a  depths, grading upward into slightly more 

thinly bedded bituminous lime mudstones. 



In general, though obscured by stnictural disruption and fluid alteration, the Tingo section 

remains relatively consistent with lithologies seen at Florida Canyon. The correlatability is 

unique when compared regionally and it can be concluded that ôoth areas are located within a 

single isolated platfm environment. Though not observed in great thicknesses, the presence of 

fossilifer~us packstones and wackestone suggests that towards the southern end of this isolated 

p la t fm the influence of a siightly higher-energy depositional environment than that of merely a 

tidal flat, as observed 5 kilometers to the north, suggests that this isolated platfm may be 

nearing its southeni extent in the Tingo area. This marks the edge or margin of the paleo high on 

which the carbonates where deposited. This is fiirther verified by rnapping south of Tingo, which 

shows pdominantly deeper-water Chambara Fm. lithologies with no high-energy carbonates 

identified. The village of Tuigo is loçated along a western trading valley that has huge 

stmcturally-controlled topographic relief. This could very well represent the edge of a 

paleotopographic block (Plate 1.1 0). 

1.3.5.3 Tesoro Canyon 

The Tesoro Canyon section is located 6 km, ENE of the main Flori& Canyon area on the east 

side of the TesoreFlorida anticline (Fig. 1.1 1). Tesoro has the most extreme relief of the entire 

study area with cliff walls up to 200 meters high. Though a complete section can be mapped out 

extending fiom the basal Mitu red beds through to the Aramachay Formation, topographic 

limitations allowed for only the detailed study of the Chambara 3- type lithologies including the 

transition into the Aramachay Formation. 

Regional mapping of the lower Canyon identified a thick sequence of fossiliferous packstones, 

and wackestones analogous to the higher energy carbonates of the Chambara 2 division in Florida 

Canyon. Drill testing of mineralized targets in the Canyon confms a local stratigraphie 

correlation of lithofacies and depositional environments b e e n  Florida and Tesoro Canyon 

inc luding identification of the Coquina marker in the Iowa C hambara. 

The T e s m  section is important as it provides some of the best-preserved sequences of the upper 

Chambara and the transition into the Aramachay. The section measured just over 600 meters 

(Appendix 2). Of importance in the section was the visible and documented correlation between 

the sub members of the Chambara 3-type lithologies identified fiom Florida Canyon. Over 475 

meters of measured section and al1 five divisions of the upper Chambara discussed above were 



identi fied. The section was composecl of predominantly of finqgraind, thin-bedded, p1ana.r lime 

mudstones interbedded with shales, rare thin turbidites, and higher-energy deposited packstones 

(Plates 1.1 1 and 1.12). The Chambara 3 in the section shows a very gradationai contact with the 

Ararnachay Formation marked by an increase in the overall organic contact of the Iime mudstones 

with the presence of interbedded concretions ranging in size fiom 10 cm to 0.5 meters. The 

gradational contact with the Aramachay occurs over a thickness of 25 meters. 

The author picked the base of the Aramachay at the predominance of black organic, non- 

caicareous mudstones and shales and the first appearance of ammonites along bedding planes. 

The fore-reef depositional cnvironment of the Chambara 3 in the Tesoro Canyon suggests that 

correlatable lithofacies across the platform aie indicative of relatively stable basinal conditions 

during the transition into the Aramachay time. The presence of thin turbiditic units in the 

Chambara 3D quivalent lithologies suggsts that there was significant basinal relief and 

instability at the time of deposition. For detailed log and sampie descriptions fiom the section 

refer to Reid (200 1 ) Appendix 2. 

1.3.5.4 Floricita 

The Floricita section is located at the main exploration target 16 kilometers SSE of the town of 

Pedro R u k  along the Utcubamba River, rneasured up a steep dope on the West side of the 

Utcubamba Valley. The section measured totaled 250 meters and was based in the upper 

Chambara, extending through the Aramachay and into the Condorsinga. The Section terminated 

at the Cretaceous unconformity and the overiying Goyllarisquizga sandstones (Plates 

1.1 3KAppendi.x 2). 

Though incomplete the Charnbara section consisted principally of deep basinal, bituminous Iime 

mudstones, interbedded with mud dominated, pelletal wackestones and rare thin packstones. The 

measured section of upper Chambara totaled 150 meters. Most importantly, the distinct 

lithofacies ident ified at Tesoro and F lorida Canyon within the upper C hambara (C hambara3-type) 

were absent. Though the rocks were accumulated in deeper basinal fute-reef siope conditions 

thete was no indication of turbiditic units, concretions or chat nodules. 

The transition into the Aramachay Formation was fauly sharp when compareci with the other 

areas studied. The Aramachay in the Floricita area had a thickness of 70 metets total. The rocks 
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Figure 1.1 1 Cross section A-A'showing the stratigraphic relationships between the Florida and Tesm 
Canyon areas. 



Plate 1.1 1 - Thin-bedded turbidites in the Charnbara 3 of Tesoro Canyon. 

Plate 1.12- Nodular concretions within fine-grained, bituninous limestones of 
the upper Charnhara 3 in Tesoro Canyon. 



Plate 1.1 3 - Panoramic of the Utcubamba Valley at the Floricita section. The 
contact between the Aramachay and Condorsinga Formations have 
both a topographie and vegetative distinction. 

Plate 1-14 - Emsionai contact between the Condorsinga Fornation and the 
Goy llarisquizga sandstones. 



are very fine-graineci, thin-bedded, planar black mudstones with thin brown shale partings. The 

Aramachay in the Floricita area remains very consistent and easily definable. The transition into 

the Condorsinga formation is observed over approximately 10 meters thickness as a significant 

increase in the calcareous component of the rock, with a thickening of bedding and an increase in 

grain size to an eventual light brown to brown, thin to medium bedded calcareous mudstone and 

wackestone. Original sedimentary structures within the Condorsinga are obscured due to 

pervasive local dolomitization associateci with mineralization. However, the general ap-e 

suggests a more restricted environment, as possible algal laminations and wispy argillaceous 

bedding are locally observed. At the section the Condorsinga thins fiom 100 meters to 50 meters 

Iaterally, over approximately 300 meters fiom south to north as a result of a sloping erosional 

surface or pmCretaceous faulting (Plate 1.14). 

The Floricita section is very important as a dramatic thinning is observed in the Aramachay 

formation when compared with the other sections and regional studies. The Aramachay 

Formation in the Floricita area is only 70 meters thick, whereas in the Florida and Tesoro Canyon 

areas it is a minimum of 200 meters thick. This strmgly suggests that the Central Utcubamba 

Valley underwent significant structural uplift forming a pal- high during Aramachay deposition, 

or was already a location of elevated topography. 

The NaranjitosKannela ara is located approximately 27 kilometers northwest of the town of 

Pedro Ruiz. This area is underlain by Pucara Group rocks comprising the C hambara and 

Aramachay Formations, though no tnie stratigraphic marker or formational contact was identified 

that would enable a correctable stratigraphic interpretation to be made. The section did provide 

evidence as to the depositional setting of the upper Chambara formation to the north of Florida 

Canyon, an idea as to the location of the basin at tirne of deposition, and the morphology of the 

carbonate platform in that area. 

The studied section was within upper C hambara and transitional Aramachay lithologies 

(Appendix 2). The lowermost 90 meters consisted primarily of grey lime mudstones, with black 

planar to finely bedded bioturbated nodular lime mudstones. Above this is a relatively thick 

interbedded sequence of 125 meters of calcareous lime mudstones, thin interbedded shaley 

horizons and local cm.-sale turbiditic horizons. The overall section is composed of principally 



of deep basinal lime mudstones, shales and srnall thin turbiditic intervals. Of primary interest to 

this area is the presence of three identifiable debris flows within the stratigraphy. These range in 

thickness between 5 and 25 meters and contain hgments  of various 0th- lithologies. Clasts 

within this unit include packstones possibly of middle Chambara origin, as  well as  quartzites 

fiom the Maranon cornplex. A definite grading to the debris flows is identifiable, with larger 

clasts and h g m e n t s  being deposited a t  the base and a k i n g  upward texture observed. 

Local geological mapping has not ideritifid any true hi&-energy biostromal or reefal carbonate 

units; however, they may exist at @th. A gross stratigraphie correlation is possible between the 

carbonates o f  the Naranjitos area and those o f  the Florida and Tesoro Canyon areas. The 

presence of middle Chambara lithofacies within the debris flows suggests that basinal instability 

existed during time of  deposition and a pal-high to the south likely existed, whereby r ipup 

fiagrnents of  the platform could be triinsported deeper in the basin. For a complete description of 

the section and samples the reader is forwarded to Reid (200 1) Appendix 2. 

1.3.5.6 Buenos Aires 

The Buenos Aires section is located approximately 20 kilometers to the northeast of the town of 

Pedro Ruiz along the paved road to the village of Buenos Aires. The section is well exposeû, 

though heavily faulted, and provided a good opportunity to Iook at the contact of the upper 

Chambara with Aramachay, and Aramachay with the Condorsinga Formations. The Buenos 

Aires section represents the northemmost studied section. It lies outside of the Utcubamba Valley 

and may reflect more of the original basinal characteristics away h m  the zone of structural 

influence. 

The Chambara Formation observed totaled approximately 400 m. (Appendix 2). Unlike the 

Florida and Tesoro Canyon areas, very M e  high-energy carbonates were identified and the 

genera 1 1 ithologies noted were deeper basinal lime mudstones, and wackestones associated with a 

fore-reef slope depositional environment. Variations ex isted in the wac kestones as some had a 

very fine pelletal component not identified in the core study area. The lithofacies rernained very 

consistent except for variable bedding thickness. 

The transition to Aramachay is relatively gradational compared to Florida Canyon, and is 

identified over a thickness of 20 meters. The transition shows a sharp decrease in calcareous 

content o f  the carbonates, and an increase in overail organic character a s  well as, a thinning of 



bedding to a cm-mm scale and the introduction of  very fine shale partings and interbeds. Overali, 

the Aramachay is approxirnately 300 meters in thickness, though a large normal fault offsets the 

section and the author was f m e d  to extrapolate measurements. Throughout the Aramachay 

section in this area, large ammonites are preserved along thin bedding planes. 

The contact between the upper Aramachay and the Condorsuiga is very sharp, identified by an 

overall lighter colour, an increase in bed thickness, and an increase in calcareous content back to 

tnie Iimestones, lime mudstones and predominantly wackestona with rare pelletal packstones. 

There are also no ammonites. In general, the overall lithofacies remain confined to deeper water 

facies. 

The section was stopped within the Condorsinga due to overburden and lack of exposure. The 

depositional environment of this section was almost exclusively confined to  fairly deep basinal 

conditions. The lack of turbidites or debris fiows in the upper Chambara or  Aramachay suggests 

stability during sedimentation. The lack of any higher energy lithofacies a s  observed within the 

central study area also suggests that overall water depth was deeper and below wave base. 

1 -3.5.7 Maino 

The Maino area is located 40 kilometers south of the town of Pedro Ruiz and represents the 

southern-most portion of the study area along the Utcubamba valley. The oldest rocks 

outcropping in the a r a  are the Mitu redbeds overlain by Chambara fotmation carbonates, 

succeeded unconformably by Cretaceous Goyllarizquisga Group sandstories that have cut through 

the entire upper Pucara sequence. The Aramachay and Condorsinga are missing, presumably 

eroded. The area was of immediate interest because it contains the best dolomitization and ground 

preparation for MVT-style mineralization observed in the district, without any known associated 

mine ra l~ t ion .  A well preserved, though extensiveiy dolomitized section resting on the Mini red 

beds and extending through lower to middle Chambara, was provided along a dope northeast of 

the village of Maino, along a fàrmers trail in the Shiguar Valley. 

The section was commenced just above the Chambara contact with the Mitu redbeds (Appendix 

2) and totaled 365 meters of totally exposed stratigraphy. The Maino section may provide the 

best exposure of continuous Chambara lithologies in the area. Of significance is the different 

nature of  lower Chambara lithoficies in the Maino area wken compared to those of the central 



Florida core. The lower Chambara Formation in this area is approximately 85 to 100 meters in 

thickness and is dominated by algal laminated, fine grained, lime and dotomitic mudstones. All 

dolomite discussed in this section is secondary in nature, the significance of whic h wil l be 

discussed later. Within the lower 100 meters of Chambarn formation a series of meter-scale 

wacke and packstones horizons are observed. These for the most part are pelletal and oolitic in 

composition and interbedded blac k wit h l ight grey to l ight brown mudstones and wackestones, 

devoid of  pelletal content. The upper 20 meters of this tower division show a marked increase in 

bed thickness and an increase in fossiliferous and pelletal content. 

The middle measured section is indicative of high-energy carbonates, dominated by grain- 

supported packstones and fossiliferous packstones, interbedded with wackestones. Within this 

section there appears to be a very distinct cyclical nature to the carbonate sedimentation ranging 

fiom a basal, thin, lime mudstone transitional h to  a wackestone and then into a thick packstone to 

grainstone or rudstone over metric intervals, again capped by a thin mud interval. This cyclicity 

is repeated at least four times through the 180 m. thickness of the middle Chambara unit. Though 

the lithofacies identified in the Florida Canyon area are not seen here, the general thickness of the 

middle Chambara is similar. 

The upper Chambara Forrnation in the Maino area was observed for 80 meters before a large 

normal fault was intersected. The strata was down dropped back to the middle Chambara and the 

erosive contact with the Goyllarizquisga Formation was encountered. The upper Chambara 

lithologies in this section are composed of monotonous fine-grained lime mudstones, finely to  

very finely bedded with thin silt horizons observed rarely. No turbidites or debris flows were 

recognized, suggestive of stable deposit ional condit ions. The identification of C hambara 

Formation with lithofacies transitions fiom a shallow tidal flat seâting through a lagoonal to 

higher energy bank facies and then into deeper basinal conditions, suggests that either the Maino 

area is representative of a pa l eh igh  within an evolving single carbonate platfonn, or is an 

isolated carbonate platfonn separate fiom those of the north. 

A sequence stratigraphie analysis has been attempted within the northern Pucara section of the 

study area. As a result of incomplete section nieasurement, lack of continuous exposure , and 

variability in the data collected, the author bas made certain assumptions. Of great importance to 



the stratigraphic distribution of the Pucara and specifically the Chambara Formation in this area is 

the role of structural and tectonic controls on sedimentation. Eustatic se.-level changes alone 

could not accwnt for the large stratigraphic variations observed over such a very short geological 

distance. It is the author7s judgement that within the study area ôoth the thicknesses of sediments 

and the depositional stratal patterns are controlled by tectonic subsidence and evolving basement 

architecture. Rosas (1994) suggests that stratal patterns and lithofacies distribution in the Pucara 

of central P m  are controlled by the rate of relative changes in sea-level. 

The Pucara Group of the study area shows a fairly classical sequence stratigraphic profi le 

associated with a developing or isolated carbonate platfm (Emery and Meyers, 1996; Tucker, 

1988KFig. 1.12). Initial carbonate production marked the begiming of a transgressive systems 

tract, whereby sea floods an antecedent high, and carbonate production is initiated. For the case 

of the Pucara Group in the study area, this antecedent high is represented by the underlying Mitu 

red beds that f m  a series of piano-key shaped horst-and-graben structures along the length of 

the Utcubamba Corridor. following the structural rift alignment. The paleo-elevation of these 

surfaces relative to the sea level at the time of carbonate start-up determined the lithofacies 

observed. In the Florida and Tesoro Canyon areas, Tingo, and Maino very shallow intertidal 

lithologies have been recorded. With rising sea-level or slight basement subsidence, carbonate 

sedimentation trackeâ the rising relative sea level and built an aggradational margin. This is 

identified in the Florida, Tesoro, Tingo, and Maino areas by the well-defined accumulation of 

higher energy carbonates (Chambara 2) derived fiom within an tidal environment and deposited 

slightly down dope on the carbonate platform in relatively shallow water. 

Once a maximum flooding surface was reached, carbonate production exceeded the rate of 

creation of accommodation space. Most of the carbonate was shed off the platform to the dope 

and basin. This marks the start of the highstand systems tract and represents the rnechanism by 

which mat of the higher energy middle Chambara 2 carbonates were depositeâ. A sequence 

boundary is inferred between middle Chambara 2 and upper Chambara 3. Dwing this period 

there is the possibility of subaerial exposure of the middle Chambara Formation (Fig. 1.12). If this 

did occur, in situ carbonate production was largely terminated apart h m  minor fiuiging reefs, 

and the top of the platform was possibly karstified. This may have occurred in the Florida, 

Tesoro, and Maino areas. 



TRANSGRESStVE SYSTEMS W C T  
S a  I«d floods m mtbPdaa h& 
u d ~ p o d u E a a n ~ i m r i u a d  

HIGASTAND SYSTEMS TRACT 

~c~hambara2 
Chambara 3 - Basinal Lime Mudstones 

rn Chqmbara 3 - Turbidites and ûebrïr Flows 

Figure 1 .12 Sequence stratigraphie interpretation of the C hambara Fm. for the Bongara 
study area. The mode1 infers carbonate deposition confiined to an isolated 
platfom(s) across the length of the Utcubamba Valley. Diagram modified 
from Tucker (1991). 



The p l a t f m  then drowned as a result of sudden sea-level rise or basement subsidence along 

reactivated fault structures through the Mitu graben. Deqer sedimentation occurrad, derived 

fiom still elevated parts of the platform, or through deeper water carbonate sedimentation. This 

process would include the upper Chambara Formation and continue through the deep basinal 

Aramachay setting and a regressive systems tract This interpretation holds well with those of 

Rosas (1 994) and Hillebtanât (1 973, 1986) fiom Pucara Group siudies of saith and central Peru. 

Rosas (1 994) infers a more eustatic control to sequence distribution throughout the Pucara. The 

author prefm a structural controlled mode1 for carbonate deposition in the area as tectonic 

evidence exists suggesting multiple periods of structural reactivation during sedimentation. 

Carbonate rocks inferred to teptesent deeper basinal environments distal to the Utcubamba 

Comdor can be correlateû with those of shallower water as fills within extensional half-graben 

structures. The continuity of the upper Chambara 3 sediment within the main platform suggests 

that the central basin remained relatively stable througb upper Chambara and Aramachay times, 

though debris flows to the north suggest basinal instability to the northwest off the main platform. 

Two possible models are proposed to account for the stratigraphie distribution of the Pucara 

Group across the Utcubamba Corridor. Due to the lack of exposure, heavy vegetation cover and 

extreme topography, as well as late faulting, it is currently not possible to determine which is 

correct. 

The northm Pucara Group within the study area confuied within the Utcubambri Valley is 

indicative of an evolving isolated carbonate platform initiated on a fàult-generated topography. 

Two possibilities exist. First, the entire length of the study area extending fiom just north of 

Florida Canyon through Maino could be regarded as a single large isolated carbonate platform 

within the Pucara basin with interna! localized basement highs responsible for the distribution of 

the higher energy facies observed locally within the middle C hambara Formation. Secondly, there 

could be a series of isolated unconnected smaller p l a t f m  each developed upon fault-generated 

topopphic highs, with a very limited spatial distribution (Fig. 1.13a and 1.13 b). 
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Figure 1.13a Schematic section, looking northeast across the Utcubamba Valley. This figure attempts to put al1 measured 
sections into a basinal and depositional framework. Correlation proves dificult due to the lack of 
identifiable surfaces resulting from poor regional stratigraphic exposure. Not to scale. The reader is 
referred to Appendix 2 for detailed sections and logs. 





The author favors a depositional environment embracing a large single carbonate p l a t f m  as 

envisaged in the fmt  scenario, On this platform, confmed to the uplified Utcubamba valley, are a 

series of elevated basement highs situated along horst and graben structures of the Mitu rift. 

These elevated terrains act as isolated p l a t f m s  within an evolving Iarger platform. This 

accounts for the lack of continuity h e e n  the Florida Canyon and Maino areas and explains the 

lack of high energy carbonates across the central portion of the study area and the extent of fore- 

reef carbonates associated with paleo lows and deeper platfonnal environments. The margins of 

this platform are difficult to determine; however, the identification of thick debris flows to the 

north of Florida Canyon in the Naranj itos area, suggests that significant relief existed off a pal- 

high to the northwest which could represent the platformal rnargin. To the northeast, the Buenos 

Aires section is an almost completely deepwater facies of the Pucara Group. Regional geological 

rnapping has not identified any shallow water kcies suggesting that b e e n  Buenos Aires and 

Florida Canyon an eastern platformal margin exists. Very l ittle information exists to the West of 

the Utcubamba Comdor and a western rnargin cannot be inferreci. Of importance is that shallow 

water facies have only been identified within what the author calls the Utcubamba Corridor a 12 

km-wide sîrip through Flori& Canyon, south 90 km to Maino. All significant shallow water 

facies observed in the study area have been confined to  this intemal area. It is the author's 

interpretation that the Utcubamba Corridor represents an isolated area of uplifl or palerel ief  on 

which shallow water carbonate sedimentation was confined. This interpretation has important 

implications with respect to the localization of mineralization discussed in the next section. 

1.6 Mineralization and Associateci Features 

Mississippi Valley Type (MVT) lead-zinc (Pb-Zn) mineralization, occurring in a variety of types, 

textures and concentrations has attracted the interest of  exploration companies to  the B o n p  

area. Mineralkation is predominantly, though not exclusively, confined to the Chambara 

formation of the Pucara Group and the most significant mineralization discovered to &te is 

around Florida Canyon. Other significant minaalized occurrences have been identified in the 

Floricita, Naranjitos and Cristal exploration areas. Significant dolomitization thought to be 

associated with. or genetically related to, zinc mineralization is observed throughout the study 

area in various forms, and rnay have implications with regard to  the presence of mineralization in 

areas distal fiom the Florida Canyon core. 



The following section will discuss the MVT-style carbonate-hosted Pb-Zn mineralization 

observed in the study are .  and regional variations therein. The most abundant information 

col lected thus far has been fiom FIorida Canyon, where the greater part of this discussion will 

focus. Mineralization fiom other areas will be touched on and compared with that at Florida 

Canyon. For the purpose of this investigation dolomitization, dissolution/ground preparation, and 

mineralization will be discussed separately, followed by a paragenetic squence, and a proposed 

mineral kation model. 

All carbonates in the Bongara area were originally calcareous limestones. This can be 

demonstrated at Florida Canyon by drilling and local stratigraphie correlations, isopach studies of  

dolomite thickness in relation to structures, and through cathodolurninescent and stable isotope 

work carried out by the author. Rhodes (1  998) observed three modes of dolomite emplacement 

as finely crystalline, medium crysîalline, and medium coarsely crystalline dolomites that show a 

signifiant sparry white dolomite component referred to  as a pseudo-breccia. Throughout this 

work. only two types of dolomite have been subdivided based upon paragenetic sequencing. 

Significant textural differences exist that allow for a larger classification to be developed, but 

genetically only two phases are evident. Al1 phases o f  dolomitization are spatially associated and 

in places develop a complicated overprinting that at times proves dificult to interpret when 

attempting to ascertain the paragenetic placement of various phases. 

The two stages of dolornitization identified are referred to as dolomite Stage 1 and Stage 2, 

respectively. Stage 1 corresponds to the finely crystailine and medium to coarsely crystalline 

dolomite phases identified by Rhodes (1998). The Stage 1 dolomite at Florida Canyon is thought 

to result from the predominant flu id phase responsible for the early ground preparation, and the 

premineraiizing fluid dissolution event in the area. Commonly this is a fine to medium grained, 

euhedral dolomite that oveiprints both the lower Charnbara 1 lithologies deposited within a tidal 

flat environment and extensively through the middle Chambara 2 high-energy carbonates. The 

dolomite is observed both replacing original intact limestones and as fiacture and open space 

infillings, in the latter case enhancing and exploiting available porosity and open space (Plate 

1.15). In the Florida Canyon area the largest wncenû-ation of Stage 1 dolomite is direçtly 

associated with the western Sam fault and centrally within the Florida-Tesoro structure. 

Replacement by this dolomite phase involves an in situ substitution of original rock fabric with 



grain size ranging fiom less than 0.2 mm to  5 mm depending o n  the original sedimentar). texture. 

According to  Rhodes (1 998), it produces a rock whose primary constituents and textures are still 

recognizable but which is slightly darker and tends to have a variable degree of  fine pinpoint 

(<O. I - 1 mm) and oçcasionally finely vuggy ( I -5mm) porosity. The darker colour of this dolomite 

phase is a result of introduction of organic matter during the replacement process. Standard 

petrographic and cathodoluminescent analysis of this phase suggests that both finely crystalline 

dolomites of the Iowa  Chambara Formation (Chambara 1 ) and early dark grey fine-to-medium 

crystalline dolomites observed in the Chambara 2 host are correlatable and genetically linked to a 

related similar dolomitizing fluid. Replacement textures are a fùnction of original carbonate 

texture. 

In Florida Canyon, Stage 2 dolomites are defined as rocks with greater than 5 percent coarsely 

crystalline white dolomite spar observed mottling the original dolomite in an in situ replacive 

pattern (Rhodes, 1998). This texture has been called pseudobrecciation and is a term commonly 

used to describe this coarse replacement and vuggy potosity-generating event within MVT 

Iiterature (Plate 1 .l6). These rocks have been arbitrarily divided by those working on the 

exploration of the district into weak pseudobreccias for those with 5% to 15% dolomite spar and 

strong pseudobreccias for those with >15% spar. In some instances of altered fossiliferous 

floatstones and rudestones. the secondary dolomite is largely present a s  a replacement o f  the 

fossil skeletons which produces a spar-mottled rock that is terrned pseudobreccia. This is not 

typical of  the more irregularly mottled rock where spar replaces other fabrics such a s  burrows and 

stylolites. Occasionally the dolomite spar appears to invade along inclined fractures and spread 

out in a replacive network fiom them. ln other cases only primary porosity seems to control 

dolomite spar distribution. Mderate ly  to strong dissolved lithologies (discussed betow) 

commonly have spar filling in open space or aggressively replacing fine rock detritus o f  

dissolution features. These textures are not commonly referred to as pseudobreccias but it is 

sornetimes difficult to separate them fiom the simple dolomite spar replacement beds and it is 

probable that one may grade laterally into the other. 

The pseudobreccias mark the pathways o f  the most aggressive and replacive dolomitization either 

in the same process a s  dolomitization Stage 1 or rnarking a later dolomitizing fluid. 

Pseudobreccias commonly show an association with the more preferentially mineralized horizons 

a s  well as the areas of maximum dissolution and dolomitization. 



plate 1 .15  - Stage 1 dolomite observecl exploiting available open space and 
porosity in a solution collapse breçcia of the Chambara 2 at 
Florida Canyon. 

Plate 1.16 - Stage 2 dolomite forming a psuedobreccia texture within Charnbam 
2 lithofacies in the Maino &a. Most of the original sedimentary 
features have been completely obliterated. 



Other locations in the Bongara area that have significant dolomitization, studied by the author, 

include Floricita, Maino, Tesoro Canyon and to a lesser extent Naranjitdarmela. Areas not 

visited by the author but which have various stages of dolomitization identified include 

HeledSonche, Cristal, Charito and Florida south. Bdh the Maino and Floricita areas have a 

tmly significant concentration of both dolomite stages. The Floricita mineralization though 

hosteâ in the Condorsinga Formation at the contact with the Cretaceous unconformity, shows 

some of the coarsest white dolomite spar and pseudobrecciation evident in the region. Both Stage 

1 and 2 dolomites as described fiom the Florida Canyon ara are present and closely associated 

with zinc-lead mineralization. Stage I is observed exclusively as fine to medium grained 

eu hedral replacement and vein infi l lings vertically through the stratigraphy moving to the 

depocenter of both mineralization and concentration of Stage 2 dolomite spar. Petrographically 

Stage 1 dolomite a n  be identified fiom the main showing a m ;  however, this is generally 

strongly overprinted by late Stage 2 dolospar. Stage I dolomite replaces micritic beds of the 

Condorsinga Formation at Floricita. Whether this early dolomite stage is correlatable with Stage 

1 dolomites of Floricita Canyon is in question. Cathodoluminescent petrography helps to 

distinguish between the two phases and makes the reiationship between the two quite identifiable 

(Reid, 200 1, Paper 2). 

The Maino area has the most pervasive dolomitization identified in the region. The studied 

section shows both dolomite phases c lmly distinguished by cathodoluminescence. The lower 

Chambara formation, possibly correlateable with the Florida Canyon area, shows very fine 

grained, pale pink to brown and grey dolomite locally grading to medium grained euhedral 

rhombs proximal to small scale faults and fractures through the stratigraphy. Coarse Stage 1 

dolomites are observed throughout the section; however, these become obscured and overprinted 

by thick intervals of very coarse euhedral dolomite spar and various stages of pseudobrecciation 

and replacement of later Stage 2 dolomites. The thickness and concentration of dolomites in the 

Maino area appear to be both structurally and stratigraphically controlled the thickest quences  

are identifîed in higher energy carbonate lithologies of the middle Chambara 2 Fm located 

proximal to major lineaments and structures. 

Volumes of dedolomitized rocks have been observed throughout the district associated with both 

barren and mineralized areas. These rocks have a crystallinity typical of dolomit ized carbonates 

but the magnesium component has been partially or totally replaced by calcium. The resultant 

rocks have a slight fuzzy outline to crystals and a partially bleached aspect. It is common for 



these dedolomitized rocks to show strong differential solution and crumbling to brown carbonate 

sands (Rhodes, 1 998). In the southern Flcwida Canyon area an association with Zn and Fe oxides 

may be significant and possibly reflects carlier periods of flooding by meteoric Ca - and CO3 - 
rich fluids as well as by the present groundwater system. Certainly some areas of significant 

dedolomitization cm be attributed solely to recent oxidation and mdeoric weathering. 

In most MVT camps mineralization shows a spatial association with dolomitization but the 

coincidence is not normally on a one-to-one basis. Commonly, the areas of dolomitization are 

much more widespread lateraily and vertically than the mineralization. Nonetheless, the 

likelihood is that the dolomitization marks the pathways of certain basinal fluids that, in some 

instances, dolomit ize the rocks. Su bsequently, more evolved basinal flu ids ut il king the same 

pathways, locally deposited minerais. There is therefore a spatial link but not necessarily an exact 

temporal Iink, between the dolomitizing and mineralking processes (Leach and Sangster, 1993). 

At Florida Canyon there is a close spatial relationship between mineralization, carbonate 

dissolution and dolomitization, and strong structural control is evident. The dolomitization is 

clearly thickest adjacent to the Sam Fault, where the entire Chambara 2 is ahered, but 

dolornitization also extends tens of meters into lower Chambara 1 lithologies as well as upward 

into the deeper fore-reef units of Chambara. About 800 meters laterally eastward fiom the fault, 

the dolomitization thins to an interfigering relationship, and is intersected throughout the Florida 

P latform in variable amounts, general l y associated with intersect ing structures. The most 

significant dolomitization appears to be confinai marginal to structures, and this in turn has a 

direct correlation with both dissolution fabrics and mineralization. Dolomit ization preferentially 

follows more porous horizons such as packstones and floatstones, and rudstones away fiom the 

main structures. Rhodes (1998) states that while dolomitization seems to be distinctly controlled 

by the Sam structure, the fault is also coincident with a facies transition fiom basinal mudstones 

to shoal packstones. fossil floatstones, and rudstones. In other carbonate settings in the world, this 

shelf-edge position is a wmmon place to encounter e n h c e d  dolomitization. Consequently while 

the fault WOU Id appear to be a major control, the role of the facies transition cannot be discounteci. 

Though these thoughts by Rhodes have merit and should be seriously considered, the regional 

correlation between structure and Stage 1 and 2 dolomitization independent of facies change; 

such as in Floricita, lead the author to conclude that the dolornitization throughout the district is 

controlled primarily by structure anâ passively through permissive stratigraphy and its associated 

intemal dissolution textures and porosity. A more detailed anal ysis of dolornitization and 

regional correlations is discussed in Paper Two of Reid (200 1 ). 



1.6.2 Dissolution Features 

While dissolution features are common to, and perhaps a dominant characteristic of, MVT camps, 

there is no consensus as  to their origin (Leach and Sangster, 1993; Rhodes, 1998). Some features 

seem to be relateable to meteoric karst and subaerial exposure of the carbonate platform duting 

carbonate deposition, others to dissolution events accompanying mineralization, and still others to 

migrating fluids that are either meteoric or mineral associated. In this context, there is no 

evidence of true karst formation in the northern Pucara Group. For the purpose of this work al1 

texturd descriptions relating to dissolution and solution-collapse of carbonate is though to have 

developed via insitu dissolution along structures and major lineaments and does not imply 

meteoric dissolution during subaerial exposure. 

At Florida Canyon there are distinct solution features that mark small to large-scale dissolution of 

the carbonates with variable removal of material and consequent foundering or collapse of the 

affected carbonate strata. These produced textures resemble those described for other MVT 

camps and they are a significant host to mineralization. At Florida Canyon they can be divided 

into localized small-sale cavities with fine geopetal, intemal sediment fiIl and intervals in which 

solution has progressed to  the extent that significant collapse breccias have occurred. 

Often incipient dissolution of the carbonates occurs along contacts of anisotropy within the 

original carbonate suc h a s  stylolites, organic laminations or argil laceous seams. Commonly this 

incipient dissolution results in a micro-dissolution of carbonates along the contacts and a 

progressive buildup of insoluble residue components. Where dissolution continues the insoluble 

residue layers are often remobilized to provide material for intemal sediments described below or, 

altematively, the carbonates founder and fine chips of  black solution residuum (bitumen and 

organic matter) form a common constituent of the resulting fine breccias and detritus. The 

presence of such black chips is a diagnostic indicator of the dissolution origins of the detritus 

breccias. Localized areas of 1 to 5 cm, thick bands and patches of dadc grey to black, very finely 

crystalline dolomite often with subtle planar laminations are evident in many of the dolomit ized 

intervals particularly where fluid flow as s h o w  by pseudobreccias, has been most extreme. 

These areas of dolomite are clearly distinct fiom the hostdolomitized carbonate. Commonly 

srnall bands and patches of dolomite spar occur at the top of these datk dolomites. They are the 

result of small, open space cavitation and infill of the host dolomite by remobilized detritus. 



These are intemal sediments and include a significant mganic, clay and insoluble residue 

component, resulting in the dark coloration. 

In areas of more extreme dissolution there appears to be an ongoing process of dissolution and 

infill such that cycles of  internal sediment layers cap@ by dolospar and later internal sediments 

are common (Rhodes, 1998). These may also be dismpted, brecciated and infilled by later 

generations of intemal sediments and subsequently by very late dolomite spar. In some instances 

of small scale dissolution the host rocks have foundered and been reworked to create heterolithic 

rock composecl of silt to fine grave1 size clasts, often with abundant black solution residuum 

chips. These intervals lack the delicate infilling and sediment layering of the internal sediments 

and are referred to  as  solution detritus or trash zones. 

Rhodes (1998) states that where significant strata have k e n  removed by dissolution there will be 

some degree of brecciation and collapse resulting. Commonly, a signifiant throughgoing 

collapse shows the following textural variations downward in the collapse as  a result of the 

maximum foundering a t  the base: 

i) 

i i) 

iii) 

iv) 

Crackle brecciation - Fine fiactures radiate in a network through the carbonate and there 

is some solution enhancement of these fiactures with perhaps a slight rotation of the 

carbonate fiagrnents. OAen the fiacture network is partially or totally occupied by fine 

calcite or dolomite spar. 

Mosaic Breccia - Angular hgrnents o f  the host carbonate have a jigsaw aspect and can 

be fitted together but are separatd by quite large, 1-5 cm. fiacture networks that can be 

occupied by either fine silt to grit detritus or by dolomite or, less commonly, calcite spar. 

The hgmen t s  are oligomictic since they derive fiom beds in place. 

Coarse Collapse Breccia - Angular to subangular fhgments between 5 cm and meters in 

size show distinct rotation and displacement. Fragments are relatively monolithic 

upwardly and become increasingly more heterolithic toward the base of the collapse. 

Matrix is most commonly fine rock detritus but a n  be spar or sulphida in mineralized 

situations. 

Fine Collapse breccia - Similar to the coarse collapse breccia but a h o s t  always a fine 

rock detritus matrix. Commonly, the hgmen t s  become progressively more comminuted 

towards the base of the collapse. Insoluble components of the stratigraphie column, such 



as insoluable residues, shales, and cherts comprise a greater amount of the clasts and the 

breccia takes on a darker colour. 

Solution detritus - In collapse breccias derived fiom relatively fiable host rocks, the 

basal collapse is often composed of fine dolomite detritus of sand-to-grit material since 

the coarser components have broken down. 

Vanous Foms of the above have been identified not only in the main Florida Canyon area but 

regionally, in the Floricita and Maino areas. Other reports of signi ficrint dissolution collapse have 

been described in regional exploration work, but not observed by the author. Within the Florida 

Canyon area, the Sam Collapse breccia, confined spatially to the Sam Fault s ~ c t u r e ,  shows al1 of 

the textural variations described above by Rhodes. The breccias for the most part are 

stratigraphically confined to the middle Chambara Formation and more specifically to those 

carbonates deposited in the high-energy shoal environment, specifically packstone, rudstone and 

floatstone lithofacies. These dissolution features are of significance as they are major indicators 

of throughgoing porosity that has both channeleci ore fluid migration and been loci for ore 

deposition. Consequently, the mineralization is most abundant and of highest grade in areas that 

show preferential dissolution of porous lithologies. At Florida Canyon, dissolution features 

increase in abundance and intensity towards the Sam Fault in a similar manner to dolomitization. 

M i l e  signifiant areas of dissolut ioned lithologies are not appreciably mineralized, the presence 

of these horizons is considered a favorable indicator of adequate ground preparation for 

mineral ization. 

The lack of  consistent stratigaphically correlateable carbonate hard grounds across the Florida 

Canyon platform andlor throughgoing dissolution horizons distal fiom the main Sam Fault 

structure suggests that these dissolution fanires are not a result of  tme subaerial exposure and as 

such are not tme karst features (Estaban and Klappa, 1983). However, exposiire to either 

descending or circulating meteoric fluids could have been responsible for the textures observed in 

the Florida Canyon area. The difflculty in genetic identification of the processes responsible for 

the initial and continu4 dissolution of the host carbonate lies in the multi-episodic nature of the 

fluid system and the continuous overprinting of textures therein. 



The best mineralization in the Bongara region is generally associateci with strong ground 

preparation ~bserved as pervasive dolomitization, pseudobrecciation, and carbonate dissolution. 

The ground preparation in FIorida Canyon is controlled by the occurrence of carbonates deposited 

in high-energy environments of the middle Chambara Formation (Chambara 2), and by the 

proximity to major structures. To date significant mineralization has k n  observed along the 

Sam Fault structure and fault splays off the main structure. Significant mineralization has also 

been observed locally through drilling across the Florida Platfonn, usually asassociateci with 

parallel and later crosscutting structures. To date economic mineralization has not been defined 

although a speculative resource of 7 million tons of approximately 7% combineci zinc and lead 

has been suggested by exploration companies. 

At Florida Canyon sulphide mineralization typically replaces rock fragments or fills open spaces 

in dissolved ground. Zinc mineralization consists of dark r d  to brown sphalerite with lesser dull 

yei low- beige sphalerite being ident ified local Iy. Sphalerite is observed as coarse eu hedral to fuie 

grained (mm. to cm. scale) aggregates and locally col loformal zoned varieties. Lead 

mineralization is exclusively observed as galena, though oxide varieties of both zinc and lead 

mineralization have been observed in the district. Most commonly, zinc and iead sulphides are 

observed together as an intermeshed mosaic of sulphides, though galena veining has also been 

identified crosscutting early sphalerite phases. Pyrite is observed throughout the mineralizing 

sequence ranging from fine mm-scale disseminations to cm-sale massive replacement of the 

host. Later silicification and calcification is observed towards the waning stages of the 

mineralizing system. Mineralogy and paragenesis will be discussed below. Three textures of 

rnineralization have been identified and defincd as: i) bedding andior small open-space 

replacement, ii) collapse breccia hosted and iii) minor zinc in vein, crackle and mosaic breccias in 

the upper Chambara Formation (Chambara 3). 



1) Bedding and/or srnall s a l e  open-space replacement (Plates 1.1 7 and 1.18) 

Mineralization of this form is usually confined to porous rocks such as dolomitized packstones 

and rudstones. Sulphides (ZnS and PbS) typically fiIl porosity, as significant open space was 

never developed. Mineralization is typically fine grained, 0. lmm to I mm, but ranges up to 5mm. 

This type of mineralization can be v e q  high-grade up to 25% zinc, 3-5% lead and shows 

apparent stratigraphic control. Although the same stratigraphic horizons appear to be replaced by 

zinc and lead mineralization in drill holes up to several hundreck of meters apart, there is a 

disturbing lack of continuity in grade and thickness between the holes with respect to 

minmlization and dolomitization. The best developed example of this style of mineralization, 

is the intersection of drill holes FC33,35 and 2 1 (Fig. 1.14). This apparently bedding-controlled 

mineralization locally forrns massive sulphide bodies comprising coarse crystalline red sphalerite, 

galena and pyrite as  an intergrown sulphide mosaic. A dark-red to brown coloured sphalerite 

distinguishes this style of mineralization. 

II) Collapse breccia-hosted mineralization (Plates 1.19 and 1.20) 

Collapse breccia-hosteâ mineralization consists of zinc, lead and iron sulphides replacing clasts 

and fine solution detritus and filling open space in breccia bodies. Sphalerite occurs as botryoidal 

layers and replacement rinds on clasts. The highest grades occur near the bottom of the collapse 

breccias. The best example of this style of mineralization is the Sam breccia. 

III) Vein and crackle breccia -hosted mineralization (Plates 1.2 1 and 1.22) 

Vein and crackle breccia -hosted mineralization typically occur as thin veinlets hosted in upper 

Chambara Formation limestones (Chambara 3). Veins contain O. 1 to 3mm crystals of pale 

yellow sphalerite. This style of mineralization is not significant except that which may reflect 

mineralization at depth in the Chambara 2. 

Throughout the Florida Canyon ara, specifically proximal to the Sam Fault structure, a number 

of mineralized horizons have been identified that cotrelate with discovered surface showings as  

defined via drill testing. These horizons are associated with favorable dolomitization of the 

middle Chambara Formation, are centered stratigraphically about the coquina marker and include 

the Mi laps ,  Nancy, and Karen zones (Fig. 1.15). Mineralization within these zones 



Plate 1.1 7 - Massive replacement of host carbonate by very-coarse grained 
sphalerite (2-phases), galena, and pyrite at the Karen Showing in 
Florida Canyon. 

Plate 1 . 1  8 - Complete and massive replacement by coarse-grained, dark-red 
sphalerite and galena in Florida Canyon. 
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Figure 1 .14 Cross section A-A' showing the principal mineralized comdors across 
the Florida Canyon platform. 

Figure 1.15 Stratigraphy of Florida Canyon showing the position of mineralized 
horizons within the Chambara 2. 



Plate 1 .19 - Coarse-grained sphalente infilling open space, and replacing clast 
edges within a pseudobrecciated collapse system. Oxidation of 
sulphides has resulted in fme veining of smithsonite away fkom 
sulphides through open porosity. 

Plate 1.20- Mosaic to collapse breccia with coarse brown, partiy botryoidal 
sphalerite rirnming hqpents, as fine disseminations within fine 
solution detritus. 



Phte 1 -2 1 - p rack le breccia with some dolospar and smithsonite/oxides f i e r  
sphalerite. 

Plate 1.22- Crackle brecciated dolomitized Chambara 2 lithologies with 
dolospar mathv and orange smithsonite partially replacing 
sphalerite rimming hgments. 



fluctuates vertically over a range of as much as 5 meters such that it is not planar and only 

broadly stratabound. Closer to the Sam Fault, dolomitization and gmund preparation thickens to 

include much if not al1 of the Chambara 2 Formation. resulting in a series of stacked, stratabound, 

mineral id intervals within about 200 meters proximity of the Sam fault. These su lphide zones 

are at. or slight ly above, the "intact bivalve marker"(lBM) and the Gordita and Raquel packstone 

beds. Of these only the IBM seems to consistently attain reasonable thicknesses of mineralization 

and zones of dissolution. While most of the mineralization occurs as massive replacement of 

intemal sedimenthlution detritus intervals there are some disseminated and patchy sulphides in 

pseudobreccias and weakly developed dissolution cavities. 

The other area of sipificant mineralization studied by the author was at Floricita where sulphides 

occur at a pronounced unconformity between the Condorsinga member of the Pucara and 

Cretaceous Goyllarizquisga sandstones. The Condorsinga thins fiom 100 to 50 meters from south 

to north across the occurrence. but this may be a sloping erosional surface or a result of  pre- 

Goy llarizqu isga faulting. Major fau lts are oriented east-west through the deposit and there seems 

to be a vety strong element of structural cuntrol to the mineralization. The relative contribution 

of active early Cretaceous carbonate dissolutioning to ore controls may be minor. Down-faulting 

of a significant volume of Goyllarizquisga into the Condorsinga appears to have been 

accomplished by large-ale structures and brittle fiachiring of the Goyllarkquisga sandstones 

and the Condorsinga carbonates (Allen, 1997). 

Mineralization comprises almost exclusively sphalerite and white dolomite spar in subequal 

proportions as open-space filling and rock îragment replacement within a large dissolution 

collapse system (Plates 1.23 and 1.24). Mineralization has a vertical extent of approximately 100 

meters along a 100 to 150 m strike extent of crudefy east-west oriented structures. Sulphides 

extend approximately 40 m up into the Goyllarizquisga and 60 m down into the Condorsinga. 

Neither the Goyllarizquisga sandstones nor Goyllarizquisga clasts are found below the 

unconformity surface suggesting that there was no significant solution collapse to the system. As 

the primary lithology of the Condorsinga is a dolomicrite rather than a micrite, the opportunity for 

significant late solution activity was diminished (Allen, 1997). Virtually al1 of the mineralization 

in the Goyllarizquisga comprises brittle veining of dolomite and sphalerite with parallel vein 

walls and Iittle or no fiagrnent rotation or solution rounding. Over the maximum 30 m. (vertical) 

range of mineralization in the Goyllarizquisga, the maximum open fkacture space is perhaps 10- 

15%. Within the Condotsinga base metal sulphides d e  up plates 



Platel -23 - Open-space infil1 by coarse-grained black to dark-red sphalerite, 
with local hgment replacement in Condorsinga Formation 
doIomicrites of the upper Floricita adit. 

Plate 1.24 - Mineralization compnsed almost exclusively of sphalerite and white 
dolomite spar as open space filling and rock fragment replacement 
withui large dissolution collapse systems at Floricita. 



approximately SOO/a paraltel walled "stockwotk" or crackle, fracture, vein mineralization with no 

solution enhancement and 50% stockwork of u ~ o t a t e d  precursor doIomicrites with very modest 

solution enhancement and rounding. According to Allen (1 997) the ground preparation or open 

space creation was largely structural expansion through faulting and includes only modest 

solution enlargement. There are portions along major bounding structures where increased 

solution activity is observed and hence dolomite plus sphalerite increases. 

Throughout the rest of the study area a number of 0th- zinc-lead base metal occurrences have 

been report4 and documented. The majority of these are small in size with only-low grade 

disseminated sphalerite and galena with or without pyrite, or local high-grade veins of sphalerite 

that, as yet, have not been traced back to a larger volume of mineralization. The distribution of 

these showings is as variable as the mineralization observed at each. Most occur variably within 

the stratigraphic sequence and do not seem confined to  any one lithotype or stratigraphic or 

strucîmal setting. Of importance is the fact that al1 of these regional mineralized occurrences are 

sbvcturally controlled and are associated with some f m  of early graind preparation or 

dolomitization. 

in summary, the most significant mineralization observed within the study area is that of Florida 

Canyon. The mineralization is most pervasive proximal to  predominant northeast and 

intersecting northwest structures across the Florida Canyon platform. The most important of 

these structures is the Sam fault that appears to control fluid movement. Associateci with these 

structures are two phases of mineralization, dolomitization, local pyritization, and si licification. 

All of the above are observed best developed proximal to the structures in conjunction with high- 

energy carbonates of the middle C h a m h  Formation (Chambara 2), and diminishing in intensity 

away fiom this main structure. 

Through field observations, standard petmgraphic analysis and cathodolurninescence 

petrography, a general paragenetic sequence for mineralization has been identified by the author. 

Most of the studies were confined to material h m  the Florida Canyon area; however, similar 

results have been obtained on samples fiom the Floricita area. ûetails of the paragenesis and 

dolomite behavior are reported in detail in Paper 2 of Reid (2001). 



The overall general paragenetic sequence is: 

Dolomite Stage 1 -, b r i t e  -+ Sphaierite l/Gdena -r Dolomite Stage 2 -, Sphalerite 2 -+ 

Cakite 1 -* Quartz/silicificatioa -, Calcite 2 

Early fine-grained dolomite described as  Stage 1 dolomite is observed to result from the earliest 

fluid event and was likely responsible for the initial ground prepamtion dissolution observed in 

Florida Canyon and for the dolornitization o f  the originally calcareais micrites of the 

Condorsinga Formation in the Floricita area. This phase of dolomitization was also identified in 

the southernmost Maino areas as the early dolomitization phase imposed upon fine-grained 

supratidal carbonates. Stage 1 dolomite has a characteristic dark red to brown - red luminescence 

and is easily distinguishable fiom the later Stage 2 dolomite. Commonly, Stage 1 dolomite 

replaces fossils and preserves their original shapes. 

Stage 1 dolomite was followed by pyritization, which is observed ocçurring continuously 

throughout the mineralization. This is followed by the initial and most important sphalerite phase 

that consisted of various brown to red and dark yellow sphalerite that accounts for the majority of 

the mineralization observed in Florida Canyon, Floricita and other areas with significant 

mineralization. Usually this sphalerite is medium to coarse grained (0.5 mm. to 2 cm.) and is 

visible in a number of textural situations as described previously. 

Stage 1 sphalerite is followed by Stage 2 dolomite which consists of the medium- tecoarse 

grained (mm to +5 cm) dolospar and saddle dolomites observed throughout the district. This 

dolomite phase appears to be more of a destructive open space filling with pervasive dissolution 

of intensely alteted horizons and fùrther expansion therein. 

Sphalerite 2 occuring in trace amounts through the district is observed as pale yellow to light 

brown sphalerite overgrowing dolomite 2. This phase of sphalerite is likely the same pale yellow 

sphalerite observed in the Lower Chambara Formation (Chambara 1) in Florida Canyon and 

sporadical ly through the upper Chambara Formation (Chambara 3) in both Florida and Tesoro 

Canyons. 

Galena either grows wîth or in places crosscuts sphalerite 1. Pyrite also occurs as tiny inclusions 

in sphalerite 1, dolomite 1 and dolomite 2, or along contact of sphalerite l /  dolomite 1 or 



sphalerite 1 /calcite 2. Calcite 1 is contemporaneous with or slightly later than dolomite 2, where 

as calcite 2 postdates every 0th- mineral. 

Authigenetic quartz replaces dolomite 1, dolomite 2, and sphalerite 1. The overall paragenetic 

sequence of the studied samples is shown in figure 1.16. 

An early magnesium-rich fluid event, likely generated by basinal dewatering, leaching and 

tectonic expulsion, moved fluids through a bashl aquifer, probably the underlying Mitu reû 

beds. Ultimatel y the fluids ascended through predominant northeast structures. Early 

dolomitizing fluids caused local dissolution and collapse of the middle C hambara Formation 

allowing for a lateral fluid movement within the high-energy lithofacies adjacent to the main 

structures. This grou nd preparat ion, replacement, dissolut ion and porosity increase may have 

been the initial fluid event or rnay have exploited existing zones of dissolution formed by earlier 

meteoric fluid flow through the sequence. With continued basinal dewatering, zinc saturated 

fluids ascended semi-vertical structures and followed paths of least mistance to the middle 

Chambara Formation where zinc and lead mineralization occured as the fluids came into contact 

with a reductant, most likely intraformational H2S. 

With continued fluid expulsion, a second coarse white dolospar phase was emplaced and the fluid 

system began to wane. Pyrite, sphalerite and later silica and calcite were deposited throughout 

the volume of dotomitized and mineralized rock as the hydrothermal system slowly cooled and 

choked itself off, or otherwise ceased to fùnction (Fig. 1.1 7). 

Of importrrnce to this s t d y  is the fact that ail the muid movemeat associateci with the 

miaeralizing system is structuraiiy contiolled. An appropriately porous horizon was capped 

by an aquitard such as the upper Chambara or Aramachay Formations, which could act as a 

significant seal to ascending fluids. In places Iike Floricita and Maino, though pervasive 

dolomitization is observe4 and at Floricita significant mineraliation has been discovered, the 

fact that no overlying aquitard was in place at the time of mineralization probably allowed 

asçending fluids to dissipate in the Cretaceous Goyllarizquisga Formation. 
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Figure 1.16 Pamgenetic sequence for mineralization and alteration phases 
observeû in Pucara Group carbonates fiom the Bongara area. 
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Figure 1.17 Schematic mode1 for carbonate-hosted mineraiizition observed across the Utcubamba 
Valley. No attempt has been made to distinguish between textures of mineralization. 
Not to scale. 



1.7 Cornparison witb Global MVT Districts 

Leach and Sangster (1 993) listed the most important gwlogical characteristic associated with 

global MVT-sty le deposits. These c haracteristics include: 

They occur primarily in dolostone, rarely in limestone or sandstone. 

They are epigenet ic and stratabound. 

They are not associated with igneous activity. 

They commonly occur at shallow depths at flanks of basins. 

They occur in platfi-carbonate sequences, loçated either in relatively undeformed rocks 

bordering foredeeps or in foreland thmst belts. 

They typically occur in districts that cover hundreds of square kilometers, and a number of 

districts may even form a metal logen ic province. 

They f m  districts that are loçalized by geological features that permit upward migration of 

the ore fluids. Examples of these features are breccias, depositional margins of shale units, 

facies tracts, faults and basement highs (paleo-reIief). 

Theu temperatures of deposition are low (75-200°C) but typically higher than can be 

accounted for by local basement-controlled thermal gradients; districts are generally in 

thermal equilibrium with respect to surrounding host rocks. 

They are mineralogicalty simple; dominant minerals are sphalerite, galena, pyrite, rnaracasite, 

dolomite. calcite and quartz. 

10. Associated alteration consists mainly of dolomitization, brecciation, dissolution of host rocks, 

and dissolution and crystallization of feldspar and clay. 

1 1. There is always evidence of dissolution of carbonate host rocks, expressed as slumping, 

col lapse, brecciation, or some combination of these. 

12. The ore ftuids were dense basinal brines, typically containing 10-30 wt.% salts. 

13. Their isotopic compositions indicate crustal sources for both metal and reduced sulphur. 

14. The sulphide textures are extremely varied, and the ores range fiom coarsely crystalline to 

fine-grained and from massive to disseminated. 

Zinc-lead mineralization observai throughout the Bongara district accords with many of the 

above characteristics proposed by Leach and Sangster ( 1993). Almost al1 of the mineralization is 

associated with at least one of the two phases of dolomite identified, an early ground preparing 

phase and a later, post-sulphide phase. The mineralization is obviously epigenetic and locally has 



stratabound morphology when associatecl with porous lithologies of the Chambara 2. No ignwus 

activity has been identified within the region nor is there a genetic link infcrred between regional 

volcanic events and the mineralization observai in this study. 

The mineralization appears confined to a stable carbonate platform, within the Cretaceous 

Peruvian orogenic foreland fold-and-thmst belt. Of significance is that larger MVT districts show 

a fidamental relation to continent-orogen boundaries, k i n g  loçated along the flanks of the 

developing carbonate p l a t f m .  In this case mineralization is located within the center of the 

carbonate platfotm, and within the orogenic belt. 

Though at this time there is not suficient regional mineralkation to describe the Bongara region 

as  a true MVT district, early exploration has defined significant, widespread mineralization, a s  of 

yet uneconomic. The regional presence of zinc-lead mineralizatim of very similar morphology 

suggests a district-wide interconnected hydrothermal plumbing system. This was likely 

controlled within the underlying horst and graben structures on which the Mitu Group was 

deposited while temporal reactivation of  these structures d u ~ g  the Mid-Jurassic, forming a zone 

of uplift in the Utcubamba Valley, provided a structurally confined conduit for fluids to  migrate. 

The distribution of the Chambara 2 host iithologies is controlled by pal-highs relate. to  

underlying piano-keyed horst and graben structures. The porous nature of these l ithofacies prove 

the best host for al1 mineralization in the Chambara Formation and they appear to be limited to  an 

elongate carbonate platform, confined to the Utcubamba Valley. These hi&-energy carbonates 

correspond to the high stand systems tract mode1 that appears confined to areas of carbonate 

seâimentation on basement highs. 

The sulphide mineralogy is very simple consisting of sphalerite, galena, and pyrite. With 

continu4 stnichiral reactivation and exposure to meteoric fluids, significant zinc and lead oxides 

are observeci regionaliy. These are common to MVT districts and indicative of oxidation of  

mineralization by various methods. Significant dolomite is associated with the system as an early 

and waning stage. There is both a temporal and spatial association between the metal and 

carbonate. Local calcification and silification occurs towards the close of the mineralizing event 

and is confined spatially to well-developed stmctural systems. 



Alteration and ground preparation are very similar to those observed in dher global MVT 

districts. Significant dissolution, collapse and brecciation are associated with both mineralization 

and dolomitization. Zinc and lead are confined to those areas showing the best ground 

preparation associated spatially with subvertical structures in Chambara 2 lithofacies, ailowing 

for ingress and horizontal fluid flow. 

Sulphide textures are varied. The majority of sphalerite occurs as coarse to medium grained, 

open space filling, mosaic intergrowths of large crystals. There is very M e  zoning or colloformal 

growth identified as coarse replacement of the original carbonate. Galena is always coarse- 

graine4 euhedral, individual grains within the open space mosaic fiIl of sphalerite, and is rarely 

observed alone. Pyrite, the least common sulphide, is typically fine-temedium grained and 

disseminated. 

At Florida Canyon and throughout the areal extent of the Pucara Gp. in northern Pem, the 

carbonate section is underlain by the Permian red bed sandstones of the Mitu Gp. This thick 

sandstone unit has probably k e n  of significant importance as a fluid aquifer and major source of 

metals. 

Commonly in other MVT districts, an overlying shale or impermeable lithology acts as a 

strat igaphic cap to ascending ore flu ids. There are no bue shales of any significant thickness, in 

the upper Pucara Gp. However, it is possible that basinal lime mudstones at various levels have 

acted as significant aquitards to fluid flow and thus concentrated dolomitization, dissolution and 

mineralization at certain levels within the section. The only identifiable problem here is that the 

entire structural system remained active during carbonate deposition and later fluid expulsion 

and. as such, may have remained open for ascending fluids to dissipate through the Pucara Gp. 

and into the overlying Cretaceous sandstones, as seen at Floricita and Maino. 

Leach (1999) compiled a diagram of the predominant global MVT districts and deposits in 

relation to age of mineralization and host racks through Cambrian to Tertiary time (Fig. 1.18). 

This compilation is based upon geological, paleomagnetic and radiometric data compiled fiom 

the literature. When the available data fiom the study area are plotted it can be seen that the age 



Global MVT Deposit 
Age Cornparison 
(Cambrian to Tertiary) 

Disbersion of Panaea - - r -  - 

Dispersion o f  Rodinu Assimilaiion of Pangea 
.d 

. . . .  ----- - - - .  - -  

P C C  O S D  C P Tr J K T 

Polaris 
Pine Point 
Newfoundland Zinc 
Gays River 
E. TN 
C. TN 
SE. MO 
C. MO 
Tri-state 
N. Ark 
CracowlSilesia 
U. Miss. Valley 
knnard Shelf 
Cevennes 
Ireland 
R m i n  
Mezica 
Morrocco 
Robb Lake 
Monarch-Kicking Horse 
San Vicente 
Laisvail 

Bongara 

Modi f~d  fiom Leach (1 999) 

Figure 1.1 8 Global MVT deposit age cornparison. Modified from Leach. 1999. 



of the Pucara Gp. (Late Jurassic-Triassic) host rocks plot in the upper fiHh of global deposits as 

being one of the youngest hosts identified. The P u c m  Gp. is of course cornlatable with San 

Vicente of southern Pem, but also to the host rocks of the Moroccan and Mezica districts. 

Though no age dating has been attem pted, mineralization occurred p s t  C retaceous unconformity, 

and a f k  the deposition of the Goyllarizquisga Fm. sandstones, as  identified in the Maino and 

Floricita areas. This would &te the mineralization as l e s  than 80-70 M a  cortesponding with 

either the Penivian compressive event (84-79 Ma) or one of  the later compressive pulses of the 

Incaic 1 (59-55 Ma), Inçaic II (43-42 Ma), Incaic 111 (30-27 Ma), Incaic IV (22 Ma) or later 

Quechua period. These compressive intervals f m e d  three major fold-and-thst belts, the 

Penivian (Campanian), the Incaic (Paleocene-Eocene) and the Sub- 

Andean (Neogene). It is thought that the fluids responsible for the Bongara mineralization are 

related to the Penivian Campanian orogeny, though they may be younger. In any rate, the fluids 

responsible for MVT-style mineralization can likely be considered one of the youngest M W  

events studied. The age of mineralization is similar to those obtained via geological evidence 

fiom Pine Point. Cracow, Cevennes, Reocin, Mezica, Morroco and Robb Lake (Leach, 1 999). 

The Bongara district shows many of the criteria of an MVT district as proposed by Leach and 

Sangster (1 993). Though to date no economic mineralization has been defined, exploration is still 

very Young, and the terrain very dificuit to explore thoroughly. With a little time the Bongara 

area could represent a signifiant emerging zinc-lead district. 

lntegrated sedimentological, and diagenet ic studies of Pucara Group fiom barren, altered and 

minetalized carbonates indicate a cornplex, multi-phase depositional and mineralizing geological 

evolution for the Bongara district. Deposition of C hambara Fm. carbonates was controlled by 

the basinal position of pal- highs fonned within the Utcubamba Corridor along horst-and- 

graben structures of the underlying Permian Mitu redbeds. Distribution of Chambara 2 high- 

energy depositional lithofacies is çonfined to areas of elevated pal-relief and provide 

depositional and spatial constraints for the formation of isolated carbonate platforms along the 

length of the study area. 



The best mineralization in the Bongara region is generally associated with strong ground 

preparation observed a s  pervasive dolomitization, pseudobrecciation, and carbonate dissolution 

development. Three textures of mineralization have been identified and defined as: i) bedding 

andor  small cavity replacement, ii) collapse breccia hosted and iii) minor zinc in vein, crackle 

and mosaic breccias in the upper Chambara Formation (Chambara 3). Zinc mineralization 

consists of dark red to brown sphalaite with lesser dull yellow beige sphalerite being identified 

locally. Sphalerite is observed a s  coarse euhedral to f ine-p ined  (mm to cm scale) aggregates 

with locally c o l l o f m l  zoned varieties. Lead mineralization is exclusively observed as  galena, 

though oxide varieties o f  both zinc and lead mineralization has been observed in the district. 

Most commonly zinc and lead sulphides are observed together as an intermeshed mosaic of 

sulphides, though galena veining has also been identifled crosscutting early sphalerite phases. 

Pyrite is observed throughout the mineralizing sequence ranging fiom fine mm-scale 

disseminations to cm-scale massive replacement of the host. Later silicification and calcification 

is observed towards the waning stages of the mineralizing system. 

Comparison with global MVT districts shows that the Bongara area possesses many of the 

necessary characteristics for classification as a true MVT -type deposit. The main differences 

appear confined to the placement of mineralization with the central basin, and not confined to the 

distal basinal edges a s  in the norm. Further exploration with focus on areas of known 

mineralization, those areas exhibiting Chambara 2 lithofacies and in areas of obvious pa le re l ie f  

may allow for new base metal discoveries through the region. Emphasis should be  placed on the 

structural relationship between lit hofacies, distribution of alteration, and proxirnity to known 

mineralization. The Bongara zinc-lead district is a good example of an under-explored emerging 

mining district containing several currently undefined MVT-style resources. With continued work 

in this dificult terrain new discoveries can be made. 
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PAPER 2. 

DIACENETIC AND EPIGENETIC EVOLUTION OF TBE BONGARA MVT 

ZINC-LEAD DISTRICT, NORTRERN PERU 

The Bongara zinc-lead district is located within the su'r-.A.ndc!=n fold-and-thnist belt of the 

northern Peruvian Eastern Foreland Basin. Pucara Group carbonates, host to MVT-style 

mineralkation, form a craton-margin carbonate piatform that represents the first marine 

transgression of the Andean Cycle. The notthern Pucara Group developed discordantly over 

piano-key shaped horst-and-graben terrestrial sequences formed under extens ional tectonic 

conditions. MVT-style zinc-lead mineralization occurs in P u a m  carbonates with the most 

significant k i n g  associated with pervasive dolomitization and pseudobreçciation development in 

the Florida Canyon area. Mineralization is predominantly sphaler ite, galena, and pyrite observed 

as various replacive and open-space filling textures. The paragenetic sequence preserved within 

the Pucara Group carbonates of the Utcubamba Valley includes early burial and compaction- 

related carbonate cements, and later diagenetickpigenetic pre-mineralization and post- 

mineralization, zoned spany dolomite and calcite. Petrographic, cathodoluminescent and 

carbonate isotope data suggest that both early diagenetic and late diagenetickpigenetic alteration 

assoçiated with zinc-tead mineralization throughout the Bongara district mcurred through an 

interconnected, district wide, stnicturally controlled plumbing system. This suggests a genetic 

link between al 1 metal occurrences independent of stratigraphie position. 

2.2 Introduction 

Mississippi Valley type (MVT) lead-zinc (Pb-Zn) mineralization, occurring in a variety of types, 

textures, and concentrations, has attracted the interest of exploration companies to the Bongara 

area. Mineralkition is predominantly though not exclusively confined to the Chambara 

Formation of the Pucara Group and the most signifiant mineralization discovered to date is 



around Florida Canyon (Fig. 2.1). Other significant mineralized occumces  have been identified 

in the F loticita, Naranjitos, and Cristal exploration areas. S i g n i f m t  dolomit ization thought to 

be associated with or genetically related to zinc mineralization is observecl throughout the study 

area in various forms, and may have implications with regard to the presence of mineralization in 

areas distal fiom the Florida Canyon core. 

In this work, petrographic, cathodoluminescent and stable carbonate isotopic analysis was 

combined with regional geological investigations in an attempt to determine whether pervasive, 

early diagenet ic and latsmetal associated alteration was distributed regionally or, alteniatively, 

was locally confined. If carbonate alteration phases associated with mineral izat ion were 

cotrelatable with those of barren areas, then new areas for focused exploration could be defined. 

However, if drastic diagenetic and alteration phase differences existed across the district, 

exp Ioration cou Id be focused to those areas with favorable alteration c hmcteristic of mineral ized 

terrains. 

2.2.1 Location 

The Bongara study area is situated between 520' to 6'50' south and 78" to 7750' west, within 

the Eastern Cordilleta of the northern Peruvian Andes (Fig. 2.2) m p r i s i n g  an area 

approximately 90 km long and 20 km wide. The study area is located within the Bongara 

territory of the Amazonas Department. 

Access to the area is by paved highway fiom the city of Chiclayo via the town of Bagua Grande 

to the village of Pedro Ruiz. Pedro Ruiz was the central logistic base for the study and 

exploration work carried out in the region. The paved highway continues east of Pedro Ruiz to 

the jungle t o m s  of Rioja and Tarapoto. There are daily commercial flights fiom Lima to both 

Chicalyo and Tarapoto. Driving time from both cites to Pedro Ruiz is approximately 6 hours. An 

unpaved road connects Pedro Ruiz with Chachapoyas, the capital of the department of Amazonas, 

and continues south to Cajarnarca. Access to the area is relatively easy by road; however, travel 

within the property is arduous due to its elevation, and jungle cover requiring helicopter support 

or local guides with knowledge of the jungle areas and passes. 



Figure 2.1 Location of theBongara, S& Vicente, and 
Central Peru CRD zinc districts. 

Figure 2.2 Locations of major villages, zinc occurences, and 
rneasured stratigraphie sections in reiation to major 
physiographic divisions. Modified h m  Fig. 2.1 of 
Ingernrnet Boletin No.56, 1995. 



The description here is a summary of geological work emphasizing the tectonic development and 

morphological division of the Peruvian Andes. The work of the author is confmed to a very well 

defined segment of the Eastern Foreland Basin located in the northern portion of the Sub-Andean 

zone (Fig.2.3). 

The Andean Cordillera, a major mountain range located between the Pm-Chile oceanic trench in 

the West  and the Brazilian shield in the east, forms the western-central part of Peru. The 

formation of the Andes is a result of the Mariana-type subduction of the Nazca Plate beneath the 

ensialic South Arnerican Plate. Along the western rnargin of the pIate the development of over 70 

km. of cnistal thickening has led to  cordilleran uplifi of approximately 4000 meters fiom the Late 

Triassic t o  Present (Benavides-Caceres. 1 99!4; Megard, 1 987). 

The Andean Cordillera is a result of three geodynamic pulses (Benevides-Caceres, 1999): 

Precambrian; Paleozoic to Early Triassic; and Late Triassic to Present. The Cordillera can be 

divided into two dominant ranges: the Western Cordillera, resulting fiom the formation o f  a 

magrnatic arc, and the Eastern Cordillera, representing the zone of uplifi or lesser subsidence. 

Between these ranges is the Altiplano, a zone between the Pacific margin of the magamatic arc 

and the oceanic trenc h. 

Prominent features of the Andes include the Cretaceous-Paleocene Coastal Batholith, which is 

bounded to  the east by the Incaic fold-and-thnist Mt ,  the site of a series of compressive events. 

East of the e a s t m  Cordillera horst is the Sub-Andean fold-and-thnist belt formed during the Late 

Miocene. The Eastern Foreland Basin marks the eastem edge o f  the Andean Cordillera with a 

thinning sedimentary package unconformably overlying the Brazilian Shield. 

By the end of the Paleozoic, the Andean region was part of the western Pangean margin. It is 

thought that during Middle Triassic time intense intracontinental rifling fomed a large hotst-and 

graben-system occupying the present Andean trend. The most drarnatic of these systems was the 

Mitu Graben, whic h received over 3000 meters of continental red beds, volcaniclastic, and 

alkaline volcanic rocks (Benvadies-Caceres, 1999; Megard, 1987). Pucara Group carbonate 

deposition is spatially wnfined t o  the distribution of these underlying redbeds thraighout the 

study area. 



Figure 2.3 Main morphostmctural units of Peru. Modified h m  
Benavides-Caceres. 1 999. 



The Pucara Basin is a craton-margin carbonate p l a t f m  that represents the h t  marine 

transgression of the Andean Cycle over continental clastic sôdiments, volcanic and volcaniclastic 

rocks of the Permian-Triassic Mitu Group, and d e r  Paleozoic rocks (Fig.2.4). The wide 

carbonate p l a t f i  of the Pucara Group (Gp.) developed discordantly over piano-key shapeû 

horst-and-graben terrestrial sequences formed under extensional tectonic conditions, on the 

western margin of the Brazilian Shield in northem and central Peru (Fontbote, 1 990; Megard, 

1987). 

The Pucara carbonate platform has been best studied in the Altiplano region of central and south 

central Peru where it has been subdivided into three formations: Chambara, Ararnachay, and 

Condorsinga ( Fontbote, 1 W O ;  Rosas, 1 994). This study is confinai to a small area of the 

Utcubarnba Valley in northern Pem. Other investigations of the Pucara in northern Peru include 

that of Wilson and Reyes (1  964) near Pa- and the Utcubarnba Valley by Prinz (1985). Other 

studies of P u m  Gp. stratigraphy in the sub Andean region of central Peru include those of Levin 

(1 974) and Palcios (1  980). 

Many models have been proposed concerning the development of the Pucara basin. Loughman 

and Hallam (1 982) proposed an unrestricted open shelf to the Pal-Pacific in the West. Szekely 

and Grose (1972) and Megard (1978) proposed the existence of a stmctural high with emergent 

areas between the Pucara basin and the Paleo-Pacific. Fontbote ( 1 990) suggests that the 

evolution of the Triassic-Liassic Pucara Basin has more similarities to basins in the Triassic of the 

Alpino-type lithofacies than to the Andean basins related to paired magmatic arc-back-arc. These 

similarities include high subsidence rates, predominant carbonate sedimentation, and the 

paleogeogaphic situation at the margin of an emergeû continent. 

The Pucara Gp. of the northem Pucara basin can be divided stratigraphically into the Chambara, 

Ararnachay and Condorsinga Formations, as desc~bed fiom studies of the Pucara Gp. fiom the 

central Altiplano region of Peru. However, marked lit hofhcie differences, especially in the 

C harnbara Formation, have allowed in formal subdivisions to be applied local ly. These l ithofic ie 

differences (discussed below) likely resulted fiom a differentiated extensional basin controlled by 

localized paleogeographic highs exh ibit ing su bstantial vertical and spatial variation over 

kilometer-scale distances. As well, syndepositonal t-onic, stmctural modification of this 



original pa le re l i e f  may have a f f ec t4  the stratigraphic character and distribution o f  the Pucara 

carbonates throughout the study area. 

The study area is confined t o  a n  elongate northeast comdor that extends fiom the southem Maino 

region northeast through the Utcubamba valley and terminates north of Florida Canyon in the 

Naranjitos area, apprcxirnately 90 kilometers in length and 12-20 kilometers in width. The 

Utcubamba Valley continues t o  the southeast for at addit ional 40 kilometers through the 

Leimebamba area. 

Unlike most global M W  districts, the Bongara area is located centrally within a moderately 

stable carbonate platform rather than along the basin margins. Within the study area the formal 

stratigraphic division of the Pucara Group (Gp.) a s  suggested by Harrison (1 943) and Megard 

(1968) can be identified, though regional lithofacies correlation is dificult due to depositional 

controls, structural modification, and lack of  exposure. The Pucara sequences of this area provide 

a unique stratigraphic study because active tectonism and structural movements were prevalent 

during and afier Pucara Gp. deposition. This structural movement was both local and regional, 

and variable in intensity. The end result is a northwest-southeast corridor of structural highs and 

lows preserved in an elongate structural belt. This belt corresponds grossly with the horst-and- 

graben structures of the underlying Mitu graben, and is elongate perpendicular to later Andean 

thmst movements. These variable basement structures provided an antecedent surface on  which 

carbonate deposition was initiated, and appear corifined within the Utcubamba Valley, an area of 

significant basement uplift. The distribution of carbonate facies observed in the area is a fbnction 

of original Mitu basement topography, depth of water during carbonate production, and 

distribution of structural reactivation of basement structures through the seâiment pile during 

active deposition. The end result is a structurally-controlled depositional pattern that closely 

conforms to the distribution of pal-highs formed a s  a result of  extensional tectonics and the 

associated structural reactivation along these topographie margins. 

The best applicable depositional mode1 is one of a series of stepped, piano-keyed, isolated, 

carbonate platforms distributed within a much larger platforrn that extends the length of the study 

area (Fig.2.5a and 2.5b). 



Figure 2.4 Schematic W-E profile of the Pucara encompassing the Utcubarnba Study 
area. Modified from Fontbote, 1990. Based upon data fiom Ingemmet 
Boletin N0.60. 1995 and stratigraphic data collected by the author. 

10 Km. 

Figure 2.5a Schematic section. looking northeast across the Utcubamba Valley. This 
figure attempts to put al1 measured sections into a basinal and depositional 
framework. Correlation proves difficult due to the lack of  identifiable 
surfaces resulting h m  poor regional stratigraphic exposure. Not to scale. 





The oldest rocks in the study area are Precambrian gneisses of the Maranon cornplex, exposed in 

elongate, N W-trending, fau lt bounded bloc ks which outcrop to the north of the study area. 

The Permian Mitu red beds unconformably overlie the Maranon Complex and are well e x p e d  

throughout the area, predorninantly on the main road between the towns of Bagua Grande east to 

Pedro Ruiz in the north. In the study area the Mitu Formation consists of coarse-grained 

femiginous sandstones and both rnonomictic and polyrnictic conglomerates andh local debris 

flows (Plates 2.1 and 2.2). These rocks are associated with liorst-and-graben structures related to 

an aborted ensialic rift (Noble et al, 1978; Kontak et al, 1985). Stratabound copper deposits and 

occurrences have been reported in the Mitu within central Pem (Amstutz. 1956; Kobe, 1960, 

1 990). The rift-related horst-and-graben stmctures of the Mitu provide the differentiated pian* 

key-shaped basin surface, or paleo relief, in which the carbonates of the Pucara Group were 

deposited. 

2-4.1.2 Local Pucara Group 

Through the sîudied area, the f ucara Group can be observai fiom the basal Chambara Formation 

unconformably over ly ing the Mitu redbeds through the Aramac hay Formation and in places 

where presmed, the Condorsinga Formation (Fig.2.6). 

2.4.1 .S. I Chambara Formation 

Weaver (1942) applied different names to various intervals of the Chambara Formation, including 

the Utcubamba Fm. within this study area. The Upper Triassic limestones were named the 

Chambara Formation by Grose (1 961) based upon outcrops near the Charnbara village, about 20 

km. northwest of the town of Huancayo. Süatigraphic correlations made between central and 

northern Peru have ensured the acceptame of the Grose ( 1 % 1 ) nomenclature for the C hambara 

Fm. and has becorne the scientific standard. Though persistent through the study area, the 



Plate 2.1 - Mitu Conglomerate; fragments of Proterozoic Maranon Complex 
gneisses supported within coarse-graineci, well-sorteà, consolidated 
ferriginous sand. 

Plate 2.2 - Mitu Sandstones; laminated and cross-bedded,wrnposed of 
well-sorted. consolidated. femginous sand. 
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Chambara exhibits laterally variable lithofacies, depending on the depth and location of the 

carbonate depositional environment in relation to basernent pal- highs. For the purpose of this 

discussion the "reference" section for the Chambara Fm. will be the one at Florida Canyon, which 

is the best exposed and which also has the most associated diamond drill core information of the 

studied areas. As a consequence, the Chambara has been informally divided into three sub- 

members designated Chambara 1,2. and 3 as described below. It should be noted at this point that 

throughout the Bongara region, carbonate stratigraphy has been overprinted by local and regional 

multiphase dolornitization. 

The Chambara 1 lies unconfmably on Mitu Gp. redbeds and where identified is composed 

predominantly of algal limestones and lime mudstones, deposited in a very shallow, hypersaline, 

sea with algal mats k ing  common and evaporitic conditions being suscient to precipitate 

anhydrite nodules within the lime muds. Substantial facies variations exist ranging fiom algal 

lime mudstones to local wackestones and storm deposits. 

The Chambara 2 is composed predominantly of high-energy depositional carbonate 

environments. Lithologies range fiom nodular, bituminous lime mudstones through skeletal 

wackestones and packstones, fossilifwous floatstones, and rudstones. Where exposed, the 

C hambara 2- lithologies remain relatively consistent and local ly correlatable based upon a 

series of markers identified within the Florida Canyon, Tingo and Tewro areas. These markers 

include the first appearance of a Sponge rudstone separating the Chambara I fkom the Chambara 

2, a black star crinoid marker, a well developed and locally consistent coquina marker, and an 

intact bivalve marker. Centimetric to decimetric chert nodules are çommonly observed within the 

C hamabara 2; however, due to lack of regional continuity, chert is of no use when attempting 

stratigraphie correlation. 

The Chambara 3 is predominantly deep basinal lime mudstones and bituminous lime mudstones 

with minor shale interbeds, turbidites, and debris flows identified. Local work by exploration 

companies centrally within the study area has defined a five-fold subdivision for the Chambara 3. 

The Chambara 3A is observed as a nodular textured lime mudstone. The Chambara 3B is a deep 

basinal turbiditic unit: The Chambara 3C is dominantly a lime mudstone, with lesser shales, 

common bivalve debris, and is observed locally interbedded with 3B equivalents. Chambara 3D 

is dominantly silt-laminated lime mudstones, and turbiditic mudstones with minor interbedded 

shales. The 3E is very similar to D with the exception of predominance of variable sized 



concretions developed within the strata. The observation of concretions within the Chambara 3 

marks the transitional contact into the Aramachay Formation. 

2-4.1.2.2 Aramachay Formation 

Megard (1968) named the Aramachay Formation based upon an exposed shaley succession at  the 

site of the Ichpachi mine, 2 km. S W of the village of Aramachay, about 30 km. NW of  the town 

of Hyancayo. Within the Bongara region the Aramachay is observed with various stratigraphic 

thicknesses throughout the district and is composed predominantly o f  deep basinal lime 

mudstones, calcareous shales and variable turbidites. The contact between the Aramachay and 

the upper Chambara Fm. is gradational over tens of  meters and at times is difficult to pick. The 

contact with the overlying Condorsinga, where exposed, is sharp and well-defined. 

2.4.1 -2.3 Condorsinga Formation 

Megard (1968) named the upper limestone unit of the Pucara G r w p  the Condorsinga Formation. 

Within the Bongara area there is a marked difference in stratigraphic thickness regionally. 

Measured sections range fiom approximately 100 meters in the Floricita area (discussed below) 

to greater than 180 meters in the distal northeastem Buenos Aires section. Rhodes (1 998) 

discussed the regional variations observed within the Condorsinga Formation with regards to both 

facies distribution and thickness. At Minas Grande, Rhodes observed coarsely pelletal lime 

mudstones, whic h overlie chic ken-wire-textured gypsum ( a h  anhydrite). In the Floricita area 

the Condorsinga is predominantly medium-to-thin bedded limestones and dolomitizeci 

(mineralization-related) equivalents. In the Buenos Aires section the thickest exposures of 

Condorsinga examined are over 200 meters in thickness. Here the Condorsinga is predominantly 

a thin to fine bedded, bituminous, black to dark grey, fine-grained nodular lime mudstone. The 

Minas Grande area (Rhodes, 1998), and the Floricita area appear to represent a very shallow 

water depositional environment characteristic of a shallow hypersaline and restricted 

environment. The northeastern and eastern equivalents, on the other hand, mark a deeper basinal 

environment. This is a fiinction of proximity to  the general corridor of  u p l a  within the 

Utcubamba Valley. The contact ôetween the deeper basinal Aramachay and the Condorsinga in 

the central corridor of  the area is much sharper than the eastern equivalents, which appear to be a 

more inter-tonguing, transitional depositional center. 



2.4.1.2.4 Post-Pucara Units 

To the east of the Utcubamba Valley the Corontochaca and Sarayaquillo formations are variably 

observed and pinch-out against a narrow high(s) formed by the uplifted Pucara Group, and 

rapidly thicken away fiom it, Both unitç indicate a substantial degree of uplift, subaerial 

exposure, and erosion of the f ucara Group (Pardo and Sanz, 1979; Prinz, 1985; Rosas, 1994). 

The Corontochaca varies From vtxy coasse-scarp derived boulder conglomerates to more sorted 

conglomerates, sandstones and silts of  fluviavdeltaic character. The Sarayaquillo Formation is 

dominantly red bed shales, sandstones and marls, with some gypsum beds. The contact with 

underlying stratigraphy in the Bongara region is unique, and locally a strong angular 

unconformity is observed between the Pucara Group and the Corontochaca and Sarayaquillo 

Formations. This suggests a substantial degree of uplifi and deformation, subaerial exposure, and 

erosion of the Pucara Group rocks during the mid-Jurassic, confined within the Utcubamba 

Corridor. 

The Lower C retaceous clastic Goy l larizqu isga Format ion uncon forrnably overl ies the Pucara 

Group within the study area and the Sarayaquillo Formation locally. The Goy llarizquisga 

Formation consists mainly of delta and shallow-marine clastic sediments (Wilson, 1963; Rosas, 

1986). These continental siliciclastics are interpreted as  synorogenic products of the Nevadian 

Orogeny and overlie a regional stratigraphic unconformity. Elsewhere within the study a r a ,  the 

unconforrnity surface cuts variably through different stratigraphic levels of the Pucara Group, and 

in places near Maino, r a t s  upon the  Mitu, suggesting complete erosion of the Pucara. 

2.5 Mineralization and Associated Features 

The most abundant information collecteci thus far has k e n  fiom Florida Canyon. The best 

mineralization in the Bongara reg ion is generally associated wit h strong ground preparation 

observed as pervasive dolomit izat ion, pseudobrecc iation, and carbonate dissolution. The ground 

preparation in Florida Canyon is controlled by the occurrence of carbonates deposited within 

high-energy environments of the middle Chambara Fm. (Chambara 2), and by the proximity to 

major structures (Wodzicki, 1998). To date, significant mineralization has been observed along 

the Sam Fault structure and fault splays off the main structure. Significant mineralization has 

also been observed loçally through dri lling across the Florida Platform. usually associated with 

parallel and later crosscutting structures. To  date, economic mineralization has not been defined, 



although a speculative resource of 7 million tons of approximately 7% combined zinc and lead 

has been suggated by exploration companies. 

At Florida Canyon sulphide mineralization typically replaces rock fragments or fills open spaces 

in dissolutioned gtound. Three textures of mineralization have been identified and defined as: i) 

bedding and/or open-space replacement, ii) collapse brecc ia hosted and iii) minor zinc in vein, 

crac We and mosaic breccias in the upper Chambara Formation (Chambara 3) (Plates 2.3,2.4 and 

2.5). Zinc mineraliation consists of dark rd-tmbrown sphalerite with iesser duIl yellow-beige 

sphalerite being identified locally. Sphalerite is obswed as coarse euhedral to fine-grained (mm 

to cm a l e )  aggregates and locally col loformal zoned varieties. Lead mineralization is 

exclusively observed as  galena, though oxide varieties of both zinc and lead mineralization have 

been observed in the district. Most comrnonly, zinc and lead sulphides are observed together as  

an intermeshed mosaic of  sulphides, though galena veining has also been identified crosscutting 

early sphalerite phases. Pyrite is observed throughout the mineralizing sequence ranging tiom 

fine mm.-sale disseminations to cm.-scale massive replacement of the host. Later siliciftcation 

and calcification is observeci towards the waning stages of the mineralizing system. 

Throughout the Florida Canyon ara, specifically proximal to the Sam Fault structure a number of 

mineralized horizons have been identified that correlate with discovered surface showings as 

defined via drill testing. These horizons are associated with favorable dolomitization of the 

middle C hambara Fm., are centered stratigraphically about the coquina marker and include the 

Milagros, Nancy, and Karen zones (Fig.2.7). Mineralization within these zones fluctuates 

vertically over a range of as much as 5 meters to the extent that it is not planar and only broadly 

stratabound. Closer to the Sam Fault, dolomitization and zones of dissolutioned carbonate 

thickens to include much if not al1 of the Chambara 2 Fm., resulting in a series of stacked, 

stratabound, mineralized intervals within about 200 meters proximity of the Sam Fault. These 

sulphide zones are at or slightly above the "intact bivalve markerY'(IBM) and the Gordita and 

Raquel packstone beds. Of these, only the IBM seems consistently to attain reasonable 

thicknesses of mineralization and dissolution. While most of the mineralization occurs as  massive 

replacement of intemal sediment/solution detritus intervals there is Mme disseminated and patchy 

sulphides in pseudobreccias and weakly-developed dissolution zones. 



Plate 2.3 - Massive replacement o f  host carbonate by very-coarse grained 
sphalerite (2-phases), galena, and pyrite at the Karen Showing in 
Florida Canyon. 

Plate 2.4 - Coarse-grained sphalerite infilling open space, and replacing clast 
edges within a psuedobrecciated collapse system. Oxidation of 
sulphides has resulted in fine veining of smithsonite away fiorn 
sulphides through open porosity. 



Plate 2.5- Crackle brecciated dolomitized Chambara 2 lithologies with 
dotospar matrix and orange smithsonite partially replacing 
sphalerite rirnrning fkîgments. 



DESCRIPTION 

Thin bedded bituminous lime mudçtones and Eurbidi 

Interlayering of nodular lime mudstones, W l y  
bituminous. with lime wad!esîones. 

Medium to mas8 grain red sambîcmes. 

Figure 2.7 Stratigraphy of Flotida Canyon showing the position of 
mineralized horizons within the Charnbara 2. 



The 0th- area of significant mineralization studied by the author was at Floricita where sulphides 

occur at a pronounced unconfonnity between the Condoninga member of the Pucara and 

Cretaceous Goyllarizquisga sandstones. The Condorsinga thins fiom 100 to 50 meters fiom wuth 

to north across the occurrence, but this may be a sloping erosional surface or a result of pre- 

Goyllarizquisga faulting. Major faults are oriented east-west through the deposit and there seems 

to be a very strong element of structural control to the mineralilation. The relative contribution 

of active eariy Cretaceous dissolution to ore controls may be minor. Down-dropping of a 

significant volume of Goyllarizquisga into the Condorçinga appears to have been accomplished 

by largescale structures and bnttle fracturing of the Goyllarizquisga sandstones and the 

Condorsinga carbonates (Allen, 1997). 

Mineralization is composed almost exclusively of sphalerite and white dolomite spar in subequal 

proportions, as open-space filling and rock hgment replacement within a large dissolution 

collapse system (Plate 2.6). Mineralization has a vertical extent of approximately 100 meters 

along a 100 to 150 m. sbike extent of crudely east-west orientated structures. Sulphides extend 

approxirnately 40 m. up into the Goyllarizquisga and 60 m down into the Condorsinga. Neither 

the Goyllarizquisga sandstones nor Goyllarizquisga clasts are found below the unconformity 

surface, suggesting that thete was no significant solution collapse to the system. As the p r i m q  

lithology of the Condorsinga is a dolomicrite rather than a lime micrite, the opportunity for 

significant late solution activity was diminished (Allen, 1997). VYhially al1 of the mineralization 

in the Goyllarizquisga comprises brittle veining of dolomite and sphalerite with parallel vein 

walfs and little or no fi-agrnent rotation or solution rounding. Over the maximum 30 m. (vertical) 

range of mineralization in the Goyllarizquisga, the maximum open fiacture space, which was 

generated, is perhaps 10-1 5%. Within the Condorsinga, base metal sutphides make up 

approximately 50% parallel walled "stockwork" or crackle, hcture, vein mineralization with no 

solution enhancement and 50% stockwork of unrotated precursor dolomicrites with very modest 

solution enhancement and rounding (Plate 2.7). According to Allen (1 997) the ground 

preparation or open space creation was Iargely structural expansion through faulting and only 

modest solution enlargement. There are portions along major bounding stmctures where 

increased solution activity is observed; hence, dolomite and sphalerite increases (Allen. 1997). 

Throughout the rest of the study area a number of other zinc-lead base metal occurrences have 

been report4 and documented. The rnajority of these are small in size with only low-grade 

disseminated sphalerite and galena with or without pyrite, or local high-grade veins of sphalerite 



Plate 2.6 - Open-space intill by coarse-grained black to dark-red sphalerite, 
with local fragment replacement in Condorsinga Formation 
dolomicrites of the upper Floncita adit. 

Plate 2.7 - Mineralization comprised almost exclusively of sphalerite and white 
dolomite spar as open space filling and rock fragment replacement 
within large dissolution collapse systems at Floncita. 



that as of yet have not been related to a larger expanse of mineralizatim. The distribution of 

these showings is as variable as the mineralization observed at each. Most occur variably within 

the stratigraphic sequence and do not seem confined to any one lithotype or stratigraphic or 

structural setting. Of importance is the fact that al1 of these regional mineralized occurrences are 

structurally controlled and are associated with sorne form of early ground preparation or 

dolomitization. 

The following mode1 was proposed by to account for the mineralization in the Bongara region. 

An early magnesium-rich fluid event, likely generated by basinal dewatering, leac hing and 

tectonic expulsion, moved fluids through a basinal aquifer, probably the underlying Mitu red 

beds. Uttimately the fluids ascended through predominant northeast structures. Early 

dolomitizing fiuids caused local dissolution and coltapse of the middle Chambara Formation 

allowing for a lateral fluid movement within the high-energy lithofacies adjacent to the main 

structures. This ground preparation, replacement, dissolution and porosity increase may have 

been the initial fluid event or may have exploited existing zones of dissolution forrned by earlier 

meteoric fluid flow through the sequence. With continued basinal dewatering, zinc saturatecl 

flu ids ascended semi-vertical structures and followed paths of least resistance to the m iddle 

Charnbara Formation where zinc and lead mineralization occured as the fluids came into contact 

with a reductant, most Iikely intrafmational H2S (Fig.2.8) 

With continued fluid expulsion, a second coarse white dolospar phase was emplaced and the fluid 

system began to wane. Pyrite, sphalerite and later silica and calcite were deposited throughout 

the volume of dolomitized and mineralized rock as the hydrotherrnal system slowly cooled and 

choked itself off, or otherwise ceased to fùnction. 

Of importance to tbis study is the fact that dl the fluid mvement m i a t e d  with the 

mineralizing system is structuraliy controlled. An appropriately porous horizon was capped 

by an aquitard such as the upper Chamban or Ararnachay Formations, which could act as a 

significant seal to ascending fluids. In places like Floricita and Maino, though pervasive 

dolomitization is observed, and at Floricita sign ificant mineral izat ion has been discovereû, the 

fact that no  overlying aquitard was in place at the time of mineralization probably allowed 

ascending fluids to dissipate in the Cretaceous Goyllarizquisga Formation. 
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F igure 2.8 Schematic mode1 for carbonate-hosted mineralization observed across the Utcubamba 
Valley. No attempt has been made to distinguish between textures of mineralization. 
Not to scale. 



The paragenetic sequence recorded in the Pucara Group carbonates includes early burial and 

compact ion-related carbonate cements, and later diagenet ic/epigenet ic premineralization 

replacement and poçt-minetalization zoned sparry dolomite and calcite (Fig.2.9). This work will 

focus on the differentiation of later dolomite phases temporally associated with pre-and post- 

minerakat ion bas& predominantly on plane-light and cathdoluminescent (CL) characteristics. 

The stable isotope geochemistry of the dolomite will be discussed later, in section (2.7). All 

diagenetic processes observed in the Pucam Group occurred during the post-depositional history 

of the carbonates. All carbonates within the study area were deposited originally as Iimestones. 

The subâivision of shallow burial diagenesis and intermediate-to-deep burial diagenesis used in 

this work is as suggested by Choquette and James (F3g.2.1 O)( 1990). Shallow burial diagenesis 

comprises al1 the processes that occur immediately afler the sedimentation on the submarine 

floor, in the meteoric environment, and up to a few tens of meters of burial. Intermediate-tdeep 

burial diagenesis occurs fiom a few tens of meters of burial up to the realm of low-grade 

metamotphism. There are not certain Iimits for these diagenetic fields, as they Vary tiom one 

sedimentary basin to another or even within a single basin. The factors which influenced these 

limits are changes in hydrology, pore-water chemistry, pressure, temperature, and burial beneath 

younger strata (Choquette and Pray, 1970; James and Choquette, 1984; Choquette and James, 

1 990). 

Early diagenetic phases include processes such as micritization and submarine cementation, chert 

formation and possible dissolut ion assoçiated with shallow burial diagenet ic environments. 

Intermediate-to-deep burial diagenetic processes occur later and include typical compaction 

features such as burial calcite cernent and neomorphism and local pressure-solution features and 

veintets (James and Choquette, IWO).  

Late diagenetidepigenetic phases include dolomite associated with early pre-mineralization 

ground preparation, and pst-mineralization zoned sparry white saddle dolomites and calcites that 

post-date al1 carbonate dissolution. Precipitation of regionally developed, late diagenetic 

carbonates appears to be confined to the development of signifiant secondary porosity, well- 

developed dissolution, tectonic faults, fractures and breccias. Thus. late-diagenetickpigenetiç 
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Figure 2.9 Paragenetic relationships observed in Pucara Group 
carbonates of the Utcubamba Valley. 

Figure 2.10 The locations of sea-floor precipitation and neomorphism on a shallow carbonate 
platfom and in adjacent deepwater settings. Modified fiom James and 

Choquette, 1990. 



carbonate alterat ion provides a spatial and temporal framework in which to interpret regional 

diagenet ic events and their paragenet ic relation to MVT-style zinc-lead mineral kat ion. 

2.6.1 Early Diagenetic Phases 

A variety of early marine diagenetic processes were observed in the studied Pucara sample suite. 

They correspond with zone 1 of James and Choquette (1990)- and include micritization, 

cementation and cherti fication. Micritization was best-observed in the algal laminated 

lithofacies of the Chambara 1 Formation in Florida Canyon and in the fine-grained micrites of the 

Iowa Condorsingï Formation in the Floricita area. Oolitic wackestones and packstones of the 

Chambara 2 in the Maino area show micritization of the original carbonate, that was in tum 

replaced by late-diagenetic dolomites (Reid, 2001 ). The light colouration of the algal mats can be 

atiributed to the digestion of the original organic matter by bacteria. The micritization of ooids 

(Plate 2.8) can be attributed to encrusting algal perforation (boring endolithic micr~~~ganisms; 

such as algae, cyano bacteria, and fungi). The individual Mngs ,  that are only a few microns 

long, become filled with micritic cement when they were vacated (Margolis and Rex, 197 1 ; Budd 

and Perkins, 1980; Greensrnith, 1989; Tucker and Wright, 1990; Rosas, 1994). The micritization 

observed within the study area correlates well with observations by Rosas (1994) in her large- 

s a l e  shidy of the southern Pucara in Peru. 

Rosas (1 994) observecl finely-to-very-finely crystalline dolomite as well as displacive gypsum 

crystals and anhydrite nodules in supratidal breccias, mudstones, biomicrites, peloidal packstones, 

grapestones and oolitic grainstones of the southern Pucara. In this work the author has not 

identifieci any earlydiagenetic dolomite precipitation within the studied Pucara carbonates, 

though speculation remains in the lower Chambara 1 of the Maino area. However, gypsurn and 

calcite psuedomorphs are observed replacing inferred anhydrite or evaporite pseudomorphs 

deposit4 within algal-laminated and micritized Chambara 1 and lower Condorsinga formations 

in the Flonda Canyon, Floricita, Maino and Buenos Ar ia  sections (Tucker and Wright, 1990; 

Rosas. 1994). All dolomitization can be attribut4 to late diagenetic alteration associated with the 

mineralization process (discussed below). 

Early diagenetic cements were observed in unmineraiized and alterd Iithologies of Chambara 2 

in Florida Canyon. and in indivisible Chambara carbonates of the Buenos Aires section. The 



Plate 2.8 - Micritization of ooids by encnisting algae perforation, in shallow 
water facies of Chambara 1 equivalent lithofacies from the Maino 
area. 

Plate 2.9 - Medium-grained calcite spar interpreted to be a intermediate burial 
diagenetic process. Observed here infil ling available porosity within 
a micritic lime wacke-packstone of  Chambara 2 equivalent litho facies 
fiom the Maino area. 



best examples were observed in carbonates deposited in relatively high-energy envùonments with 

substantial original porosity such as wackestones. packstones and. in Flori& Canyon local 

nidstones. The submarine cements include isopac hous fnnges of calcite around bioclasts. pel letal 

constituents, or coating fenestral pore spaces. As suggested by Rosas (1994). due to the 

isopachous-morphology of  this cernent it can be assumed that an original composition of 

aragonite or Mg-calcite ptecipitated as cnists in the sea-floor environment. Tucker and 

Hollingworth ( 1 986) describe such cements for the Permian Reef Corn plex of Northeast England. 

Generatly, the calcite cement is dull-t-faint yellow luminescent and easily distinguishable fiom 

typical surrounding limestone carbonate fabrics. 

Not studied by the author. but well-documentai by Loughman and Hallam (1982) and Loughman 

( 1984), in the Aramachay Formation. is a phosphate content of up to 8.6 wt. %. Rosas ( 1983) has 

also observed phosphate in the southern Pucara. Phosphate is described a s  oçcurring mainly as 

secondary minerais, replacing allochems - mainly bioclasts. This replacement is assumed to 

correlate with early diagenetic processes. Although the intemal structure of the bioclasts is 

normally not preserved, the outer shape of the bioclasts is M e r  preserved when they are 

phosphatized than when they have suffered recrystallization or burial diagenetic replacement by 

calcite or dolomite. 

Scattered c h a t  nodules are a typical field characteristic of the Chambara Formation in al1 of the 

studied areas, especially pervasive in rniddle Chambara 2 and locally in Chambara 3. Chert 

nodules are variable in size (locally 5- 1 O cm.) and are usually observed concordant to bedding 

planes as dark grey to  black, ovoid masses, rarely accounting for more than 2 to 3 % of total rock 

volume. Rosas ( 1994) observed chalcedony and probable quartzine in evaporite pseudomorphs as  

well as a predominance of microquartz. In the study area most of the chert is microquartz with no 

true chalcedony being obsewed. In Flori& Canyon, quartz is observed a s  megacrystic 

intergranular cements local ly within porous grainstones of the C hambara 2. Additional chcrt 

nodules have been observed sporadically throughout the lower Aramachay Formation in Buenos 

Aires and in the Iowa Condorsinga of the Floricita area. Late silicification appears to be locally 

confined to dominant structures and lacks strat igraphic continuity, suggest ing that intergranular 

silicification, unlike chert formation, is a later diagenetic or epigenetic event and not associated 

with chert microquattz formation. 



Most studies of Phanerozoic occurrences suggest an ultimately biogenic origin for chert (e-g. 

Meyers, 1977; Geeslin and Chafeh. 1982; DeCeIles and Gutschick, 1983; Bustillo and Ruiz 

Ortiz. 1987; Coniglio, 1987; Rosas, 1994). Silicews sponge spicules have been identifiai within 

the Chambara 2, Ararnachay, and Condorsinga Fm.'s and Iikely acted as the main silica source. 

Rosas (1 994) suggests than an additional source for the chert could be the aheration of volcanic 

glass h m  pyroclastic rocks intercalated with the sediments in southern P m .  Due to the lack of 

any volcanics in the study area, this is not an option for this study. 

The only intermediate to possibly deep diagenetic process observed is the formation of 

intergranular calcite spar and the presence of fine-grained neomorphic calcite, interpreted to be a 

praess from an intermediate diagenetic environment (James and Choquette, 1990). In samples 

studied away fiom alterat ion assoçiated w ith mineralizat ion, calcite spar is observed between 

allochems in some carse-graineû, porous lithofacies of the Chambara 2 Formation. Usually the 

calcite spar is medium-to-fine grained and is interpreted to be a neomorphism fiom micritic 

calcite (Plate 2.9). Other examples of calcite neomorphism are observed in the replacement of 

bioc last-shells, where neomorphic spar-calcite crystals replace the shell whi le presming its 

microarchitecture (Plate 2.10). Usually, neomorph ic calcite cements are dull to non- 

luminescent, showing very little to no interna1 crystal zonation. The original sedimentary 

textures are commonly obliterated, though, as described above, rare examples of preservation 

exist. 

Pressure solution features are well documented throughout the sedimentary record of the Pucara 

Group. In the study ara ,  stylolites are frequently observed in the supratiâal facies of the 

C hambara 1 and 3, Aramachay, and Condorsinga Formations. These are well documented in 

Florida Canyon and Maino, and have been observed in Buenos Aires. In al1 cases they occur 

parallel to lamination. They can be classified after Wanless ( t 979) and Choquette and James 

(1 990) as bedding-parallel swarms of stylolites of small amplitude. The stylolite surfaces are 

often coated by organic matter. 

2.6.2 Late Diagenetic Phases and MVT Mineralization 

The focus of the carbonate study is on the rnorphology and cathodoluminescence of dolomite and 

calcite in late diagenetic stages associated temporally and spatially with MVT-style zinc-lead 



Plate 2.10- Replacement of bioclasts by neomorpbic spar-calcite 
cry stals while preserving the shells' original microarchitecture. 
Bright yellow luminescence is indicative of typical spar-calcite, and 
is easil y distinguished from original orange dull-red luminescent 
grainstones of Chambara 2. 

Plate 2.1 1 - Stage 1 dolomite observed exploiting available open space and 
prosity in a solution collapse breccia of the Chambara 2 at 
Florida Canyon. 



mineralization observed throughout the Bongara study area. For the most part these cements are 

confined to the Chambara 2 Formation in the Florida Canyon area and to the C hambara and 

lower Condorsinga Formation in the Floricita areas. The southem Maino area shows the most 

stratigraphically and spatially pervasive late carbonate alteration n d  assoçiated with known 

significant mineralization. Correlation of late diagenetidepigenetic processes between areas 

allows for a regional, basin-wide homogeneity to be inferred. Most of the mineralization and 

alteration studied away fiom these three dominant areas are confined to various stratigraphie 

levels within the Chambara Formation as discussed in Reid (200 1 ). 

Late diagenetic alteration and MVT-style zinc-lead mineralization is interpreted to have been 

derived via basinal fluid dewatering resulting fiom the compressive teçtonic formation of the 

Andes during either the Peruvian, Incaic, or sub-Andean fold-and-thrust belts. These belts have 

been &teâ as oçcurring between Campanian and Neogene tirne as a series of nine compressive 

events (Megard, 1984, 1987; Benavides-Caceres, 1999). Though paragenet ic sequences Vary 

slightly h m  area to area, the general paragenetic sequence as portrayed in figure 2.8 rernains 

consistent. It is as defined by an early dolomite (dolomite Stage I) ,  followed by pyrite, the 

dominant zinc event (sphalerite l), galena a second dolomite event (dolomite Stage Z), and a 

second l e s  significant sphalerite pulse. This mineralization event is followed by two calcite 

events with an intervening quartdsilicification event. Though sedimentary facies that host 

mineralization are variable throughout the ara, diagenetic processes remain texturally and 

petrographically very sirni lar, suggesting a regional genet ic correlat ion. Cathodoluminescence 

studies allow for regional comparisons to be made and are suggestive of an interconnecteci 

plumbing system responsible for fluid migration to sites of deposition. As figure 2.9 depicts, the 

development of diagenet ic alteration events was not spatially or temporally exclusive, as 

signiflcant overgrowth of textures can be observed. In places, not al1 textural overgrowths are 

observed. though enough evidence has been collected to suggest that the processes are regional 

in extent. 

The initial dolomite replacement event (Stage 1) is thought to have been assoçiated with al1 early 

ground preparation, premineralizing carbonate replacement and dissolution in the Bongara 

region. Stage 1 dolomite is a fine-tc+medium graineâ, subhedral to euhedral dolomite that 

overprints and replaces original sedimentary structures of the Chambara and Condorsinga 

Formations. Stage 1 dolomite is observed replacing both intact original depositional features, as 



open space porosity infilling and local veining. Replacement involves an insitu substitution of 

original rock fabric with grain size ranging fiom less than 0.2 mm. to 5 mm. depending on the 

original sedimentary texture of the carbonate. It produces a rock whose prirnary constituents and 

textures are still recognizable but which is slightly darker and tends to have a variable degree of 

fine pinpoint (<O. 1-1 mm) and occasionally finely vuggy (1 -5 mm) porosity. The darker colour of 

this dolomite is likely a result of dark insoluble organic residue components formed during the 

replacement process (Plate 2.1 : ). 

Stage 1 dolomites do not pervasively replace the stratigraphie interval in which they are 

identitied. In Floriâa Canyon, replacement is most pervasive proximal to major linearnents such 

as the Sam and Tescro fault systems (Reid, 200 1). Replacement is incomplete and situateci in 

lithofacies of Chambara 2 that have substantial amount of  available porosity and local carbonate 

dissolution. Stage 1 dolomites are characterized by a relatively fine-temedium-grained mosaic 

intergrowth of euhedral to s u b h h l  crystals that exhibit a dark-red to dull-red luminescence 

during cathodoiuminescent analysis (Plates 2.12 and 2.13). Commonly these show little to no 

interna1 zonation, likely due to the smaller crystal size. Rare crystal zonation is observed where 

replacement is complete and available porosity is in filled. Early dolomite replacement in Florida 

Canyon, Floricita, Maino, Charito and Buenos Aires al1 show a very similar luminescent pattern 

regionally. Dwing stage 2 dolornitization (discussed below), relict cores of this dolomite phase 

are preserveâ and overprinted by later diagenetic events. Dolomitization is not stratigraphically 

exclusive to the Chambara 2 Formation. In the Florida Canyon area local dolomitization is 

observed in the Chambara 1 algal laminated mudstones and is observed extending through the 

lower Chambara 3 mudstones, predominantly as  thin veins. In Floricita, complete replacement 

of micritic lime mudstones of the Condorsinga is observed, with local early dolomitization also 

within vertical structures acting a s  hydrothermal fluid feeders for the mineralization in the area. 

Stage 1 dolomite is followed by pyrite precipitation. This sulphide phase is observed variably 

through the paragenetic sequence suggest ing that iron prec ipitation was concurrent with Stage 1 

dolomite and continued through the waning of the main mineralking system. Pyrite is observed 

as fine, mm-sale disseminated sulphide grains throughout the Chambara formation in Florida 

Canyon, as well as massive, replacement, iron sulphide rock locally within the main Sam Fault 

structure. Zinc mineralization has no identifiable spatial association wit h pyrite and has k e n  

observed with or without an iron sulphide component. 





Plate 2.14 - Open space infïll by both coarse-grained euhedral dolospar 
and brown-to-reddish sphalerite (Sphalerite Stage 1 ). Sample 
was taken h m  Florida Canyon DDH FC2 1 at a depth of 
16 1.35 meters. 

Plate 2.15 - As above: Sphalerite is non-luminescent as black-to-dark brown 
euhedral crystals. Dolospar infill shows both Stage 1 and Stage2. 
Stage 1,  is observecl as fuie-grained, darker-red luminescent wnes 
within cores of bright-red luminescent Stage 2 dolomites. 



Following the initiation of pyrite mineralization, the main zinc phase (sphalerite 1) developed. 

Zinc mineralization has been identi fied as bedding andor small cavity replacements, col lapse 

breccia hosted, minor zinc in veins and minor zinc in vein, crackle and mosaic breccias 

throughout the Florida Canyon area, and as paraIlel-walled "stockwork", crackle, hcture  and 

vein mineralization in the Floricita area. This phase consists of dark-red-to-brown sphalerite. 

Sphalerite is observed as coarse euhedral to fine grained aggregates varying in size fiom mm. to 

cm scale, locally showing colloformal zonation, and /or massive coarse grained mosaics of open 

crystal in f i  lling (Plates 2.14 and 2.1 5). For a complete description of mineralization the reader is 

referred to Reid (200 1 ). 

Galena is observed as medium-grained euhedral crystal aggregates intergrown with open space 

sphalerite mosaics and veining. Rich galena veins are observed crosscutting sphalerite zones, 

especiaHy in exposed sulphide-rock occurrences within the walts of Florida Canyon. Galena is 

also identified as veining and thin stoçkwork-textured zones within areas spatially associated 

w ith sign ificant zinc rnineralization. Galena is not commonly observed wit hout a significant zinc 

association. In Florida Canyon the Irene showing is extremely lead-rich and shows a NE (030') 

structural trend that cross-cuts the NW trend of the canyon. This may suggest that galena is 

controlled by a different structural system than the zinc, though this has not been identified 

elsewhere. 

Initial sphalerite and galena precipitation is followed by Stage 2 dolomitization which is 

characterized by rocks with greater than five percent coarsely crystalline white dolomite spar 

observed mottling the original dolomite in an in situ replacive pattern. This texture has been 

called pseudobrecciation in the M W  literature and is a term commonly used to describe this 

coarse replacement and vuggy porosity-generating event by sparry-to-saddle white dolomites. 

Stage 2 dolomite crystals are generally large (mm-cm scale), mottled, showing cannibalistic 

replacement and open space filling of porous horizons throughout the Pucara carbonates 

proximal to major lineaments (Plates 2.16 and 2.17). Commonly Stage 2 dolomites will show 

interna1 crystal zonation in plain polarized light. A dull orange to bright red luminescence is 

observed in these dolomites, showing a regional well-&fineci crystal zonation pattern. Dolomite 

crystals, associated with replacement Stage 2 dolomites in a relatively fine-grained lithofacies 

will exhibit a consistent d-twbright-red luminescence that is constant across the sample, 

representing complete replacement and pinpoint porosity infill (Plate 2.18). Open-space 

dolomite infilling shows a well-developed crystal zonation. Commonly 3-5 sub-zones can be 



Plate 2.1 6 - Stage 2 dolomite forming a pseudobreccia texture within Chambara 
2 lithofacies in the Maino area. Most of the original sedimentary 
features have been cornpletely obliterated. Replacement appears to 
follow bedding. 

Plate 2.1 7 - Stage 2 dolomite forming a pseudobreccia texture within Charnbara 
2 lithofacies in the Maino area. Most of the onginal sedimentary 
featwes have k e n  completely obliterated. Open vuggy porosity is 
a result of tecent oxidation of calcite cores and erosion. 



Plate 2.18 - Replacement of fine-grained mud-wackestone hgments within a 
dissolution breccia h m  the Nancy Showing of Florida Canyon. 
Brighter-red luminescent D2 can be distinguished fiom dark-red to 
blackish luminescent Dl cores. 

Plate 2.1 9 - Very-coarse grained open-space fil1 by Stage D2 dolomite. 
D2 dolomite crystals appear nucleated on preexisting Dl cores. 
D2 dolomite shows stages A through E. 



identified (Stage 2A-2E) and represent the pro longed open space precipitation of the minerai. 

Commonly dark red to black/brown cores of Stage 1 dolomite are preserved within the central 

crystal c m  and represent the initial point of nucleation (Plates 2.19 and 2.20). Late dolomite 

precipitation is correlatable regionaliy from area to area, base. upon the consistent luminescent 

patterns of the crystals, and the intemal zonation hierarchy observe.. 

Sphalerite 2 is subordinate to Sphalerite I and is commonly identified as small mm.-ale 

sulphide aggregates of light-brown to yellow sphalerite associated with late open space infilling, 

veining, tare dissemination, and secondary replacement of c m  sphalerite 1 proximal to major 

structures in F loda  Canyon. Most Sphalerite 2 is associated with fine-graine4 non-porous, 

algally laminated mudstones of the Chambara and upper Chambara 3 basinal mudstones, as fuie 

veins and radiating sulphide nehvorks along small dissolution and bteccia zones. To date this 

sphalerite phase d o a  not account for any significant mineralization in the district. The 

paragenetic sequences fiom initial dolomite Stage 1 through to Sphalerite 2 accounts for the fluid 

or fluid systems responsible for the main mineralization event in the area. 

These stages are followed by two calcite phases (calcite 1 and 2). Calcite 1 is commonly 

associated with dolomite. whereas the second calcite fills residual pores and veins, or replaces 

othet minerais. Calcite 1 commonly shows a dull-t-slightly luminescent, non-zoned yellow 

cathodoluminescence (Plate 2.21), usually as pervasive replacement of the rock. Clacite I can be 

distinguished fiom the original limestones, as the host carbonates commonly show a dull orange 

to dull yellow brown luminescence that is easily identifiable when in contact with Calcite I 

(Plate 2.22). Calcite 2 has a bright-tc~very-bright luminescence, commonly with intemal 

zonations suggesting the fluid had signifiant time to develop advanced crystallinity. Both 

calcite phases have been identified regionally and are suggestive of a regional diagenetic 

alteration pattern. Late diagenetic calcite appears not to be confined to major sî~-~ctural zones, or 

confined to preferential lithofacies. Calcite I and 2 can be identified in al1 lithofacies of a11 

formations spatially across the carbonate platform. 

During calcite alteration, silicification occurred. This has been observed as pervasive 

silicification confined to local zones along major structures associated with mineralization and 

dolomitization. and confined stratigraphically to the Cham bara formation in the Florida Canyon 

area. Though not pervasive, si1 ici fication commonly fol lows an in ferred interconnected 



Plate 2.20 - Very coarse- grained open-space fil1 by Stage D2 dolomite. 
D2 dolomite c r y d s  appear nucleated on preexisting Dl cores. 
Sarnple shows D2 stages A through C. 

Plate 2.2 1 - Dull-to-slightly luminescent yellow C 1 calcite commonly 
observed. as fine-grained replacement of host lithologies to 
massive non-zoned, open-space crystal infill. 



Plate 2.22- Very coatse-grained open-space infill of C2 calcite. C2 calcite can 
be distinguished h m  C 1 by the presence of beautifid intemal 
crystal zonations and a much brighter yellow luminescence. 



dissolution path confined to major faults, and regional structures, through porous horizons 

ranging fiom cm. to  m. intervals in thickness. Minor silicification has been studied in Maino and 

locally in F loricita, Buenos Aires and Naranjitos. The author believes that observed silic ificat ion 

is more an indication of open, structural, controlled fluid flow through the basin, than 

representing a genetic link to mineralization for use as  a pathfinder by exploration cornpanies as 

it is  not consistently associated with mine~lization,  and has been identified in strata devoid of 

alteration. 

2.7 Stable Carbonate isotope Geochemisty 

Stable isotope studies of carbonates fiom Mississippi Valley-Type (MVT) deposits can provide 

valuable information on sources of  the mineralizing solutions, temperature of the mineralizittion, 

and fluid pathways (e.g. Hannah and Stein, 1984; Haefner e t  al., 1988; Gregg and Shelton, 1989; 

Nesbitt and Muehtenbachs, 1994). Furthemore, they may put physicochemical constraints on the 

mechanism of precipitation of  o re  and gangue carbonates, chemical evolution of the mineralizing 

fluids. and on fluid-mixing and fluid-rock interaction processes (Sverjensky, 198 1 ; Gregg 1985; 

Frank and Lohmann, 1986; Gregg and Shelton, 1989; Banner et al., 1989; Ghazban et al., 199 1 ; 

Far, 1992; Qing and Mountjoy, 1992; Garvin and Ludvigsm, 1993; Spangenberg, 1995). The 

6' 'C and ~ " 0  values of  Stage l and 2 dolomites and calcites associated with mineralization in the 

Bongara district show a strong regional homogeneity. These results, coupled with strong 

mineralogical and petrographic similarities o f  mineralization and alteration phases regionally, 

perhaps reflect the fact that the mineralizing processes were similar for Florida Canyon, Floricita, 

and the other zinc occurrences district wide, a s  well suggesting the existence of  a common 

regional mineralizing hydrothermal system with intercmnected stnicturally controlled plumbing. 

Work by Spangenberg (1995) on this subject in the San Vicente belt 300 krns to the south studies 

this question in great detail. Spangenberg's study takes the use of  regional isotopic studies 

beyond the scope of this author's work. A close correlation exists between the analyzed data fiom 

the Bongara area and the rau l t s  obtained by Spangenberg. The focus o f  this work is to determine 

whether an interconnected plumbing system çan be assumed for the Bongara area, and whether a 

regional correlation can be atîributed and used in firture exploration o f  the district. 

Samples were divided based upon the above paragenetic division o f  Dolomite stages 1 and 2 (D 1 

and D2), and calcite stages 1 and 2 (C 1 and C2) (Fig.2.9). Different carbonate generations were 

selected afler detailed hand-sample and petrographic analysis. The mineralogical composition of  



the sample set was determined using X-ray powder dif ic tometry (Appendix 3). lsotopic 

analysis was conducted at the Envuonmental Isotope Lab at the University of Waterloo using 

standard mass spectrometry for carbonates following the conventional method by McCrea (1 950). 

The carbon and oxygen isotope ranges deterrnined in the D 1, D2, C 1, C2 and Pucara carbonates 

are given in Appendix 4. Obtained values closely compare with values fiom similar paragenetic 

phases obtained by Spangenberg (1995). The 6I3c and 6"0 values of Dl (Si3c -3.9 to 1-85 

- 6180 = -1 1.6 to -2.94 and D2 ( 6 " ~  =1.7 to 1.35 'lm; 6"0 = -12.25 to -7.15 O/*/,) Vary 

within a close range across the district. At a local s a l e  the two main dolomite generations (D 1 

and D2) are isotopically very simiiar with certain DI samples showing slightly heavier si3c and 

6% values (Fig.2. l l and 2.12). The S"C and S"O values fiom twelve samples of late filling 

calcite (C 1 and C2) have scatterd values from -9.92 to 1.03 O / m S " ~  and -13.53 to -6.32 '1, 

6180, respectively. The carbonate generations show a general tendency towards lighter isotopic 

compositions with advancing paragenetic stage. The regional homogeneity of the isotopic 

composition of the altered gangue dolomites suggests that the physicochemical conditions and the 

fluid-rock interaction processes were uniform and almost constant during gangue precipitation. 

At San Vicente, Spangenberg ( 1995) states îhat the deposit displays a general tendency toward 

lighter isotopic compositions in the following sequence: dark replacement dolomite - white 

sparry dolomite - late filling dolomite - late filling calcite - carbonates replacing evaporitic 

sulfates. This trend conforms with previous C and O isotopic studies from the San Vicente 

deposit (Fontbote and Gorawski, 1990) and is similar to those found in studies fiom other MVT 

depos its (e-g. Frank and Lohmann, 1 986; G hazban et al., 1 990; Farr, 1 992; Nes bitt and 

Mueh lenbac hs, 1 994; Spangenberg, 1 999, which report lighter isotopic compositions in 

paragenetically late carbonates comparecl to the unaltered host carbonates. 

Spangenberg ( 1995) states that the wide isotopic ranges of  the hydrdhermal carbonates fiom San 

Vicente canna be due to simple thermally-induced isotopic reequilibrium, whic h affects the 

oxygen more than the carbon isotopes. Therefore, simple cooling cannot account for the 

measured isotopic variations of  carbonates at San Vicente, indicating that multiple fluids were 

involved in theù precipitation. This cmclusion may hold true for the Bongara district a s  isotopic 

patterns fhm the Bongara district closely follow those of San Vicente and rnay in fact represent a 

northern extension of that hydrotherrnal regime. 



Figure 2.1 1 Carbon (A) and Oxygen (B) isotope variations of host 
and gaunge carbonates fiom the Bongara study area. . 

Figure 2.12 6% versus 8% of Carbonates fkom the Bongara 
Study Area. 



The median 6I3c and 6 ' 6  values of gangue carbonate phases of al1 the sarnples collected from 

the district are shown in figure 2.13. Both the altered Dl and D2 display a significant correlation 

in 6I3c vs. 6"0 space. The D 1 represents the heaviest end member, with a general isotopic 

lightening throughout the D2 and C paragenetic stages. lsotopic compositions of the carbonates of 

the Bongara district show variation trends which are regionally similar. These variation trends do 

not have any correlation with the stratigraphic sequence and do n d  show any zonation at a district 

scale, (Fig.2.13) suggesting common mineralizing events. It was concludeci that ore and 

hydrothermal carbonates in the San Vicente district were precipitated fiom fluids of specific 

isotopic composition by regionally unvarying and stratigraphic independent fluids within a 

regional mineralizing hydrotheml system with interconnected piumbing. Data correlation with 

those of Spangenberg's fiom San Vicente tead the author to postulate that on some large scale the 

Bongara and San Vicente systems are genetically similar. Further detailed analysis of the 

Bongara isotopic &ta rnay chri* this. 

The paragenetic sequence preserved within the P u m a  Gp. carbonates of the Utcubamba Valley 

includes early burial and compaction-related carbonate cements, and later diagenetickpigenetic 

pre-m ineralization and pst-m ineralization, zoned sparry dolomite and calcite. Early diagenet ic 

phases include processes such as micritization and submarine cementation, chert formation and 

possible dissolution associated with shal low burial diagenetic environments. Intermediate-to-deep 

burial diagenetic processes are observed temporally later, and inciude typical compaction features 

such as calcite cernent and neomorphism and local pressuresolution fatUres and veinlets. Al1 

early diagenetic features are regional in distribution and correlatable across the study area, 

suggesting that basinal processes were, for the most part, homogeneous across the study area. 

Late diagenet idepigenet ic phases include dolomite assac iated with early pre-mineralizat ion 

ground preparation, and pst-mineralization zoned spany white saddle dolomites and calcites that 

pst-&te al1 carbonate dissolution. Precipitation of regionally developed, late diagenetic 

carbonates appears to be confined to the development of significant secondary pwosity, well- 

developed dissolution, tectonic fauhs, fractures and breccias. Detailed cathodoluminescent 

analysis of  the late diagenetic paragenetic sequence show a distinct correlatability with regard to 

the characteristics of gangue carbonates fiom both barren and minera l id  areas. This feature 

suggests that carbonate phases precipitated during the mineralizing event in the region are 



Figure 2.13 6'" versus 6 " ~  of carbonates fiom the Bongara Study Area, 
showing median isotopic values. 



genetically related, and were transporteci to the depocenter through a linked structurally 

controlled plumbing system.The 6 ' ) ~  and S1'O values of Stages land 2 dolomites and calcites 

assoçiated with mineralization in the Bongara district show a strong regional homogeneity . These 

results, coupled with strong minaalogical and petrographic similarities of minerdinition and 

alteration phases regionally, perhaps d e c t  the fact that the mineralizing processes were similar 

for Flori& Canyon and Floricita, as well as the d e r  zinc occurrences district wide. They also 

suggest the existence of a common regional mineralizing hydrdhermal system with 

interconnected plumbing. 

The carbonate generations show a general tendency towards lighter isotopic compositions with 

advancing paragendic stage. The regional homogeneity of the isotopic composition of the altered 

gangue dolomites suggests that the physicochemical conditions and the fluid-rock interaction 

professes were uniforrn and almost constant during gangue precipitation. The 6I3c and 6180 

values obtained fiom the Bongara region correlate well with published data fiom the San Vicente 

deposit in central Pem. The lightening of isotopic compositions through the paragenetic sequence 

compares well with general trends observed within global MVT districts and adds further support 

that Bongara represents an emerging MVT district for continued exploration. 

Standard petrographic, cathodoluminescent and carbonate isotopic analysis suggest that both 

early diagenetic and late diagenetickpigenetic alteration associated with zinc-lead mineralization 

throughout the Bongara district was emplaced through an interconnected, district-wide, 

structurally controlled plurnbing system. This observation suggests a genetic link between al1 

metal occurrences independent of strat igraphic position. 
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THESIS CONCLUSIONS 

The following summarizes the major scientific findings resulting fiom this work. 

Integrated sedimentological and diagenetic studies of the Pucara Group fiom barren, altered and 

mineralized carbonates indicate a cornplex, multi-phase depositional and mineralizing geological 

evolution for the Bongara district. Deposition of Chambara Fm, carbonates was controlted by 

the basinal position of pal-highs formed within the Utcubamba Corridor along horst-and- 

graben structures of the underlying Permian Mitu redbeds. Distribution of Chambara 2 high- 

energy depositional lithofacies was confined to areas of elevated palerelief and provides 

depositional and spatial constraints for the formation of isolated carbonate platforms along the 

length of the study area. 

Muieralization in the Bongara region is generally associated with stmng ground preparation 

observed as pervasive dolomitization, pseudobrecciation, and carbonate dissolution. Three 

textures of mineralization have been identified and defmed as: i) bedding andior small cavity 

replacement, ii) collapse breccia hosted and iii) minor zinc in vein, crackle and mosaic breccias in 

the upper Chambara Formation (Chambara 3). Zinc mineralization consists of datk red to brown 

sphalerite with lesser dult yellow beige sphalerite locally. Sphalerite is observed as coarse 

euhedral to fine-grained (mm to cm scale) aggregates and locally colloformal zoned varieties. 

Lead mineralization is observed as galena, and oxide varieties of both zinc and lead 

mineralization have been observed in the district. Most commonly zinc and lead sulphides are 

observed together as an intermeshed mosaic of sulphides, though galena veining has also been 

identified crosscutting early sphalerîte phases. Pyrite is observed throughout the mineralizing 

sequence ranging fiom fine mm-scale disseminations to cm-sale massive replacement of the 

host. Later silicification and calcification is observed towards the waning stages of the 

mineral izing system. 

Comparison with global M W  districts shows that the Bongara area possesses many of the 

necessary characteristics for classification as a true MVT-type district. The paragenetic 

sequence preserved within Pucara Group carbonates of the Utcubamba Valley inctudes early 

burial and compaction-related carbonate cements, later diagenet idepigenet ic pre-m ineral ization 

and pst-mineral ization, zoned spany dolomite and calcite. Early diagenetic phases include 

processes such as micritization and submarine cementation, chert fortnation and possible 



dissolution associated with shallow burial diagenetic environments. Intermediate to deep burial 

diagenetic processes include typical compaction features such as neomorphic calcite cernent and 

local pressure-solution features and veinlets. AI1 early diagenetic features are regional in 

distribution and correlatable across the study area, suggesting that most basinal process were, for 

the most part, homogeneous. 

Late diagenetickpigenetic phases include dolomite associated with early pre-mineralization 

ground preparation, and pst-mineralization zoned sparry white saddte dolomites and calcites that 

pst-date al1 carbonate dissolution. Precipitation of regionally extensive, late diagenetic carbonate 

appears çonfined to strata or areas showing the development of significant secondary porosity, 

well-developed dissolution, tectonic faults, fiachires and breccias. Detailed cathodoluminescent 

analysis of the late diagenetic paragenetic sequence show a distinct correlation of gangue 

carbonates fiom both barren and mineralized areas. This observation suggests that carbonate 

phases precipitated d u h g  the mineralizing event are genet ically related, and transporteci to the 

site of deposition through a linked structurally controlled plumbing system. 

6I3c and 6180 values fiom Stages land 2 dolomites and calcite associated with mineralization 

show a strong regional hornogeneity. These results coupled with strong mineralogical and 

petrographic simi larities of mineralizat ion and alteration phases regionall y, suggest a single 

process at Florida Canyon, Floricita, and the other local zinc occurrences. 

Carbonate generations show a general tendency towards lighter isotopic compositions with 

advancing paragenet ic stage. The reg iona l homogeneity of the isotopic composition fiom altered 

gangue dolomites suggests that the physicochemical conditions and fluid-rock interaction 

pmesses were uniform and almost constant during gangue precipitation. 6% and values 

correlate well with published data fiom the San Vicente deposit approximatley 600 km SE in 

central P m .  The lightening of isotopic compositions through the paragenet ic sequence compares 

well with general trends observed within global MVT districts and adds fiirther support that 

Bongara may represent an emerging MVT district. 

Standard petrographic, cathodoluminescent and carbonate isotopic analysis techniques suggest 

that both early diagenetic and late diagenetickpigenetic alteration associated with zinc-lead 

mineraikition throughout the Bongara district was emplaced through an interconnected, district 



wide, stnicturalty controlled plumbing system. This observation suggests a genetic link between 

al1 metal occurrences independent of stratigraphie position. 



REFERENCES 

Allen, C.R., 1997, Visit to Bongara, Peru, Intenial Cominco Correspondence, p.7. 

Amstutq G.C., 1956, A note on a peculiar association of copper with fossil plants in central Pem, 

Bol Soc Geol Peru 30, p. 5-1 1. 

Atherton, M.P., 1990, The Coastal batholith of Peru: The product of rapid recycling o f  "new" 

crust formed within riRed continental margin: Geological Journal, v. 25, p. 337-349. 

Banner, J.L., Wasserburg, G.J., Dobson, P.F., Carpenter, A.B., Moore, C.H., 1989, Isotopic and 

trace eiement constraints on the origin and evolution of saline groundwaters fiom central 

Missouri, Geochimica et Cosmochimica Acta, 53, p. 383-398. 

Benavides-Cacetes, V., 1999, Orogenic Evolution of the Peruvian Andes: The Andean Cycle, in 

Skinner, B. J., ed., Geology and Ore Deposits of the Central Andes: Society of Economic 

Geologists Special Publication Number 7. p. 6 1 - 107. 

Budd, D.A., and Perkins, R.D., 1980. Bathyrnetric zonation and paleoecological significance of 

microboring in Puerto-Rican shelf and slope sediments, Journal of Sedimentary Petrology, v. 

50, p. 88 1 -905. 

Bustillo. M.A., and Ruiz Ortiz, P.A., 1987, Chert occurrences in carbonate turbidites: examples 

fiom the Upper Jurassic of the Bdic Mountains (southern Spain). Sedimentology, 34, p. 6 1 1 - 
621. 

C hoquette, P. W., and James, N. P., 1990, Limestones-The burial diagenet ic environment, in 

McIlreath, I.A., and Morrow, D.W., eds., Diagenesis, Geoscience Canada reprint series 4, p. 75- 

1 1 1 .  

Choquette, P.W., and Pray, L.C., 1970, Geologic nomenclature and classification of  porosity in 

sedimentary carbonates, American Association o f  Peâroleum Geologists Bulletin, 54, p.250- 

297. 



Cobbing, E.J., Pitcher, W.S., Wilson, J.J., Baldock, J., Taylor, W., McCourt, W., and Snelling, 

N.J., 198 1, Estudio geologico de la Cordillera Occidental del norte del P m :  Boletin Instituto 

Geologico Minero y Metalurgico, LiMa, v. 1 OD, 252 p. 

Coniglio, M., 1987, Biogenic chert in the Cow Head Group (Carnbr+Ordovician), western 

Newfoundland, Sedimentology, 34, p. 8 1 3-823. 

De Celles, P.G., and Gutschick, R.C., 1983, Mississippian wd-gra ined  cherts and its 

significance in the Western Interior United States, Journal of Sedimentary Petrology, v. 53, p. 

1175-1 191. 

Dorbath, C., Granet, M., Poupinet, G., and Martlnez, C., 1993, A seismic study of the Altiplano 

and the Eastern Cordillera in northern Bolivia: New constraints on a lithospheric model: Second 

Symposium International Geodynamique Andine, IS AG 93, Editions de I'ORSTOM, Collection 

Colloques et Deminaires, Paris, 1993, p. 7- 10. 

Enos. P., 1983, Shelf Environment, in Scholle, P.A., Ekbout, DG., and Moore, C.H., eds., 

Carbonate deposit ional environrnents, Amer ican Association of Petroleum Geologists Memoire, 

33, p. 268-295. 

Esteban. M., and Klappa, C.F., 1983, Subaerial Exposure, , in Scholle, P.A., kbout ,  D G . ,  and 

Moore. CH., ds., Carbonate depositional environments, American Association of Petroleum 

Geologists Memoire, 33, p. 1-54. 

Fan; M.R., 1992, Geochemical variation of dolomite cernent within the Cambrian Bonneterre 

Formation. Missouri: evidence for fluid mixing, Journal of Sedimentary Petrology, v. 62, p. 

636-65 1. 

Fontbote, L., 1990, Stratabound ore deposits in the Pucara Basin - an overview, in Fontbote, L., 

Amstutz, G.C., Cardozo, M., Cedillo, E., Fmtos, J., eds., Stratabound Ore Deposits in the 

Andes, 1 990, Spinger-Verlag, Berlin, Heidelberg, p.255-266. 

Fontbote. L.. Gorzawski, H., 1990, Genesis of the Mississippi Valley-type Zn-Pb deposit of San 

Vicente, Central Peru: geulogical and isotopic (Sr, O. C, S) evidences, Economic G d o g y ,  v. 



Frank, M.H., and Lohmann, K.C., 1986, Textural and chernical alteration of dolomite: Interaction 

of mineralizing fluids and host rock in a Mississippi Valley-type deposit, Bonneterre 

Formation, V ibmum Trend, in Hagni, R.D., ai., Pmcess Mineralogy VI, The Metallurgy 

Society, Varrendale, PA, p. 103- 1 16. 

Fukao, Y., and Yamamoto, A., 1989, Gravity anomaly across the Peruvian Andes: Journal of 

Geophysical Research, v. 94, no. B4, p. 3867-3890 

Garvin, P.L., and Ludvigson, G.A., 1W3, Epigenetic sulfide mineralization associated with 

Pennsylvanian paleokarst in eastem Iowa, U.S.A., Chernical Geology, v. 105, p. 27 1-290. 

Geeslin, J.H., and Chafetz. H.S., 1982, Ordoviacian Aleman ribbon cherts; an example of 

silicfication prior to carbonate lithification, Journal of Sedimentary Petrology, v. 52, p. 1283- 

1293. 

Ghazban, F., Schwartz, H.P., and Ford, D.C., 1990, Carbon and sulfùr isotope evidence for in 

situ reduction of sulfate, Nanisivik lead-zinc deposits, Northwest Territories, Bafin Island, 

Canada, Economic Geology, v. 85, p. 360-375. 

Ghazban, F., Schwarcg H.P., and Ford, D.C., 199 1, Correlated strontium, carbon and oxygen 

isotopes in carbonate gangue at the Nanisivik zinc-lead deposits, northern Bafin Island, 

N. W.T.. Cana&, Chernical Geology (Isotope Geoscience Section), v. 87, p. 137- 146. 

Gregg, J.M., and Shelton K.L., 1989, Geochemical and petrographic evidence for fluid sources 

and pathways during dolornitization and lead-zinc mineralization in Southeast Missouri: a 

review, C h n a t e s  and Evaporites, v. 4. P. 1 53- 1 75. 

Greensrnith, J.T., 1989, Petrology of the sedimentary rocks, Unwin Hyman Ltd., Oxfofd, 262 p. 

Grose, L.T., 196 1, Geology of the vanadiferous, seleniferous, and phosphatic rocks of  the Sincos 

region, Peru, Private Report, Compania Minera Manatam. 



Haefner, R.J., Mancuso, J.I., Frizado, J.P., Shelton, K.L., and Gregg, J.M., 1988, Cytallization 

temperatures and stable isotope composition of Mississippi Valley-T-ype carbonates and 

sulfides of the Trenton Iimeston, Wyandot County, Ohio, Economic Geology, v. 83. p. 1 O6 1 - 
1069. 

Halley, RB., Harris, P.M., Hine, A C ,  1983, Bank Margin, in Scholle, P.A., Ekbout, D.G., and 

Moore, C.H., eds., Carbonate depositional environments, American Association of Petroleum 

Geologists Memoire, 33, p. 453-506. 

Ham, C.K., and Herrera, L. J., 1963, Rote of sub-Andean fault system in tectonics of eastern Peru 

and Ecuador. in Childs, O.E., and Beebe, B.W., eds., Backbone of the Americas: American 

Association of Petroleum Geologists Memoir 2, p. 47-6 1. 

Hamah, J.L., and Stein, H., 1 984, Evidence for changing ore flu id compoçit ion: stable isotope 

analysis o f  secondary carbonates, Bonneterre Formation, Missouri, Economic Geology, v. 79, 

p. 1930-1935. 

Harrison, J.V., 1943, The geology of the central Andes in part of the Province o f  Junin, Pem: 

Quarterly Journal of the Geological Society of London, v. 99, p. 1-36 

Hillebrandt, A. von, 1973, Neue Ergebnisse uber den Jura in ChiIe und Argentinien, Munster, 

Forsch, Geol., Palaont, v. 3 1 /32 p. 167- 199. 

Hillebrandt, A. von, Groschke, M., Prinz, P., and Wilke, H.G., 1986, Marines Mesozoikum in 

Nordchile zwischn 2 I O und 26"S, Berliner geowissenschaftlicher Abhandlungen, A, 66, p. 169- 

190. 

James. N.P., 1983, Reef, in Scholle, P.A., Bebout, DG., and Moore, C.H., eds., Carbonate 

depositional environments, American Association o f  Petroleum G d o g i s t s  Memoire, 33, p. 

345-462. 

James, N.P., and Choquette, P. W., 1990, Limestones-the sea floor diagenetic environment, in 

Mcllreath, I.A., and Morrow, D. W., eds., Diagenesis, Gçoscience Canada reprint series 4, p. 1 3- 

34. 



Kobe, H. W., 1960, Cu-Ag deposits of the rd-bed type at Negra Huanusha in central Pen, 

Schweizeerisc h e  mineralogische und Petrographische m itteilungen, 40, p. 1 63- 1 76. 

- 1990a, Sbatabound Cu-(Ag) deposits in the Permian red-bed Formation, Central Pem, in 

Fontbote, L., Amstutz, G.C., Cardozo, M., Wauschkuhn, A., eds., Stratabound Ore Deposits in 

the Andes, Springer, Berlin-Heidelberg, New York, p. 1 13- 122. 

Kontak D.J., Clark, A.H., Farrar, E., Strong, D.F., 1985, The rift associated PerrneTriassic 

magrnatism of the Eastern Cordillera: a precurçor of the Andean orogeny, in Pitcher, W.S., 

Atherton, M.P., Cobbing, E.J., Beckinsale, R.D., eds., Magmatism at a plate edge: the Peruvian 

Andes, Blackie, Glasgow and London and Halsted Press, New York, p. 36-44. 

Laubacher, G., and Naeser, C. W., 1994, Fission-track dating of granite rocks fiom the Eastern 

Cordillera of P m :  Evidence for Late Jurassic and Cenozoic cooling: Journal of the Geological 

Society, v. 1 5 1, p. 473-483. 

Leach, D.L., 1999, PDAC Short Course, MVT Deposits, Toronto. 

Leach, D.L., and Sangster, D.F., 1993, Mississippi Valley-type lead-zinc deposits, in Kirkham, 

R-V., Sinclair, W.D.? Thorpe, R.I., and Duke, J.M., eds., Mineral Deposit Modeling, Geological 

Association of Canada Special Paper 40, p.289-3 14. 

Levin, P., 1974, Die Pucara-Sedimente im Chancharnayo-Gebieî in Ost-Pm, Geol Rundsch 63: 

p.345-356. 

Loughman, D.L., 1984, Phosphate authigenesis in the Ararnachay Formation (Lower Jurassic) of 

Peru, journal of Sedimentary Petrology, 54, p. 1 147- 1 1 56. 

Loughrnan, D.L., and Hallam, A., 1982, A facies analysis of the Pucara Group (Norian to 

Toarcian carbonates, organic-rich shale and phosphate) of central and northern Peni, Sediment 

Geology 32, p. 1 6 1 - 194. 



Margolis, S. and Rex, R. W., 1971, Endolithic algae and micrite envelope formation in Bahaman 

oolites as revealed by scanning electron microropy, Geological Society of Amerka Bulletin, 

82, p. 843-852. 

McCrea, J.M., 1950, On the isotopic chemisûy of carbonates and a paleotemperature sçale, 

Journal of Chernical Physics, v. 1 8, p. 849-857. 

Megard, F., 1968, Gwiogia del cuadrangulo de Huancayo: Boletin Serricio de Geologia y 

Mineria, Lim- no. 18, 123 p. 

- 1 978, Etude geologique des Andes du Perou central, Mem ORSTOM, Paris, v. 86,3 1 Op. 

- 1984, The Andean orogenic period and its major structures in centrai and northem Peru: 

Journal of the Geological Society of London, v. 14 1, p. 893-900 

- 1987, Structure and evolution of the Penivian Andes, in Schaer, J. P., and Rodgers, J., The 

anatomy of mountain ranges, Princeton, New Jersey, f rinceton University Press, p. 1 79-2 10. 

Meyers, W. J., 1977, C hertification in the Mississippi Lake Valley Formation, Sacramento 

Mountains, New Mexico, Sedimentology, 24, p. 75- 105. 

Myers, J.S., 1974, Cretaceous stratigraphy and structure, western Andes of Peru behiveen latitudes 

IO0- 1 0°30': American Association of Petroleum Geologists Bulletin, v. 58, no. 3, p. 474-487. 

- 1980, Geologia de los cuadrangulos de Huarmey y Huayllapampa: Boletin Institut0 Geologico 

Minero y Metalurgico, v. 33, 1 53 p. 

Nesbitt, B.E., and Muehlenbachs, K., 1 994, Paleohydrogeology of the Canadian Rockies and 

origins of brines, Pb-Zn deposits and dolomitization in the Western Canada Sedimentary Basin, 

Geology, v. 22, p.243-246. 

Noble, D.C., McKee, E.H., and Megard, F., 1978, Eocene uplifi and unroofing of the Coastal 

batholith near Lima, central Pem: Journal of Geology, v. 86, p. 403-405. 



Noble, D.C., McKee, E.H., and Megard. F., 1979b, Earty Tertiary "Incaic" tectonism uplift and 

volcanic activity, Andes of  Central Pm: Geological Society of Arnerica Bulletin, v. 90, p. 903- 

907. 

Noble, D.C., Sebrier, M., Megard, F., and McKee, E.H., 1985, Demonstration of two pulses of 

Paleogene deformation in the Andes of P m :  Earth and Planetary Science Letters, v.73, p. 345- 

349. 

Noble. D.C., McKee, E. H., Mourier, T., and Megard, F., 1990, Cenozoic stratigraphy, magmatic 

activity, compressive de format ion and upli fi in northern Pem: Geolog ical Society of Amer ican 

Bulletin, v. 102, p. 1 105- 1 1 13. 

Palacios, O., 1980, El Grupo Pucara en la region Subandina (Pem Central), Bol Soc Ge01 Peru 

67, p. 153- 162. 

Pardo, A., and Sanz, V., 1979, Estratigrafia del curso medio del Rio La Leche, Departmento de 

Larnbayeque, Boletin de la Socieûad gwlogica del Peru, 67, p. 153-1 62. 

Paredes, J., 1980, Estudio del distrito Minero de Hualgayoc-Cajamarca, v. II: Informe final 

geologico-economico: Bureau de Recherches Geotogiques et Minieres, Cooperacion Minera 

Franco-Peruna, Lima, 97 p. 

Prinz, P., 1985a, Stratigtaphic und Ammonitenfauna der Pucara-Gruppe (Obertrias-Unterjura) 

von Nord-Pm. Paleontographica, Stuttgart, Abt A 1 88: 1 53 - 197. 

Qing, H. and Mountjoy, E., 1992, Large-sale fluid flow in the Middle Devonian Presquile 

barrier, Western Canada Sedimentary Basin, Geology, v. 20, p. 903-906. 

Reid C. J., 2001, Stratigraphy and Mineralization of the Bongara Zinc-Lead District, Northem 

Pem. Unpublished Masters Thesis, Toronto, Ontario, University of Toronto, 

Rhodes, De. 1998, Report on Florida Canyon with emphasis on drill sections, Interna1 Cominco 

Correspondance, p.45. 



Roeder. D., and Chamberlain, R.I., 1995, Structural g d o g y  of s u b - M e a n  fold and chnist belt in 

northwestern Bolivia in Tankard, A.J., Suarez S., R, and Welsink, H.J., Petroleum basins of 

South Arnerica, Arnerican Association of Petroleum Geologists Memoù 62, p. 459-479. 

Rosas. S., 1994, Facies, diagenetic evolution and sequence analysis a!ong a SW-NE profile in the 

southern Pucara basin (Upper Triassic-Lower Jurassic), central Pem: Unpub lished dissertation 

thesis, Heidelberg, Universitat Heidelberg, Heidelberger Geowissenschafiliche Abhhandlungen, 

v. 80, 330 p. 

Sanchez, A.F., 1995, Geologia de  los Cuadrangulos de Bagua Grande, Jumbilla, Lonya Grande, 

C hachapoyas, Rioja Leimebamba y Bolivar, Institut0 Geologico Minero y Metalurgico, 

Boletin 56, p. 285. 

Shinn, E. A., 1983, Tidal flat environment, in Scholle, P.A., Ekbout, D.G., and Moore, C.H., eds., 

Carbonate depositional environments, Arnerican Association of Petroleum Geologists Memoire, 

33, p. 1 72-2 1 O. 

Soler, P., 1989, Petrography and geochemistry of Lower Cretaceous alkali basalts 6om the high 

plateaus of  central P m  and their tectonic significance: Zentralblatt fiir Geologie und 

Palaontologie, part 1, H. 5/6, p. 1053- 1064. 

- 1 99 1. Contribution a I'etude du magmatism associe aux marges actives-petrographie, 

geochimie et geochimie isotopique du magmatisme Cretace a Pliocene le long d'une 

transeversale des Andes du Perou ventrai-implications geodynamiques et metai logeniques: 

Unpublished these de Doctorat des Sciences Naturelles, Paris, UniversitE Pierre et Marie Curie, 

Paris VI, 832 p. 

Spangenberg, J., 1 995, Geoc hemical (elemental and isotopic) constraints on the genesis of the 

Mississipps Valley-type zinc-lead deposit of San Vicente, central P a ,  Ph. D. dissertation, 

University of Geneva, Switzerland (in press). 

Steinmann, G., 1929, Gedogie von Peru: Heidelberg, Carl Winterss Universitats Buch Handlung, 

448 p. 



Suarez, G., Molnar, P., and Clark, B.B., 1983, Seismicicity, fault plane solutions, depth of 

faulting, and active tectonics of the Andes of  Peru, Ecuador and southeni Columbia, Journal of 

Geophys ical Researc h, v. 88, no. B 1 2, p. 1 0403- 1 O428 

Suarez. G., Gagnepain, J., Cistemas, A., Hatzfeld, D., Molnar, P., Ocola, L., Roecker, S.W.. and 

Viode, J.P., 1990, Tectonic deformation of the Andes and the configuration of the su bducted 

slab in central Peru: Results fiom a microseismic experiment, Geophysical Journal 

International. v. 103, p. 1 - 12. 

Sverjensky, D.A., 198 1, lsotopic alteration of carbonate host rwks as a fitnction of water to rock 

ratieAn example fiom under the Upper Mississippi Valley zinc-lead district, Economic 

Geology, v. 76, p. 1 54- 1 72. 

Szekely, T.S., and Grose, L.T., 1972, Stratigraphy of the carbonate black shate and phosphate of 

the Pucara Graip (Upper Triassic-Lower Jurassic), Central Andes, Pem, Geol Soc Am Bu I l  83, 

p. 407-428. 

Szybinski, A., 1998, Notes on structural geology of the Florida Canyon area, Intemal Cominco 

Correspondence, p.7. 

Tucker, M.E.. ed., 1988, Techniques in Sedimentology, Blackwells, Oxford, 394 p. 

Tucker. M.E. and Hollingworth, N.T.J., 1986, The Upper Permian reef complexes (EZ 1) of North 

East England: Diagenesis in a marine to evaporitic setting, in Schroeder, J.H., and Purser, B.H., 

eds., Reef Diagenesis, Springer, Berlin-Heidelberg, p. 270-290. 

Tucker, M.E., and Wright, V.P., 1990, Carbonate sedimentology, Blackwell, Oxford-London- 

Edinburgh-Boston-Melbourne, 482 p. 

Wanless, H.R., 1979, Limestone response to  stress - pressure solution and dolomitization, Journal 

of Sedimentary Petrology, 49, p. 437-462. 

Weaver, Ch., E., 1942, A genaal sumrnary of the Mesozoic of South Arnerica, Roc. 8& 

American Scientific Congres, 4 ( G d .  Sci.), p. 149- 1 93 



Wilson, J.J.. 1963, Cretaceous stratigraphy of central Andes of Pem, Arnerican Association of 

Petroleum Geologists Bulletin, 47, p. 1-34. 

Wilson, J.J., and Reyes, R., L., 1964, Geologia del cuadrangulo de Pataz: Boletin Cornision Carta 

Geologia Nacional, Lima, v. 9, 91 p. 

Wilson. J.L., 1975, Carbonate Facies in Geologic History, New York: Springer - Verlag, 471 p. 

Wodzicki, W., 1998, Bongara Year End Report, Interna1 Cominco Correspondence, p.47. 

Yates, R.G., Dean, F. K., and Fernandez Concha, J., 195 1,  Geology of the Huancaveiica 

Quicksilver district, Pem: U.S. Geological Survey Bulletin, v. 975-A,45 p. 



Appendix I - Sûmple Database 

Appcadix 1 - Boagara %mpk Daîabase . 

Notes: 

- - .- 

El Tingo Onenmtion 
EI Tingo Oncntruion 
El Tingct Chenmiion 
El Tingo Onenmion 
El Tingo Onentalion 
El T i n p  Onenmion 
El T i n p  Onentaiion 

cj r OJIZ9i 1 
cj r 0.11291 1 a 
cjr W O ! l b  
cjr OJ,29/ lc 
cjr 01,39rZ 
cjr MR9B 
cJr WQ9,I-l 

Buenos Aires Section 
415~99 Buenos Aircs Scct 
4 549 Buenos Aires Scct 
4/5/99 Buenos Airrs kt 
4,j.W Buenos A t m  kt 
4599 Buenos Aires Sect 
415199 Burnos Aircs Sclct 
4J5.99 Buenos A t m  Slrt 
415199 Bucnos Aiscs Secl 
4,599 Buenos AIRS Scrt 
415199 Buenos Arrcr, Sec1 
4,s 99 Buenos A in r  Scrt 
4 b W  Buenos Aires Sect 

4,51'99 Buenos Aires Srct 
415 99 Buenos Aires Scct 
4,599 Buenos Aires Scrt 
4 5/99 Buenos Aires Sect 
4,5:99 Buenos Aircs Sca 
415 W Buenos Aircs Scct 
4!5/99 

- - Buenos AIRS Scxt 
4 5  W Buenos Aircs Scct 
4/51V9 Buenos Aircs Scrt 
4 5'99 Buenos AIE k t  
4599 Buenos A i m  Stxt 
4 599 Bucnos Aircs !kct  
45'99 Buenos A i m  Scct 
4 5 9 9  Uucnos A i m  k t  
41599 Buenos Aircs Scct 
4 Si99 Bucnos Aires S ~ r t  
41599 Buenos Aires Scct 

5 5'99 Buirios Ainrs S ~ r 1  
5 5'99 Buenos A i m  Scct 
5 599 Buenos Aires SLT~ 
5 S U 9  Buenos Ains Srxi 
5599 Buenos A r m  Scw 
5.5'99 Rucnos A i m  Stui 
5 5  W Buenos Aires Scct 
5 5'94 Buenos Aircs Scct 
5 5 V 9  Bucnos A i w  Sect 
515W Buenos Aires kt 
5 5:W Buenos Aires Soct 
5:s '99 Bucnos A i m  Sect 
5 5199 Bucnos Aires Sea 
5,999 Buenos Aircs S?t 

- - .  - 

95'99 Burrios Aires Sect 
5'5 9Y Buenos Aires k t  
5 '5W Buenos Aires Sect 
5iSaW Butmos Aires Scct 

BA46  
BA47 
BA-O8 
BAa9  
BA-IO 
RA-I 1 
BA-12 
BA-13- 
BA- 14 

BA-15 
BA- 16 
BA-17 
BA- 18 
BA- 19 
BA-?O 
BA-? 1 
8.4-27 
BA-23 
BA-ZJ 
RA-25 
BA-26 
B.4-27 
BA-28 
BA-29 
BA-30 
BA-3 1 
BA-32 
BA-33 

51'5199 Bucnos Aires Sect BA48  75.00 na 
- - 55 

5 iSM Bumos Aires Sect BA49  79.50 na 56 



Buenos Aires et 
Buenos Aircs Sect 
BIxnos Aires Scrt 
Buenos Aircs Secl 

- -  
6-nos Aires Scct 
Burnos Alres Scct 
Bue>os Aires Secl 

-- - 
Burnos Aires Szct 
Buen- Aires Sect 
Buenos Aires Secl 

Bucnos Aircs Scrt 
Bucnos A i m  S c !  
Buenos Aircs Sec1 
Buenos Aires S r t  
Bucnos Aircs Srrt 
Bucnos A i m  Srrt 
Bucnos Aircs Scsl 
Bucnos Aircs Scrt 
Bucnos Aircs S c ~ t  
Buenos Aires k t  
Buenos Aires Scxt 
Buenos Aircs Srxt 
Bucnos Aircs S ~ r t  
Bucnos A i m  Srr l  

- .  Buenos Aires k t  
Buenos Aircs Scrt 
Buenos A i m  Srci 
Bucnos Aires Scrt 
Bucnos Aircs Scxl 
Bucnos Aircs Srrt 
Bucnos Aircs Scxt 
Buenos Aircs Scrt 
Bucnos Aires Sccl 
Buenos Arns Sec1 
Bucnos Aircs Scct 
Buenos A i m  Scrt 
Buenos Aires %t 
Buenos Aires Seci 
Buenos Aircs Scct 
Buenos Aircs Sert 
Buenos A i m  Srrt 
Buenos Aires Scxt 
Bucnos Aircs Scrt 
Buenos Aircs Sect 
Bucnos Ain5 Sec1 
Bucnos Aires Scct 
Buenos Aircs Srrt 
Buenos A i r n  Sert 
Bucnos A l m  SLW 
Buenos Aircs Sert 
Bucnos A i m  Secl 
Buenos A i m  Lxt 

Buenos Aircs Scct 
B u c m  A~rcs SKI 
Buenos A i n s  k t  
Bucnos A i m  Sect 
Buenos A i n  Sect 
Buenos Aircs Sect 
Bucnos Aircs Sect 
Buenos Aircs Sea 
Buenos Aires k t  
Bucnos Aircs Sect 
Buenos A i n r  Secc 

BA-50 
BA-5 I 
BA-52 
BA-53 
BA-54 
BA-55 
BA-56 
BA-57 
BA-58 
BA-59 
BA40  
BA41  
BA42  
BA43  
BA44  
BA45  
BA46  
BA47  
B A 4 8  
B A 4 9  
BA-70 
BA-7 1 
BA-72 
BA-73 
BA-73 
BA-75 
BA-76 

'BA-77 
BA-78 
BA-79 
BA-80 
BA-8 I 
BA42  
BA-83 
BA-83 
BA-85 
BA-86 
BA-87 
BA-88 
BA-89 
BA-90 
BA-9 l 
BA-92 
BA-93 
BA-% 
BA-95 

BA-% 
BA-97 
BA-98 
BA-99 
BA- 100 
BA-lOl 
BA- l O2 
BA-103 
BA- IO4 
BA- 1 05 
BA- 1 06 
BA- 107 
BA- 1 O8 
BA- 109 
BA-l  I O  
BA-I 11 
BA-l  12 

58 

59 
60 

6 1 
62 
63 
64 

65 
66 
67 
68 
69 
70 

7 1 
77 
73 
74 

75 
76 
77 
78 
79 
80 
8 1 
RS 
83 
84 
85 
86 
87 
88 
89 
90 

91 
92 
93 
9.4 

95 
% 

97 
98 
99 

100 
101 

1 O2 
1 O3 
104 
105 
106 
1 O7 
1 O8 
109 
110 

-. 
III 
112 
f 13 
114 
115 
116 
117 

118 
119 

B u m  Aircs Sert BA-1 13 268.00 M 120 



BA-Il4 - 0155e--- - - -Buem>sA!res -- - - - - - - - - 283 00 n;i 
- - - - - - - - - - - - - - 121 

6 / 5 / 9 9  - -- BuenosArres~t -  A BA-I l5 + 190.00 + w -  . - - .  122 - - - * - - -- - - - 

615-'99 Buenos Ai- -1- - _ BA-11 6 - . 30000 m . -  - - - 1 2.3- - - - - - - -. - -- - - ...... 
6 5 / 0 9  - - - - - Buenos AI- Çcct - - BA-1 17 - -. 310 - 00 na - -  - -  124 

-BA-l 18 - Eknos Ai--*! - - . - - - - o s *  - - - -- -- 318 00 
- - - -  - 

na t~ylis-mrpis - 125 

Maino Section 
... .. - . - ..... - .. - -. -. - 

@nocc1 
- 

Maino Scrt - -  -- 
Myno k t  

-Maino S- 
k n o _ S e q  -- 
M3no Sea 

. Mi'!' -- 
Maino Sea 
Mano 
M-no - 

Maino k t  - - 
- -- - - - - - - - 

Maino Sec! -- - - - --- - - - - 
-- * 

Maino Seq 
Maino Sect 

- - - * na - . - - * -. . -  - - 

na - .. - . . . . . . . . . . . . . . .  

-.na-- . - -. - 
na 
na . . 
na . . . . . .  . . .  - . - - -. - - - . - - 

nit 
.* -- - - .. - . 

- - 

MY -!.5 - . -- 
My-16 

- - - - - - - -- 
- - My- 1 7 

My-18 - - 
- + -  " a -  

nit . . -. > - . mipl takm Our of sequcncc 

t/$99 - A - A a"!!!~-Sec< - . -  M Y +  - 121.00 - na - .  - -  

~;si+? . . . . . .  - .  M+no Sea My-23 - - '124 Oc- - " a .  

M ~ n 0 - s ~  
Maino Secl . - -  

*no Sect 

. __eL"?sec' . 
Maino Sect 

Maino Sec( - - 
Marno Sect 
M i n o  Sect 

- *  - 
Mano S%t 
Mmno S?t 
Myl0Se.a _ 

M i n o  Scct . - 

Myno sec- 

-- - My-38 - - 
~ y - 3 9  
M y 4 0  
My-î 1 
M y 4 2  

- .  My33 

- - MY- - 

My45 - . - -- - - - - - - 

M . i n o s F  
. . -- 

M i n o  Sect 

vs/99_ - Mai- Scct --+- * 335.00 - - - *na - A - -- -- . . . . .  M y 4 6  - 

5/99 Mal-Sea -My47  A - - . K ! !  - * na - . - - - 

J399 - Maino Sect_ - - - ... . . . . . . . . .  . My* . - .347F_ - na - - . - - - - - 

W 9 9  - Maino Scct My49 360 00 . 
5/99 - . Maino Scct - My-50 370.00 -na . 
'5199 Maino Sect My-5 I ? na 

aipls ulrcn 40(kn "p mil byoat &uriblc 
- - - - - -  -- - - - - . -. -- -+ - -  - - -on _ _ - - -  

5 / 9 9  My-52 . . . . . . . . . .  ........ . hiaino- - . - . . -. - - .......... ........... 
? .na ) t a i l  52 mipls c.lrcn 

& .  -- + 

'6/99 Maino Srct My-53__ . . . .  ? na -_ -- - - --P. --- -- - -  - - - - - - . - -- - - - - - - & - ... . .. . .... .. . .... . . . . . .  

.emebarnba - Evaluation 
-- - -. , - -- -- - ... - . - - -- -- . . . . . . . . . . . .  -- . . -  - - - . . . . . -  . ..A. . .. ... .................. .. . -.. 
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105/20199 F C t  I FC21-17 83.85 
84.90 

I Florida DDH 10 
OSQ 1 /99 FC-IO 

FC-IO 
FC- I O 
FC-IO 
FC-I O 
FC-IO 
FC-IO 
FC-IO 
FC- I O 
FC- I O 

FC- I O 
FC- l O 

K - I O  
' FC-l O 

FC- I O 
FC- 1 O 
FC-IO 
FC- I O 
FC- I O 
FC- I O 
FC- 1 O . - 
FC- 1 O 
FC- I O 

FC- I O 
FC-10 
FC- I O 
FC-10 
FC- I O 
FC- I O 

FC10-01 
FC 10-02 
FC 10-03 
FC 10-04 
FC 1 0-05 
FC 10-06 
FC 10-07 
FC 10-08 
FC 10-09 
FCf0-IO 
FCIO-I I 
FCIO-l? 
FCIO-13 

'FCIO-Ï4 
FCIO-15 
FCIO-16 
FCIO-17 
FCIO-18 
FCIO-19 
FC 1 0-20 

'FCIO-21 
FC 10-22 
FC I CL23 

'FCIO-24 - -  

FC 10-25 
FC 10-26 
FC 10-27 
FC 10-28 
FC 10-24 

FC- 1 O FC 10-30 309.00 309.15, 302 
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~OSZ 1/99 FC- I O FCIO-31 317.10 3 17.25 

I 
-- - -  + - 

05/2Ï/w - FC- I O FCI 0-32 322 85 
O J z  1% - -  - FC-1 O - 'FCI 0-33 328 50 
05i2 1 /99 FC- I O FC 10-34 '33-8 30 

FC- I O - - - - - FCIO-36 - - . - 358 75 
0512 1/99 FC- I 0 FC 10-37 368 65 ----- - - -- 
052 1/99 

-- FC- I O  _ 
.- -.* -~&38- - 383 OS 

05/21199- - - _ -  E ! O  - _ - - - FC 1639 384 20 
- - . . 

Os2 1195- FC- 10- FC l M O  387 JO 
052 1 /99 FC-i O FClMl -393 30 - 
0512 1199 -FC- 1 0 - FC I O42 41 140 

- 249 65 
250 85- 

. - 252.30- 
255 00 
256.75; 
265 95- 
274 35- 
292.70 - 

- S9545. 
- 308 75. 

316 90 
318.90: 
322.00- 

* 3-35. 
355.20. - - 
359.20. . - ---  
363 IO. 
36764.iml~isrnipb- - 

- 
- 

Florida DDH - . 27 -.-. - * - - - -  
~ ~ 3 7  

* -- 23 85 
- - - Fc77-01 - _ _ -- .- .-. -- 



- 

05,.23/9Q - -- FC-27 
OSI%~~ FC-27 
05/24/99 FC-27 

- - - - -  - 
05;24/99 FC-27 
05/24/99 FC-27 
05/24/99 FC-27 
05/24/99 FC-27 
05,24/99 FC-27 
0524199 FC-27 
05R4lW FC-27 
05/24/99 FC-27 
05/24/99 FC-27 
051'24199 FC-27 
05/24/99 FC-27 
05/24/99 FC-27 
05/24/99 FC-27 
05/24/99 FC-27 
052-1199 FC-27 
05/24/99 FCT27 
05/24/Q9 FC-27 
05.24/99 FC-27 
05/24/99 FC-27 
05~.24/99 FC-27 
05/24/99 FC-27 
05/24/99 FC-27 
05'24i99 FC-27 
05/24/99 FC-27 
05Z.1/99 FC-27 
05/24199 FC-27 
05/24B9 FC-27 
05/24/99 FC-27 
1)5121/~ FC-27 
05/24/99 FC-27 
05/24/99 FC-27 
052.1% FC-27 
05/24/99 FC-27 
05174199 FC-27 
05/24/99 FC-27 

Florida DDH 36 
05/26/99 FC-36 
05/26/95) - .  FC-36 
05/26/99 FC-36 
05/26/99 FC-36 
05/26/99 FC-36 
05126199 FC-36 
05/26/99 FC-36 
05/26/99 FC-36 
05/26/99 FC-36 
05/26/99 FC-36 
05/26/99 FC-36 
0526/99 FC-36 
05/26,'99 FC-36 
0 5 1 7 6 ~ ~  FC-36 
05/26/99 FC-36 
OSI26199 FC-36 

105I26199 FC-36 FC36-22 88.30 88.45' 425 
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I~lorcita Section 

. - - - - . - - - Florcita (fluidhin smpl) 

Florcita (fluicümin smpl) - - 

Florcita (fluidmin smpl) 

cjr 25/0611)9 - 2 

cjr 25/06/99 - 3 fuicmed v n e d  dolo mudct01~ fmm uppcr d i t  553 

' ~ ï  lyuned doIo mÿd of concbomnga - u 
' 

level of uppcr d t  Uncciiactly to south oui of 55j 
uill.pu - umc elcvmon as irppa d i t  yiprox. 

-50 m 

50 m s of adrt at wme clcvibon in systcm. 555 
- - 

12 m de abon d i t  -- -- . - - - 

5 56 
- - -  

Florcita (fluicümin smpl) 
- - .  - 

- - Florcita (fluidmin smpl) cjr 25/06/99 - 5 . - 

- c j ~5 /06 /99  - -- 6 

cjr 251'06199 - 7 

*cJr 25/06/99 - 8 

Florcita (-fluidrnin smpb - --- ----- 
Florcita (fluid/min smd) 

m n  of doIo and sph in fine u n a l i d  doIo 14 
559 na na rbow d i t  20 m to oaih. Nur goya mtwt Florcita (fluicümin smpl) cjr XI06199 - 9 

- - - -  - -  - - -  

Florcita (fluicümin smpl) . - 

Ftorcita (fluidmin smpl) 

- .  - 

cjr 25/06/99 - 10 

cjr 25/06/99 - 1 I 

C J ~  ~ 5 / 0 6 , 9 9  - 12 - 
cjr 25/06/99 - 1 3  

. - cJr 25/06/99 - 14 
FL- 1 . - -  
n - 2  

. - -  

- .  - Florcita - .. (fluid/mk-smp!) - -. . 

Florcita ( fluidmin smd) 
na . - 

na 
. - -  

200rnnofrrpga.dit 
- * -  . - 

rn na . - 200 rn n of uppa .dit 

na na 100 m n of uppcr d i t  

. . 
Florcita (fluidfmin smpl) 

* - 

-- - - . Florcita - -  Section 
Florcita Section 

:~lon<iia!kction 
Florcita S-ection 
~ l o r c i k  Section 
Florcita Section : ~ l o r i i  secti6n - 
Florcita Section 
Florcita Section 

12 00 na couse d a t e  wming in oc. med bcddcd 1st 

'4 00 . - 
m 

47.00 na 

54 00 - .  na 

63 00 na - - -  
72 00 na 

85 00 na - * 

91 .ûû na - - 

100 00 na 

I l 2 0 0  na 

121 00 na 

126 00 na 

134 00 na 

111.00 . - m 
- 

150.00 na 

157.00 . - 
na 

172 00 na . - 

178 00 - . .  na . - 
19000 na --- --- -* ---- ---- --- -- - - -  - 

200 00 na - -  - 

2 12.00 na 

Florcita Section 
Florcita Section 
Florcita Section 

n - I O  

FL-1 1 

FL- 1 2 
FL-13 . - 
n - 1 4  

Florcita Section 
Florcita Section 
Florcita Section 
Florcim Section . - 

Florcita Scction 
Florcita Section 

a .  

Florcita Section 

FL- 1 7 

FL- 1 8 

FL-19 - 
FL-20 

--* -. - - - -- - 

- - FL-2 1 

FL-22 . .  . - 

- - 
-- - -  . - Florcita . . - - - Section - - 

Ftorcita Swtion 
- ~ l o r c i g e t i o n  -- - 

Florcita Section FL-23 - . - - - . - - 2 x 0 0  M - -- -A-- - --- -- -- - - - - -- 
587 - 

06/26/99 Florcita Section FL-24 3 2  00 M 588 . - -  
061?6/99 Florcita S ~ t i o n  -25 254 00 

* - M 39 id Miples 589 

Ting0 Section -. - . .  A 

06/39/99 Tingo Section TG- 1 000  M 590 

Appendix 1 - Sample Database 



Tingo Section 
Tingo Section 
Tingo Scxtion 
Tingo Scxtion 
Tingo Scrtion 
Tingo e t i o n  . - 
Tingo Scxtion 
Tingo Scxtion 
Tingo Scxtion 
Tingo Section 
Tingo Strtion 
Tingo Stxtion 
Tingo Scxtion 
Tingo Section 
Tingo Stxtion 
Tingo Scxtion 
Tingo Section . - 
Tingo Scction 
Tingo Stxtion 
Tingo S ~ ~ t i o n  
Tingo Section 
Tingo Scxtion 
Tingo Scrtion 
Tingo Stxtion 

TG4 

TG-5 - - 

TG4 

TG- 7 

TG- 10 

TG- I I  

TG- l 2 

TG- IO 

TG-1 7 

TG-I 8 

TG- 19 

TG-20 

TG-? I 
TG-= 

TG-23 

TG24 

TG25 

TG-26 

TG-27 
Ticgo Scction 

*- 

Tingo Scrtion 
Mitu rcdbcd ai bisc of t inp scaton (muanon 

.ri=) 
hlitu dimi  XI ~MSC of tingo .-on h a n m m  

.riter) 
Mini rcdbrd ai bru of tinga d o n  (murnai 

-n=L 
Mitu rcdbcd at borc of tingo scction (m~nai 

.river) 
3 l id mpls 

Tingo Section . - 

Tingo Section 

MT- f 

06,3199 

06r39'99 

061 29/99 

Tesoro Section 
6 7r99 

67 99 

6 7 99 

6 7 , W  

6 7  99 

67'99 

6 7 9 9  

67'99 

6 7 9 9  

67'99 

617 99 

6,799 

617 99 

6 7  '99 

67/99 

6t7,W 

617 W 
- - - .- Tcso~rq Scion 

7 n ) w  T w r o  Section 

Tingo Scxtion 

Tingo Scction 

Tesoro Section 
Ttwro Section 
Ttlsoro Scction 
Trsoro Section 
Tcsoro Scction 
Tesoro Section 
Tcsoro Section 
Tcsoro Scction 
Tesoro Scciion 
Tcsoro Section 
Tt'soro Scction 
Ttwro Scxtion 
Tcsoro Scction 
Tcsoro Scxt ion 
Temro Section 
Tcsoro Stxtion 

TS-07 

TS-08 

TS-09 

TS-IO 

TS-I I 

TS-I 2 

TS-13 

TS-14 

TS-15 

TS- 19 

TS-20 

TS-3 1 

Tesoro Section - -- - . - . -. 
Tcsoro Scction 



Tesoro Stxtion TS-16 -- ............ .- ..- .---- . - .... 

Tesoro Section Ts-27 
7/7)99 Tesoro Sectio! - TS-28 253.00 nâ 

- - - - - - - - - - - - - - - --- - 648 - .  - 1 7 n ~ ~  - - - - . ~ e s o r q  - - - S-tion TS-19 
- 265 00 .-- na .- . - -  

649 

7/7/99 
- - - TFE s g i o n  TS-30 - 275.50 - - -  na - - - - - -- .- 650 

Tesoro Stxt-ion 
T ~ w r o  Section 

. . - - ...... - ... . . . .  - . . . . .  -. - . . .  - - .........-. - . . . . . . . . .  - - -- . - - . - . . - - 

Tesoro Section TS-33 195.00 ... na . 653 - - - - -- - - - . - . - ...... - - -- .. - - . - .. - . - p. - - ... - . -. - . . .  - - ............... - . . - . . . .  
.......- . . . . . . . . .  . . . . . . . .  - . . - - . . _ ??Y?“- S ~ t i o ?  - .. - - .  

TS-34 302.00 na 
- - - 

654 

- h . . .  T_esoo.Sectio!! 
Tesoro Section - - - - - - - - - 

- - - T y r p  Section 
-T=rq section - 
Tcsoro Section _ - - . - - - - - -- - 
Tesoro Section 

Tesoro Section .-- 
Teson, Section . . . . .  . . . . .  . . . . . . . . . . . . . .  

I 
- -. - * - -- . -+ - - -  - - -- - . - 

8/ 1 5199 
- - - .  - - -  - -. Tesolo A S ~ i o n  - .  

TS-16 458.00 na 666 
- - - - -  - -  - -- - .. .--- . - - -  - - - --. 

8/ I 6/99 T m r o  Section 
- - . - - - - - - - - - - --- -- 

TS-47 476.00 na 66 7 --- - *- - - -- ---- - --- 

T-ro- s i o n -  . - - -  

Tesoro Scxtion 
TS-48 

- - TS49 
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Maiio S e c t h  
Meterage: 

To: F m :  
O 10 Fine grained dolomitic mudstone. bedded on a dm scale. late large cm vu@ filled by 

came uystalline calcite. pink to buff colour.. towards 7 m. beannes slightly thinner 
bedded with calcareous surface partings - thin shale parting @ 7.5 meters never more 
than 5 un thick.- 
Well defincd lintcrnal laminaticms. possible algai laminae in a fine dolomudstme. 

Thin laminations with n o  grading identified. iight reddish to purple colout. fine to 
med. aained. lame own  vus infiiled bv late rr>arse calcite avstals. 
Bladc clay marker? bladc clay shale bed (5 cm) thins and swells with undulous 
beddine 
Thin-med. Beedd dolomudstone-wackestone. faint intemal laminations. undulous. 
weathcring to a buff colour on fiesh su r fm.  mm sale vuggy pomsity. l d l y  
diagenetic alteration is very fine grained. appears ewly whrn annpared texturally with 
late coarse hydrothermal dolomite observed fùrther up section. locally very thin 
d - s t m e s  I?  mav iiist k mrse r m t a l l i n t i m \  
Development of open fenestral vuggy porosity (cyclic) fenestral may be a result of 
fossil cas& that have d e v e l d  cyclicly (20-50 cm cycles) 
30 cm d e  cycles continue but thicken to a metric scale. still a dolomitic mudstone. 
fmestrai porosity is mf ined  to wackestone and packtones within interval - fenestral 
cycles amtain up to 25 % porosity infillecl by late very coarçe @ned calcite. dolomite 
rims infilled hv Iate calcite. 
Nodular h o r i m  ovet 20 cm and a l l ign~d parailel with bedding - stmchuc rcmains 
extremely consistent. possible stylolites Iined by ankerite. large tiaaure wating mm 
dendrites aime bedding surfaces. each m a i n s  esscntidlv the same. 
Biotutbated dolo mudstone upto 45.5 (3 10 cm thin scaley well laminated dolo. rnud 
M m s  N-ith low pamsity 
Green giauconitic shale clay. 
At 50 m starts to get thicker bedded another green clay @ 52.5 m. 15 cm thick. (@ 55 

Above description 
Fine to med mned dolomitic mud-wackestonc. bedded on a decimentnc scaie. fine 
disseminations oif Fe oxidc. late p m i t y  fill. 
Large s a l e  beautifid solution collapse feature. fiagments are dm suie. planar 
laminated by latç dolo fraps are anpulas and rotate.. 

Thinnly to very thinnly undulous tKdded on a cm scale. beamcs calcarmus and 
sli&tly bituminais m f m s  to =nerd beddinrr 
Thicker bedded ( 15-50cm) buff coloured. dolomudstones and matrix is fine graincd 
dolomite with a late hydrothcrmal charader. Haloes amund vug openings later filled 
by amne calcite still rcmains mud-wackestone with late hydrothermal alteration. 
DoIomitic mudstonc rcrnains fairly mcictent. patchy dolospar. slightly cuarser 
graincd than tast unit. past 86. fine graincd buff monoteneous dolomitic mudstone. 
Definently a different Facies. changes more to a yellow brown colout with well 
developed vuggy-fenestral porosity. almost al igning itsel f parral le1 w i th bedding. 
seems ociarse @ned (wadrestone) no fossil content. hydrothermal dolomite 1 ining 
fenetral borositv. 
Dolomitic mudstone matking well developed cycle. 
Late tertiary breccia h g s  are more or l a s  in place. 
Dolomitic wackestme with late c l a d e  vug filling and tare hydrothermal dolomite. 
possible dnoids h a t e d  with a hi& metgy facies. still in alteration of late b d a  
1 believc that cyclic hi& /low e facies below is just contiunuing on a slightly thidcer 
scale. 
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Late tertiary breccïa for 2 m. then into a higher energ). fàcies dolomitic pseudobreccia 
and beawtifùl2eiKa textured rocks. Beautifid gound preparation amfomis to hi@ 
energy facies as porosity der  fossil including gastropods. ainoid ossiclclcs and 
bivalves. thin muddly beds show beautifid perserved internallaminatians between 1 1 5- 
1 3 0 .  
Hi@ E on top. highw E facies shows hydrolhermal altaration low E facies bedded- 
iaminated mudstoens and wadcestories (3 125 start to get into thin-med Beâded 
amsistently dolo-mudston-wadcestme startai_Pafaphy topped by higher E facies 
ran~ine fiom .5n to 2 mcter 

(odd Facies) - at 128 thick. higher energy cnviommmt showing fantastic 
psuedobrecciated hydrothemial replacement 05/08/99 R./o #23/24/25/26 @ 138 - note: 
na sure if hi& cnergy system continues thnwgh section. intense late hydrothermal 
alteration mask litho on fresh s u r f i  (may help determine mue protolith) 

Coarse dolo @tom: appears to be host to stratabound alteraiion filied by late calcite 
look, Iike approx. 45% coarse calcite s y t a l s  - another wggy horizm between.. . 

with significant 2û'% + hydrothmal dolomite alteration 
At 150 end of q c l e  - fine bedded resistnat dolornudstones for 4.0 m 
At 153 still buff dolo rnudstone to wadcestcme but bedding becunes vcry unduIous 
and in places appears almost d u l a r  - so far it lodcs likc we have gorie thrrnigh 2 or 
oossiblv 3 mcles of the TCh 112. 
At 1 70 thin bedded bu ff brown to pale grey dolomite mud-wackestone. undulous to 
slightly nodular ameuance in bedding 
Coarser dolomitic wacke-padcstone. dolomitic. but finer @ned than lower in 
stratigraphy (different phase?). grades into a high energy crinodial padcstone and 
beamies thidtlv bedded on a mdm scale 
Md to th& bedded (0.5-lm) dolornudstories. tather pnstine without much alteration 
rxcept surfical calcite. a! 182 grades into a thick bedded undulous lightly nodular 
dolomudstone-wdestone 

bedding b m e s  slightly thicker, bedded upto metric scale 

Thin bedded dolomudstones. fàirly nlodular and locally undulous. 
At 220 m m  into a thidc bedded. possibly recrystall id wadie-packstone (dolo). 
At 232 very distinctive med. Bedded nodular -lime mudstme. first preserved 
calcareous horimn - possi bl y dedolanit id.  mco id la  fiactue. very thin bedded. 

At 245 contrast into a beautifutly perserved crinoidai/oncoidal packstone. thick to med 
M d 4  on a meter s a l e  remains fairly awitinous 

245 25 1 Limestone (no doIo altn.). hi& e fmil padrstone. 
25 1 255 L m  E enviornment. Undulous lime mudstone over 3 mcter interval gradinp back into 

(i mai. M d e d  wack-packstone h ibe r  e facies a, 255. 
255 2 72 Thin bedded nodular packstone. 

Hi* E env. petswved lime padcstone (biota m p .  15./0) 
272 280 Same lithology just thinner bedded 

Lime wacke-packstone at 274 cycle ends into well bcdded (med-thin) lime- 
dolomudstone and wadcestone possibly transistion into U TChîlTCh3. bedding is 
undulous and I d l v  nodular. well cmscmed morioris. 
Perserved rnonotis in wadce. 

280 338 Limestone. med bedded. grey mud-wadrestme. 
Remains e x m e l y  oonsistent low E package of black lime mudstones thin to med. 
Bedded. 
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Bivalves ccwnmonly perjerved dong  bedding planes between mudstones and shaies. 
bedding remains cxvemely consistent ai 15-20 an. ai 305m. shale partings bcanne 
rare. beds becorne slietitlv thinner and more undulouç in ctiaracter. 

At 3 15 dolomite again, appears it increases with grain sibp pethapS we are moving 
back into another larger cycle of TCH2 eguiwdent. 
At 3 18 back into a thin beddcd mudstime with shde  par t ins  and undulous M i n g  - 
lime mudstme- 
Remains extremely amsistcnt. shale beds thin and swell with undutous bedding. 
Becmes sliehtly m e r  gtaincd at 335 

338 370 At 338 rernains very similar but starts to pet very thin bedded ona 5-10 cm d e  s 

Dofomitic mudstoncs @ 3 50 break inio caarser more altered dolostones (almost 
sucrosice) wackeston - sarne package iust aiarse alteration 
Samples are al1 now very calcarcws and beauti fûll clean limemudstones s w i n g  
@345 (no shaley hon'awis) - 05/08/99 R5 33/34 amsistent package what changes is 
the amount and intensity of dolomite - noteoundulous bedding has remained anistant 
fw this entire section 
At 370 rneasureable outcrop stops - WC are ina up TCH@ equivalent * Great 
dolomitic psuedo breccias can be observed 300 meters up the p h .  

370 Cretaccous sandstones 
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Meterage Description: 
To: Ffam: 

Very fine griîined g r q  to dark grey mudstme, merl beûdcd on a 10-40 an scale, M y  
hanogaieous with a local îïne dissduiion brrccia, looks like a solution cdlapsc but 
fiags are rounded to oval and small (Iess than 2 cm), IoneStone. thm subvertical calcite 
wms 
Slightly thidcer bedded. calcite wmmg in-, lime mudstones, beddmg is flat and 
consistent 
Slightly thicker M d e d  to a 0.5 meter scale. 
ASA in rncd bedded (40-50an) bedded section. rare dolomite veins and alteration 
almg vein baindary, 5 4  [hm bedded mtervals section 
Thm-med bedded mudstone with pcrvssive calcite flooding as thm veins i o d y  
causmg small crackle -c breccias. Litho remnains the same, bivalws observed @ 
54 meters parralel almg beddmg planes 
Beddmg becomes t h k  ranghg hom 5-20 cm, same lithdogy, slightty more of a 
wadtestme, fossilifennis. slightly undulous bcddmg 

Thin, rned. bedded Imiestmc with signifimt Fe o d e  and Trace Zn omde as part of 
vertical feeder system to Floricita, causes local solution dlapse breccia feanues, o d e  
fomis small poddy character. (RI2 1 L2 1. &ide m e .  2) road and river dong section). 

wxy came calcite flooding likely and alteration event tirst observcd white 
hydrorhemai ?? Dolomite ooarse nature &es me thhk that perhaps protdith was 
Iikely a wadte-packstone (pemgmphy neeâed). Bedded mudstone and uackestones. 

Coarse crystailine wackestme and rare packstone p r e s m d  prcdominantly 
wrickestone 

Thin cuarse hydrothefinal d d o  vems and gashes through coarse wacke Iimestone 639 1 
m. 
Altered wackestone, rned bedded ansistent structure, dolo forms smdl m d c  scde 
solution unies, 2 thin ( 1-2 m cycles of w-mudstane, limestone , thinnly bedded. 
Med. bedded, slightly unddous dark pey, fine grained lime mudstme, as @ base of 
section 

note* nature of hydroùiamal systern moving m and out ofseciion (terticai), FI-IO has 
cuarse calcite and baroque dolomite veining while mauix rernains relatively unaltered. 

No outcrop. mbbeled and son covered 
Teh3 - fine grained, dark grry lime mudstom with thm calcite vemmg, slightly 
bituminws, appears to be M y  thm bedded, local thin shaley horizons, may be 
approaching Aramachay oaiitad, stightly thinner bedded, darker cdours mcreafed, 
more bituminous. widulous bedding upto 20 cm, local thm calcite veins parrallel with 
bcddine alf fime mudstone. 
&ide m e  almg section 5-8 rneters wide of Fe oxide, py + srnithosiste and galena plus 
me sphaleritc. surrounded by îlooding of dolomite and and calcite vems. convergent 
smctural amduit original rock must haw been fÏne grained mudstone due proximity 
with Aramachay oaitact, dolomite veining forms a mosiac and cradde breccia locally 
with s m d  scaie solution collaose feahucs and cross cuttina veinns 
Oxide m e  d e s c n i  abow. some parts of the showmg total sutphide, sample of 
dolomite aiteration and cause recrysta. asscoiated with hydrouiermal m t  - 
surroundinp rocks are J I  lime mudstme , local poddy c o n M  vmtical conduit. 
Abow o d e ,  thin (5-15crn) bedded dark grey botuminous mudstme. Teh3 
contmuation of transistion into Aramachay due to trail and acccsibility am m h g  
sliphdy out of wrticlal Fioricita fader system to south befm 1 cut back. 
TCh3 as 1 s t  page d a m i  
no  outaop 
Srnall o u t a q i  pinkisb wackestone, fairly thm bedded. mcd. grained limcstone likdy a 
thin wï~dcestoric unit m mud package may be lacal reaystallaatiori due to proximal 
calcite veining 
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Aramachay? Fine grained thm internai laminations, bladc bituminous limesime. may 
represent a transition m e ,  not a lot of outaop. foUowing süuctural trend.. . 
Aramachay with local solution , f i a s  are mondithic, various in s k ,  angular, total grcy 
and bladc limestme, beddd  no fossils identified. 
Aramachay, typical thin bedded lmst vet). bitummous. appears io be a fine associafed 
organic camponent 
BlacJt, wxy fine gram4 thin bedded, non calcamnis rnudstone with sligfitly fia shaie 
partinp. 
Aramachay - typical late clear white subvertical calcite veining. 
i3eautifi.d exposure thin clifThce of thin bedded CO larninv black-daek p y  very 
biturnmous. l d l y  undulous and locally well perscned large coarse nodufes in places 
up to 0.5 m long round aniformably orientated with stratigraphy, locally fissile black 
shde partinps - very finclv lammatcd. 
Nodules and undulouç bedding in Ararnachay 
Ttansition into Condorsinga thin laminv bedded black bitummous mudstones. 
Cyctic thm and medium bedded locally calcareous black biîuminous rnudstmes and 
larninv thin bedded fissile shale horizons, starts to get brown towards 2 10 more 
calcareou transition into Condoninga approx 2301240. bedding in Upper 
Aramachay/Cmdwsinga very undulous, between 0.5-1 rn behneen each rned. bedded 
2040 cm bed. 
At 206 mtiunation of thm shaley beds and thicker 20 cm bladc bitummous fine 
grained calcareous mudstone - large cyclic intenal 
B«ls beeome thicker +/- 40 cm and shaley parting considerably thmner to almost non 
exsistent inot a fairly moriotenous d. M d e d  package 

Condorsinga . coarse reaystallized (?) dolomite due O proximity of Florïcita deposit 
(not recrystalluad) - significant amount of hydrothermal dolomite alteraiion (ground 
preparation). 
Lowcst adit - predominantly coarse graincd dolomite and hydroihemial dolomite and 
sp halerite. 
Condorsinga forms a bedding p d l e l  vem system with local dissolution dong beddmg 
planes. excellent sampIes for fluid work as well. dissolutim oollapse can be on a rnetn'c 
scale. 
Thou& pervasiwly altered and oxidized beds remain very consistent, similar to typicla 
awidorsinga through 236 
Solution collapse . al1 avaliable stratigraphy until aaoss oollapse sbucturc and head up 
the other side or mil to camp. I can visibly see the Goya curtmg down through thc 

From lower m e  of Floricita @ upper adif very coarse sphalerite and py + do1 and 
calcite (3 pieces - representatiw - Condorsinga 
Show beautiîüf hg (pyitehnarcasite) and classic rnvt/sphaleriteldol cernent, beautiful 
sample - sarne location upper adit Condotsinga 
Fine-med. Grained dolomitic rnudstone of Condorsinga Fm (from upper adit) 
Fine p m e d  dolomite of condorsinga imrnediatciy out ofsystm 
60 m h m  adit dong trail p t 4/15, no sphalaite, Fe and dolo show tiags different 
alteration style 
Fmm 12 m above adit plus 60 m north 
Lg. massive sample fiom tunnel Cmdorsinga 
Lg. sphalerite 6orn tunnel 
Vein of doIo and sphal in rather fme unaltered do1 above main showing below Goya 
contaa excellent mica l  feeder exampk 
From 25 m above adit coarse sphalerite and dolomite alteration and rnmdization 
i?ebra below goya, 20 m above adit (467364 (old amma,  smpl site) 
Odd îë o ~ d e  + pyrite and dolomite and gerrisite + hcmatite alteration nyear goya 
Coarse sphalcrite and dolomite with Fe style altefation near goya amtad (pic 23/24 
and odd Fe cernent. Som quartz grains (cullapse bom goya) 



Dolom i te 

Limestone 
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M-=#Y= 
To: F m :  Descripticm: 

Veq fine g r a i n a  grey weathering, bladc aqganic-bituninous, chert nodular. lime rnudstone. fine bedding (& 
Iûun), Ig. Resistive weathered blocks (2-3m), weathers to an undulous - s e m i d u l a r  charader. Chert d u l e s  
are bladc and irremilar in shaoe (2-IOan). 
Thin undulous (nodula14 bedded bladc bituminous locally laminated on a c m  scale (distai turbidite). 

Med beddeci (30an) ainoidal pckstone. with rare bivaie hgmemts, med-coarse grained limestonç, rare calcite 
veinine 
Fine graine4 black-brown-grey, îhin-med. bedded with thin i n t d  laminations (distal turbidites), very black- 
d . m  k h  surface. Wded on a 5-1 0 an scale. with intemal lams remainina fairly vlanar. 
Thin bedded (8- 10 a), b l d  semi bituminous, planûr lime mudstoiie, bedded with thin (2-3 anO black shaley 
hon'nwis (2-3fm). 
Thin-med bedded, fine grained blackdaric grey, bedding (5-15cm). local rare internal lams - calcite veins 
(vertical-subvertical over 0Sm) (2-3 an wide look extensional with rare intanai tension pashes). 
Similar medthin bedded b1adc to dark brown slightly biturninous lime mudstone with thin cm-mm scale 
internal l m  and rare calcite veins, locally lams and veins weathw out resitavely. (likely distal turbidites). 

As above but thin shaleysilty layers, parralel with bedding every 15-20 an, slightly undulous towards the top 
(nodular). 
Thin-med corisistently planar dark grey-bl& lime mudstmes, slightly undulws (nodular) @ 34.0 rn 20 an 
ch- horizon. 6334.8-35.0 waterfdl. m e  continues UV. 

Slightly thinner bedded and undulous-nodular, dark-brown, lightnied. Grey lime mudstcmes, rare internai 
laminations in undaitous horinnwis. cnarse calcite veininn. 
No OC @,44.0rn fine graine4 dark m. lime mudstonc packed hll  of larege intacet 5 un bivalves. 
Med-thin bedded (5-30 cm) dark gffy-bladc fairly non desuipt lime mudstone. weathered surface is fairly 
brown. thin-thidc subvertical calcite veins f m i n g  locally a distinct mosiaoaad<le paneni - prominent 
tiadure oattern GUI easilv be anfùsed for beddine 
Med. Grained. medium bedded dark gry to h m  weathering slightly nodular lime mudstone with abundant 
fossils observed dong M i n g  planes (intact up to 4-6 an). M i n g  can once again be easily anifuseci with 
subvertical fiadure svstern. 
Same as above but devoid of bivalve debris. bedding has remainecl fairly amsisteni., thin to local med. (5-20 un 
scale) remains very da& grey lime rnudstone, thin bedded units usually cap 60-80 un cycles with rare 
underlying thin laminar m e s  repremting possible distal turbidites, rare fossil debris ( i n m  bivalve rnonotis 
thnninti 88). 
Black to brown very fine graine4 med-thin bedded (cyclic) ( 15-40 cm) with local networks of amrse caicite 
veinine ~ennerallv subvertical small & local areas of ooarser mrvtallization. 
SI ightl y ammer graineci wadcestorie, rare ndular  horizons, rare large intact bivalves pcrserved along bedding 
plane@ 97.0 m ( complete intact bed). Bladc w d e r i n g  with grey fresh surface to  brownishlbun thin finer 
d n e d  limestone beds throueh u m  half of this me.  
Slightly thinner bedded, locally nodular with unddous bedding, slightly more orgainc and bituminous with rare 
lamer blebs of hte - lame bivalves still observed intact. 
Brown weathering, dark grey b h  surface, med-thin beddcd (IO-20an) slightly undulous ~ 4 t h  thin shaiey 

103.0 107.5 horiaons defining stightly thidcer beds, locally nodular in more comptent rocks. sub vertical calcite veining 
thrwPhout (rare le. lntad bivalves (a! 107.5 beddina has reallv shallowed.) 
No hower udc boulder fiIl (angular) suggests that the sarne horizon is present .?, 1 1 1 -5 boulders are 

107.5 1 18.0 observed as rare anguiar bl& thaî exhibit fine internai iaminaticms Iikely nqmsenting distal turbidites, and 
in mc case a thin t 5 d  sarndv made turbidite was observe&. 

1 18.0 12 1 .O Dark grey-blabr, thin bedded locally bituminous, rare laminaticmu, local Fe oxide (1 i m i t e )  alteration. 

121.0 123.0 
Thin graded tuhiditic h Ï n w i  with dark grey laminar vcry fine grained to local an scale sandy beds, v a y  
calcareous. 
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Med. Bedded, limemudstone. dark gry with intaci bivalves dong  bedding planes and penasive subvertical 
dacite veins withing e x t e n s i d  fiadure systems. Slightly undulous to nodular. local cuarse ~ s t a l l i ~ t i o n  
due to calcite floaiine 
Thin bedded nodular. rare thin lams in more m p o t e n t  units. lime mudstcmes-wst wîthin thin p@c hociawi - 
huge (&lOan) intact bivalves persemeci aimg M i n g  planes. bivalve m e  barwnes med bedded but remahs 
amsistently fmiliferous through 136m local calàtc veining with pyrite observeci within samll local 
disçolutim m e s  observecl at cruss cuttine vein baundaries. 
Sirnilar with slightly more nodular bladc to dark grey organic beds. Top of  unit can likely be suMivideci due to 
identification of local thin laminaiions suggesting distal turbidites (no graded or sandy horizons identified). 

Thinnied, Bedded black lime mudstone. local laminations and possible turbidites, weathering is pale h w n  
and implaces a slightly bulbous, fairly pervasive calcite veining (non fossilifçrous) innease in fine larninations 
of the rocCr. 
Very laminar in 0.5 m thidc bedded qc les  - dar)c grey-bla& brown to grey weathering. @ 168.5 - 0.4m nodular 
horionin blackdcarews lime mudstone. 6 $ 1 6 9 ~ c l a c i t e  veining f m i n g a  l o d  solution oollapseand 
inkmectinn vein svstems, fiaPs ail verv anmlar and sub rounded. 
Med Ekdckd on a 0.5 meter scale, slightly undulous M i n g ,  fairly large vugs and pods of ooarse calcite. rare 
ihin internai laminations (dubious turbidites) 
27 rn of sûat exposed but unable to study due to V ~ T Y  steep waterfall and v a i d  munded watcr shait, you can 
see the r d  has beawne slightly thinner bedded and daes show some intemal laminations that are k i n g  
resitively weathed, b l d  todark grey weathering and I d l y  slightly bublous - structure reamians ver). 
amsistent. 
Black. very fine grained, semi-bitumionous, med-thin bedded. lime mudstcme, ldlylaminar.  thin bedôed 
lcnses and mes of pyrite , local bulbous wveathering, laminar interbeds of limemud and si1 tstone with thin to 
med bed. 
Thin bedded turbidites with thin shaley partings. possible mon: proximal amse grained turbidites over 20 m. 

Thin bedded. bladc-dark m. bi tuminws mudstcmes showing di fferential palnar weathering marks a 
amtinuation to this m e  - bedding got farily steep @ upper w a t d d l .  Main diarader of rock remains a black 
semi bi turninws thin bedded lime mudstcme with local turbidi tes, m e  amtinues as desaibed - larninar nature, 
black fiesh surface. v m  fine m i n d  brown weathered surfaoe. 
Lacai very fine gained, laminar, black semiuganic  semi bituminous, lime mudstme, structure t h m g h  238 
slightly undulais, local nodular texture, samples show fine gnined bladc organic matrix with very thin 
laminations of pyrite and slightly ooarser calcite with possible very thin - fine graûed bedding, sarnple is an 
exceilent of what this unit Io& like a241 boulder of fe oxide plus collaformal pqrite ail rocks in this unit are 
very laminar, exhibiting diffèrential weathering, sandy-fine turbiditic larninations observed. 

Slightly more med bcâded, but very sonsistent. rare internai laminations (possible distal turbidites), difficult 
sedion due to anotha watdall. 
&#utifid bcdded turbiditic h o r i m .  shows fine lamination. locally grading down to a basal sandy h o r i m .  very 
drvk m-black. fine h n e d  sliahtlv bituminous. fine bedded to Iaminar. 
Appears fairly thin bedded with knotty b u l b  to undulous (nodular?) weathering. Black, to d. grcy lime 
mudstme. stmcutre remains fairly amsistent. local boulders show well develqmî tine laminations (distal 
turbidites?) iZrlv cururam brownish weatherin~ associatcd with a ~ i t c h  bal& k h  surfàœ. 
Beautiftl laminar, dark brown lime mudstone bedded on a 10- 15 oorn scale, thin-very thin istal turbidites 
obxrved srioraticallv throuhcwt unit. local rare sliphtlv undwlous M i n g  - v. fnr. 
Sarne me. vwy black, finely laminaîed +/- pyrite, late pUddy and veining calcite has very local poddy axwse 
grainai pyrite - perhaps as a rernobilization or as a result of  a later system, locally bceded on a slightly thidrer 
scale but still showing fine internai laminations, mly slightly calcarau slightly silty with the rare fine shaley 
bcd - biebbv to ooddv h w v  oolourod m i t e  obscrved (blebs 2 4  cm) 
(Cornimm teference point - p.161 MT) fine grained, pitch blakc, med. bedded limeStones with fine sphalerite 
blebs (2 anx4cni very ooarse grained red sphalerite) taking the same focm as pyrite has in the system 
(i.eplasivc) orientated parrcl le wi th M i n g  (seddexy) planar bedded thin (5-8cm) and thin interna1 laminatims 
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314.0 318.0 Dark grey to b n ,  beddeâ with 1-2 thicker beds (upto 25 an) per 2 m of stratigraphy. Still slightly larninated 
exceut with no prading observed. 

3 18.0 323.5 Di fficult oc - weathered surfaccs showing bulbws nodular u.eathered surfaces. med. Bedded, slightty 
bituminous. d. fiesh surface lime mudstme - fairlv monaceneous. 
V e p  fine grained biadc laminar ves. calcarcous lime mudstone with lams on a cm-mm scde annrnonly slightly 

323.5 326.0 awvser grained with silty lams. fine bedding p a d l e l  pyrite, in river bl& amtaining decimentric to metric 
scalc amcretions obserwed. 

326.0 334.0 No OC - quaternary debris and gravels, with smal angular blocks of lime mudstcmes. 

334.0 340.0 Fine bedded larninar . pyitic. fairly amsistent calcite veining, beds are slightly t h i ~ e r  and beanning more 
undulous. havent observed anv well presa'ed amcretions since lower horizan 
Fine bedded. laminar , pyritic, fairly amsistent calcite veining, beds are slightly thimer and beanning more 

340.0 343.0 undulous. havent observed any weIl preseved conaetions since lower horiaon some coarse filled extensionai 
caicite veins with rare plauamite and ankerite (Fe carbonate) 

343.0 349.0 Fine @ned bladt-dark grey with brownish weathered surface, fine internai laminaiions (distal tudidites) 
however no araidnp or sanâv beds 0bSen.d. 

349.0 366.0 No O/C - gooâ structural carrelation 

366.0 370.0 Very thin kdded to laminar dark grey-black weathered grey ûcsh surface, calcareous lime mudstone, lminar 
to platev ( thin shatev hocims benin to develoo (2-3 an) 

370.0 374.5 Fine grain4 with locally aiarser wst limestme, thin-meâ bedded with no fine larninatioris or pyrite observed 
local platev shalev thin horizons still observeci. 
Fne grained bladc - dark grey, laminar lime mudstone, fine disseminated pyrite, o?ds show very consistent thin 

374.5 383.0 bedding with iocal thin organic layers and local brown weathering, observed turbidites in ueek boulders. 

very laminar to fine bedded brown weathering, undulous btxkkd, very faint wvclength (amplitude), locally no 
383.0 397.0 dacerous. fissile with thin shaley partings interbedded cm a 20-30 corn of fairly massive fine-locally 

reavstalliacd limestone. local laminateci. 

397.0 400.0 BI& organic bmwn weathering, slightly undulais ( localiy conuetionary) with fine disseminated pyrite. 
Concretions varv in size fiom 5-25 a. and are orientated ~arrellel with kddinsz. 

400.0 408.0 BI& dadi W .  very fine grained. thin to laminar bedding, concretions as above interbedded, d s l i g h t l y  
thicker ùeds (3040 cm) m. 

408.0 424.0 No O/C, NOTE: vcry l q e  macr ions  (upto lm) preserved in subcrop in ucek. 

424.0 429.0 black, very organiç thinnly larninar (distal tuhidite) lime mudstone, very bladc with fine disseminated pyrite 
and large m a e t i o n s  obsmcd @ 429 large metric d e  m a e t i o n s  

429.0 433.0 No O/C 
Dark earthy almost Iimoriitic weathering with fine clay horizons interbedded 'very rerninisent of transition @; 

333.0 442.0 Buenos Aires -variably s i d  concretions still observeci - horizon u n  definently be desaibed as ooncretionary 
in a verv fine nrained lime mudstune. locallv onranic lime matrix. 

542.0 458.0 O/C sparse fi3445 m a e t i o n s  observed 

458.0 470.0 Thin-med. Bedded amaetionary m e ,  with associated undulous apperanœ to  M i n g  bladc biturninous 
limestone. 
Inaedible section of med. beûded bituminous lime mudstones with an-metric scale concretions. srnaII 

470.0 476.0 \,otcrfall beautifully cut through stratigraphy so I got an excellcnt cross section (thnwigh a thin s h d q  organic 
m m i o n a r v  mckac and then into a rned. bedded amcretiorian, mckiuze. 

376.0 486.0 SI ightl y thinnet bedded more bituminous and derease or la& of m y  amuetiotis, beddinp: planar. 

486.0 491.0 Thin-med. bedded (5-15120 an) ama-etionary as above in fine organic dark grey-black organic matrix. Thidcer 
b a h  defined bv (5-10 cm) thin shalev fissile noncalcareous horimris (iocallv silty). 

191.0 512.0 Substantid increase in sha lq  horizons and bituminouiorganic nature of the rock **ammorii tes in flm - no 
O/C v e t  thin-med. Beddcd (8-15) calcrareous prey-bladc fiesh surface - brown w d e r i n e  

512.0 521.0 tg. Metric-dm scale m a e t i o n s  in very bladc fgr. Calcarews organic lime rnuâstme. thin 3-5 cm shale 
hor ims  rnarkinrz limestorie beds. 

521.0 545.0 Thin- I d l y  med. Beddod, undulous-plariar very reminiscent of last 20 m - rare amcretions however a 
dramatic dccrease in overall total amtent. 

545.0 562.0 Fine-very fine grained. bladcd. grey. bituminous to organic locally non clar;araxis with 30% shale h o r i m s ,  
md local siltv lavers (lemes). Verv rarc cm-dm s a l e  amcretions. 
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562.0 585.0 No O/C, bladc bituminous fine grainai locally calcaranis. brown weathaing, shaley limey mudçtone (nibble). 

Ehcellent Aram;ictiay - bladr to very d;irk grey. gr- weathering, 1 4  ly clacareous mudstones. fine-thin bedded 
585-0 618.0 with thin (5-15 cm) lime mudstmes horiawis every 2-3 met- extrememly organic and bituminous. rare dm 

scale concretions in d n s  more o m i c  h o r i m .  no fossi 1s identified vet, 

6 18.0 END SECllON - teraine to steep and Aramachay stratigraphy beamies overgniwn by jungel. Getting very hi& 
UD in the canvm now.. . 
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Tingo & t h  

Meterage Description: 

Fine grained dark grey-black, beige weathered, thin bedded ( l û- 15 cm), slightly 
bituminous lime mudstone, (cm) s a l e  chert nodules aligned parallel with 
bedding. 
At 6 meters bedding remains the same but undulous defined by weathering, 
appears thinner, slightly shaley thin calcareous mud horizons, rare chert 
nodules, local silici fication. 
Chalky altered, îàult zone, rubble, predominately a lime mudstone, no original 
sedimentary textures preserved. 
Same unit, thin, undulous bedding, lime mudstme as at start 
White chalky alteration, focused along hctures, predominately a mudstone 
horizon - ncw original textures observed due to alteraticm 

At 23 meters bedding bernes  med. (20-30 cm scale), highly hctured with 
calcite veins, black-to dark grey, very fine grained, not bituminous lime 
rnudstcme.R 1 3-#4, med. Bedded 1 5-20 cm dark grey to black lime mudstone, 
rare large biebs of calcite, thin late calcite veining, consistent structure, locally 
undulous, beige to grey weathersd, locally reaystallized to a wackestone texture 
(check with petrography) - devoid of chert. 
Md. bedded (1 5-20cm), very undulous limestone defined by thinner lime 
mudstmes along bedding contacts R 1 MY6 
Similar undulous med. bedded but wackestone, rotted weathering, localty 
fossi 1 i ferous pac kstone 
Fossiliferous wackestone-packstone, intact bivalves and crinoids plus other 
unidentifiable debris, high energy environment. 

Med. to th in undulous bedded lime mudstone, îh in bedded 95- 1 ûcm), rare 
bivalves preserved with partial crinoid a i c l e s  (wacke). 
Nodular undulous chert lime mudstone, no fossils identified. 
Chert zone, rare late calcite veining, vertical mosaic developed and nodules of  
non chert similar to TCH3. 
No chert, med. Bedded, undulous dark grey chert lime mudstone, fairly 
consistent. no fossils, no chert locally silici fied. 

Local hui t  zone, local îàult gauge. Angular f?agments, chalky, no structure 
o h e d .  
Small poddy local zones ofdolomite and dolomite veins following vertical 
calcite network observed below., dark grey to black lime mudstones, no fossils, 
chert med. Bedded to undulous - similar calcite veining, structure remains very 
consistent to level. 
Chert nodular (5-8 cm) undulous bedded (thin wackestone wand packstones 
marked by thin 1 5 cm mudstone intervals. 
Transitional thick wackestone to packstone marked by a slightly thicker 20 cm 
niudstone bed. 
Lime croinoidal Wackestone, rned. grained, thin to med. Beddeâ, locally 
undulais bedding . 
Undulous chert - med.-thin bedded 10-20 cm pervasive 
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125 1 28 Wackestone-packstone - med. Thick bedded 

128 135 Thick bedded , locally undulous limernudstone, no calcite alteration observe& 

Wackestone, lime, calcareous, crinoidal, meâ. to locally coarse grained, internal 
135 146 

packstones over cm s a l e  intervals of coarse shelly high-energy debris. 

146 155 Thin beddeâ, nodular chat  bairing lime mudstone. 
155 16 1 Crinoidal wackestone-packstcme as per typical Florida TCH2. 

Black dolomite-lime mudstone, med. Bedded, thin cm scale wackestone 
16' 

interbeds (03 m scale) recrystallized dolomite l a d y  giving a sucrosic I d .  
166 1 73 No outcrop poor slope soi1 cover 

Solution collapse system, fiïigments are generally med. Coarse grained with 
significant fossil debris (high environment, locally the protolith was a very 
porous packstone. Pervasive dolomite alteration fiydrothermal? Co- white 

73 82 
baroque dolomite.) Highly altered but possible intemal sedimats identified. 
DoIomitic wackestone coarse crystalline recrystal lization of matrix, brown to 
beige weathered surîàce with late came calcite veins. 

182 191 

Total recrysbllization of system by cause calcite, mua represent replacement 
into a higher energy packstone or rudstone ( m e  dolomite - overprinted by 
calcite.). 

191 200 
System extending through 206 meters fiagments are predominant ly hi& energy 
wackestones and rare thin black bihuninous mudstones (calcareous). 

200 2 10 Dolomite altered local solution adlapse systm. 
Outcrops are rounded and weathered and devoid of al1 structure alteration and 
breccia/îàult matrix is a very yellow-white chalky carbonate matrix dolomite 
appears to be confineci to the lower parts. 
Coarse reci-ystal lized lime packstone, very coarse reqstallized dolomite and 

2 10 2 17 calcite. thick bedding on a 0.5 m scale, beige to white Fe oxide stains along 
fractures likely upper part of collapse system below. 

2 1 7 233 Thin bedded undulais lime wackestone with thin mudstone intervals 
Coarse recrystallized lime wackeston and packstone, thick M d e d  unit, v q  

233 245 altered. solution collapse systm, likely y overprinting of a early karst system 
(possible thin internal sediment). 
Coarse- med. grained lime wackeston, white to pink weathering, very coarse 

245 253 calcite may be packstone of reetàl fkies. 

253 274 Thin-med. bedded undulous lime mudstme. 

Solution collapse feature, fiagments are round, predominantly wackestones, 
274 280 

with rare packstme clasts, fine grained dolomite matrix 
Large intact bivalve wadiestone-packestone cycle, came crystalline calcite and 

280 287 
limestme, fiagrnents are predominately high energy shell debris 
Thick bedded to 0.5 m s a l e  and yellow weathering, local @ 283 r e M  
floatstone for 4 meter thickness 
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287 290 Med. grained wackestone, rare crinoids 

290 294 Thin bedded lime mudstone, thin black shaley partings, undulous laminar 
bedding, is bivalve observed along bedding planes. 

294 298 
Fossilifironis wadcestone, thin-med. bedded with rare bivalves intact Iocally 
undulous 

290 3 15 Biack thin bedded laminar, local lime mudstone 
3 15 335 Planas thin bedded local undulous lime mudstone 
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Description: 

note: mitu contact approximatefy 100 m (strat) down section). 
Med. bedded, 30-40 cm. brown weathered, planar bedded, defined by 
calcar80us silty lamination. Be& no more than 10 cm thick, representing 
interbedded graded tuhidites, fine grained black lime mudstme. 
Same Iithology slightly thinner bedded and back to non turbiditic intervals 
(10-30 cm) 
Black semi-bitminous very fine grained med. Bedded (2040 cm) planar 
lime mudstone without any bedding silty units (possible thin interval @ 6.5 m 
of graded distat turbidite (sample) dc devoid of any alteration 
Same med. Bedded unit with renewal of thin laminar silty calcareous 
horizons over 5 cm thick, rare thinner beds (8-1 5cm) interbedded planar 
Lam d c  but structure remains very msistent, beds are subvertical. 
Same unit exœpt consistently med. To locally thick bedded, still defined by 
these shaley, probably finely graded distal turbidites. 
10- 15 cm thin bedded non-bituminuus lime mudstones, dark black to dark 

grey 
34 m - md.-thick bedded, dark brown dark grey lime, non-bituminaus Iime 
mudstone without the shaley-silty calcareous laminar sections, seams very 
homogeneous and structure is consistent, likely very deep stable basinal 
conditions 
35 m -1.40 cm thick bed shows very fine black semi-undulous laminations 
singled bed weathers to a much paler brown, buff colau though slightly 
coarser grained no graded bedding is observed 
3% - on wet surtàœ wathered s d c e  varies 6om planar laminations, size 
grading observed, turbiditic horizon RI 5 314/5/6/ (diftkential weathen'ng) 
Entire zone shows grading between a buff brown for thicker beds (Iess 
bitum inous dark grey brown) lime mudstone with fine possible organic wisps 
and dark grey slightly more bitwninous slightly coarser lime mud- 
wackestones 

Tbrirst Sbnt  
Fairly thick section of predominantly thin M d e d  lime mudstones, light -med. 
Brown weathers with a dark-grey locally black, non bituminous k s h  surface, 
bed is planar 10-1 5 cm. 

Fine to locally coarser grained lime mudstone with fine v q  well defined 
turbidites on a dm xa l e  over interval in total each th in-med. bed is marked by 
either a bedding !/ or planar resistively weathered silty zone or an interval 
semi undulous well defined graded turbidite, sample 7 exhibits local sotl 
sediment defbrmation 
Thin bedded (8-1 2) cm) mark4 by 2-5 cm thin bladc resistively weathered 
semi-calcareous silty - shaley beds within thin bedded buff weathering dark 
grey non bituninous Iime mudaone beds, either very fine distal turbidites of 
possible thin algal laminae's. 
RI 5 9/10 - siltylshaley lams 
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Units becornes more of planar thin bedded dark grey weathered mmotonous 
lime mudstone local thin poddy wackestone beds, showing local diagenetic 
recr_vstallization to a slightly sucrosic texture, rare calcite veining that really 
shows no significant alteration, veins run sub-horizmtally in a vein-web 
nenivork. 
B e r n e s  very black weathered thin to laminar bedded-dark black k h  
surface very bituminous no apparent altewticm very fine grained lime 
mudsîone. though Iaminar, no where can say this has any turbiditic 
characteristics. commonly fine gra in4 blebs to fine disseminated pyrite is 
observed, blebs tend to W/ with bedding and look like tiny concretions na 
meater than 5 cm in scale. 
Slightly thicker M d e d  black lime mudstone (1 5-25 cm scale bedding) planar 
- laminar turbiditic unit with fine disseminated py and blebby py - more 
laminar than other overlying intervals - good samples 
6 1 rneters -same unit but turbidites and bituminous mudstme units becorne 
thicker up to 30-40 cm - again alternating zones are becaning very well 
defined based upori differential weathering as observed earlier in section 
south of t h m .  
Fine bedded, very bituminous larninar to finely beddeâ lime mudstme with 
thinner possibte turbidites, but a much more limey mudstone. thin bedded, 
unaltered section 
Sarne but much more black and bituminous thin laminar semi-calcareous lime 
mudstones 
Out of laminar zone and back into very thin bedded black weathered dark- 
grey 6esh surtaced iimestones with thin silty parting// and planar to bedding, 
local areas of SI igh tly coarser grain size as a result of coarse calcite veining 
and associated poddy reaystallizatian 
Debris flow, conglomerate large boulder fragments med. (San) fragments in a 
breccia &hion appears al1 polyrnictic with rare siliciclastic quartz and 
sandstones (predom inately rnudstones, look like Mitu picked up in slope 
debris.. . 

Appear to be a thinly bedded lime mudstone exhibiting diiTerentiated 
weathering, slightly cc.iarser grained lime mudstone-wackeston first visible d c  

Fine grained, thin bedded, laminar turbidic limemudstone 
Very black and very bitum inous 
Planar non turbiditic lime mudstone. rare calcite veining, thin wackestone 
intervals (oolitic)?? Petrography needed, non turbiditic. 
Dark to med. Grey weathered, fine (thin) med. ûeâded, thin laminar colour 
features defined by differentiated weathering - 1 m zone of fiiabte non 
calcarms black very bituminous siltstone-shale, thin laminations show very 
fine p i n  size variation and possible grading suggesting possible thin 
turbidites - d c  is right in a waterfâll and hence in a very d e 4  bulbous and 
difficult to sample - very black with fine grained disseminated pyrite cuarse 
calcite veining forming a subvertical network through stratigraphy - possible 
sofi sediment deformation shows Iaminar displacement almg beds - slump 
not total detachment. 
End Section - loss of measurable outuop 
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F m :  

Vay thimly Lddai, p l e  grcy muQtollt, Iocaily with thin wadccstonc horipm. bedding is vay thin on a 5-10 cm 
sale, 8s whae bdow 64m it was a S M  cm scilc (dl  very w l l  dctinad). hic dcitc vtining uid dtw8îïcm away 
ûom vein cm. 
Medium to thick Wdcâ intenrd up to 50 an, chuG gry to locallp Ma&, v a s  fine graincd lime Wackestone, very 
homoaerreour possible pcllctal contait 
ûack into thin be&ed, kiff wcathcring grey to dark bomi finc g n i d  l i m  stonc. widi p o s u i  pniedomwphs plus 
pellets(?), possible bivalve üags @ a d  by late calcite. vay thin bcdded on a 5 an scale. 

Travertine. late calcite /Fe calcite, pwiblc a lmevious sbx due to visiMe fiaturcs in talus 611. 
Bx 6ags to annprr with original litho, Iikdy slightly awrser wackestonc or pofkstone lithoficiesNo truc high 
aicrav featura. likelv a wackestone. 
Thin baddbd dulr g r ~ y  lime mudsto1#w.JLcsionc.. medium bakW, dark g ~ y  Iimestont. no vis~Me put ic la  or 
ûaps monornnnis. calçaranis liahth. fjacîud nrv difncult to cstinmte baldinu in wtcrm. 
Modium to thick bcdded ( 3 M  cm s d e ) .  Iirm muclaooe. d u k  gry to brown. with rare calcite d u l a  (possibic 
rsuadomordis' 
Thin to tare medium bcddcd (5-25+/- cm scalc) lime mudstonts. loal  Iate travcrîine b m i a s  and calcite veining, 
m a  uvritc and rare oxidation of uwite in mains of alcite 
Da& grcy to brown, mono(enous lime muddocie. 
Cyclic thin baAM mondenous l i m  mudstone. rcnmins coiisistaitly diin kddcQ no visible pclloids <<vcry 
di&cult to sec due to m i m .  lare calcite veinina . no cvidait fossilifaous content. 

tine grain4 dark brown. mudstone 

Fine to very fine grainul, Mack, b i t u m i ~  organic l i m  m u c h m .  Thin to vcry thimly bcddcd (5-10 cm çcale). 
Homogeneous and fàirly anisidait. no fmils  observed. Possible slight pelloidal coritait(?), gives a wacke 
aDaarance in dam. 

As above. Ma& finc gaincd bimminous Iünc mudstw to locally wackestom, howcva with d l  prrserved tùLI 
bivalve fossils in parralesim with beddina dams, vew well bcdded (thinnlv 5-12 an sale). 
f3autifully presernd bivalvc (rnonotis) in a black 4-biturninous fine grainai lime mudstone nmüix . 
Fim lithoâcie abovc bivalve unit (above)., niod graincd highiy reaysfallizcd, nrcrosic wodrc (?). In pl- it looks 
Iikc a packstonc. but this is Iikeiy dut  to the couçc mxysîallizîion, no Que enviommnPl indiatoa obsaval., 
fincly bcdded ( 5-1 2 cm scalc). Altaation anrsists of a fine calcite vcining and vug filling. possible with fan#n 
calcite. 
First lithoficie abovc bivatve unit (above)., med grainai, highly reaystPlliat4 sicrosic d e  (?). In phces it lodrs 
like a pecksîonc, but this is Iikdy duc to thc cosrsc rcaysalliûion no m e  cnviommcnPl indiators obsavod., 
findy beddcd ( 5-1 2 a sale). Altmtiori coiirins ofa iinc alcitc veining ud w g  filling. possible with birmn 
calcite. 
Black. fine grainai, bituminous. organic, I tmc mudstw. 
Dark gry, to bmwn and Ma&, thin baddad (5-10 cm scale) , calcaraws l i a  midstO(IChrYbdEcstaw (thin bods). 
slightiy lcss bituminoas, cousr pcllcW contait (?), m y  bc diagaietic, worth subdiving h m  rbove and klow 
alcuumhituminnis  unit. 
Slightly mrm m c k c  thnn abovc, similar hturrs. posuWe late diagcmic mrystalliaion or p c l W  ampositoii. 

-4ppendix 2 - Buenos Aires Seaion 



BI&, to dark h w n ,  fint grnined. bituminnis. organic. calcarcous. thinnly M (5-8 an s d e ) .  rare finc caicite 
veining and suausic crydlization bordaing veins, mthcr hornogenmus and mmolcntous still vcry calcartous 
63!920rn enfer into approx. 50 m (trbngulation) of stmtigraphy caught up in a la& travertine mis as & r n i  
a b v e  in imerval64-84m Sampls BA-30 anâ 3 1 takai fiom within t r a v d n c  (TB*) in tanl .  Will àut masuring 
Wat at Om. aenin 
V a y  füw gmined &rk bmwn. wtll tjeddui (5-15 an a l e ) .  nodulu ( fint appa~nac - a m q m d s  with s i l ia  as 
wdi??L a i t  by late calcite veins. weethus to a buffbwn. very mmatennis. 5-lm chert idcntifèû in this intemai. 
M~trlclnni?. In<-iillv c a h m n ~ o  mitd h- Mid no r lim miirictmr: 
Same rock ficies. mudstonc, cal- slighdy nrissivc (rrsistuit wcsthaing). chut nodules upîo 1 S-2O% 
inplaccs, dry scmn to bc fomiing/rcpking in slightly mon wackeish intavais. PoaiMe Uiin wrdtestone kk  IO 

visiMe pellets howwer naystalliration to slightly coarvr grain siae gives appmmc.  Shows wrll devcIopoJ late 
alteration 6bics and a sb#nidary porwity (diagenctic). Much higfia chnt amœatntion thin above -1. Mudi 
thicker )alrlnl upto 1 mer scale. siiiccoudd#1 bmring muQtones show luga vugs fillai by r hte  M?) 
nuikImlcite I V  fnirlv mnciumt river interml at 1-7% mm hivalve f i i l  h m  
Fe OYG'Chat and vug filling a lc i te  . 
Missing stratigmphy. Slopc suggcsts chat m i v c  bcdding obscrvcd M o w  aminues. rare tossii 6ags. 
Consistent &in iwlArA section (+/-5 cm). lime rnudsîont. homogencour nlomîatous. finc gr8incd rare calcite 
veinina. Q 68 rnclers 20 cm's of fiint silicifmtion. 
Thickly ù a k 4  dark bmwn mudstone, bedded on a 1-0.5 maa scalc. local chac nodules and prtiatly pascrved 
bivalve hgmms - wicntatai paraIlel with bdding pianes.. lote calcite vcining cms  cutting bedding. masive 
TCh3 eouivalent 
Samc rock typc, d. Beddcd. nodular, undulous M i n g .  dm to 5 cm scale. 
-cd bivalve (rnonotis?) f i a g m u ~  Iate Fe oxiâe afier pyrite? 

Very finc bed&d (2-5 cm scalc), bcûs dmosî upright providing for casy m w s u m t .  fine graincd Mack to dark 
àown I i m  rnudstone ovcr lirst two mdas grading into interbcds of  very diin shalcy horimns. Altaation appatrs 

limircd to latc alcite f l d i n g  and vcining with rare silicifation. Very Mack, at tirne bituminous pasî 12.0 mcicrs 
beddine nds sliehtlv thicker 10-15 cm 
Med. tledded (2040 cm). scction ends at 34 m. Eithcr upper TCh35. Aram~diay - vnne srmll6agmnts were 
~erservd naif bsse (char) - pood bedina to this d l  sation. 
Vew thin beddcd, Mack bituminws rnudstane, wtll defined cm d e  thin bcdding 
Intcrbodded-, shk and mu*. pcfmtial horinnis weothaed to a bight bmwn, brick nd colour? 
Md. Io fine beddd pcodominunly non claarrous r n u d s t m  wiih thin ôiack birumimus shaly horizons. rare thin 
matafonrial horinnis of mm. scaie bedded pyrite, vay cninnn~ as d l  as thin Iatc white calcite veining 

Black thin kki locallv bituminous. non - silicitied mudsiom with rare MC mutinas. 

Slightly thicker beddod l i m u & o n c  uith i n t d d d e d  thin bcdded M d  bituminous shales. either this is a section 
of the Amtmchay or 1 just uent I)irew a (hick suwssioj of non-calcarexwis mudnoncs in ihe Tdi3 cquimlcnts 

Rythmic thin and thick beds. Thin bcds are gnumally shaleier. Thick bcds are Mack, bituminous and fine grainai 
mon coated bv latc calcarcous partinas. 
Pitch black fiaile. bituminous thin kdded mudstone - section continues to 235m 
acrosi fault contact with Aramachq and Condorsinga. appears IO be a slightjold su 1 have projected the 
section to siart at the lowest most stratigrap~ exposed. appears to be consisteni& ihin IO med. Beatied and in 
th13 section of road as incredibh? well txmsed /or about 400 merers. - smrt at O again. 
Fine to rnd. Bedded (cmdm) Mack biturninous rnudstons and limestones (pan of Aramachay) bascd upm 
grescrnition of thrtt aood ammonite snmda 
8-1 5 m bcdding m i n s  vcry considan. ConQrsinga Mrck mudstollcs and shrles. lose a t m a t e  annponem and 
becorne vav  well beddcd. 
P d y  comolirhted Aramacbay sequena, Mrck organic mudstones (more of a mud) baxnncs m m  choclate bmwn 
with thin beddine of white to vcllow clavs (not calcrucws - volcanic?). 
Thinnly irriAiui Mack non calcaranis mudstoncs and çaniawisoliditcd rnud and siltmme, bding miriins 
cxtmndv cmsistcnt as eariicr 
Units becomc more amiistcn~ thouRh thy m i n  thinnly bc&ù 5-10/15 cm and slightky dcanous. 
Rcmsim as above with three 1 mter sdions of bodded 5-1 5 an intervals 
Thick kdded slighrly calcsnous fuic-med. griincd ( l d l y )  bown mudstom 
Non cal- brown to dulr mu&o(y ( 8 ~ e y  to M d )  calcamus mono(ennrs mudsloclc. mod-hidtly bcddcd 
(50cml.5 ml 
Cortsisîcnî thin kddcd lime m u d s t w  - at 161 -0 mctcrs bccomcs imcrbeddcd thin ud thick bais b w n  I k  
mudaones 



Appendù 3 - XRD Minerai Idtatibcatioa l ! 1 
l 

l 1 M i i  S m  Ideritificaiori 1 
-- 

Sarnple Ct 1 ~ a b  # ] (a - abundant, m - moderate, I - minor, VI - very minor, ? - questionable) 
1 (a,m,i,vl- relative mineral abundance) le* *  - nat applicabte 

! T 1 1 I 

I ! 

I 

CR03-I 1 14463 

CR2-1 B i 14467 jcalcite (a) [dolomite (m) (VI) lamaite (?) 

I I I 

calcite (a) (quartz (VI) Isphalcrite (?) lsna<ite (?) 

CR 1-3 1 14465 Idolomitc (a) 
1 

C m - I A  1 14466 ldolomitc la) 

CR I -2 1 14464 ,dolomite (a) ]calcite (vv?) 1 **a 1 *O* -- 
quaru (1) (calcite (1) Ismatite (?) 

calcite el ml I m i t e  ( ? )  

smxtite (?) 
*** 
sphalcrïlc (m), gypsum (VI). calcitc (?). miatitc (?) - 

1 

MN-IO 1 14468 ]dolomite(a! Iquanz(1) /calcite (VI) 

Iyolanda show i 1483  1-site ta) I~octhi ie (1) (VI) J c ~ c i t e  (vl). snectite (7). mira (?) 

0.1 

FC69- 1 A 1 14469 idolomite (a) 

FC69- 1 B 114470 /dolomite (a) 

FC23A- I 1 14474 

FC 1 4-2 

Milagms Show 

quartz (1) I s m i h i t e  (?) 

smithsonite (m) Isphalcrite (m) 

dolomite (a) 

dolomite (a) 

dolomite ta) 

FC23 A-2 

FCI 4-1 

,14475 

13476 

calcite (?) 1 sm~aite (?) a*. 

14477 /dc i te  (a) [quartz (1) 

Nancy Show 1 14484 

CharitoShow#2 114485 

Raquci A 1 14486 

lsabcl I 1 14490 
t 

Isabel 2 / 14491 

My-23 / 14492 

dolomite (1) 

splralerite (VI) 14478 

Naranjitos Show 1 14479 

*** **a 

dolomite (a) [calcite (?) Içmatitc (?) 1 **O 

dolomite (a) 1 calcite ('?) Isphalmite (VI) 1 *** 
dolomite (a 1 1 calcite 1) (auartz (VI) 1 a*. 

My-l 1.4 1 14493 [dolomite (a) !quartz (VI) 1 smxtite (?)  1 *** 
My-1 1 B / 14494 !dolomite (a) 1 quartz (VI) icalcitc (VI) jsrieaite (?) 

quartz (VI 1. caussite (VI ) sphileritc (1) 

Ynatite (?) 

miecliîe (?) 

Write (1) 
calcite (VI) 

dolomite (a) 1 calcite (VI) 

calcite (a) Idolomite (1) 

dolomite (a) j sphrlerite (a) 

quartr. (1) 
clacitc (vV?) 

My-3 A 1 14495 1 dolomite (a) /calcite (VI) ~auartz f VI) 

galena (1) 

quartz (VI). sneaite (?) 

muctitt! (?) Cannela Show 1 14480 /dolomite(a) lauartz(1) 

calcite (m) 

dolomite (a) 

plagidase (1). mica (VI). pyrite (VI) 

galena (?). Quartz (vV?). nncctite (?) 
Raquel B 

Raque1 C 

*a* 

My-3 B 

My-53A 

caicite (VI) 

sphaleritc (m) 
sphaleritc (VI) 

dolomite (O) 

q m  (a) 

14587 

14488 

-- - 

quem (1) (calcite (vv?) 
calcitc (ml i a** 

FC4- 1 5 1 14527 ldolomite (a) /calcite (VI) 
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sdialeritelvl) Isnectite (?) 

Sonche / 14489 [dolomite (a) 

**O 

me* 

144% 

14497 

qwrtZ (VI) 

q w  (VI) 

sphrlen'te (1) 
- -- 

m.. 

.*a 

**a 

FC443A 114530 

FC4-03B 114531 

sncctitc (?) My-536 

dolomite (a) 

dolomite (a) 

snatite (?) 
+*O 

quartz (VI) 

alci te (mO 

calcite (1) 

FC4-2 I 1 14528 dolomite (a) 

~ ~ 2 1 4 7  1 14533 

calcite (VU?). sncctite (?) 

sphalerite (?) 

quartz (VI) ]sphrl&te (vl) 

FC4- 16 1 14529 

dolomite (a) 

ddomite (a) 

FC2 1-36 

FC29-32 A 

*** 
dolomite (VI) 

calcite (?) 

14498 

dolomite (a) 

FC2 1 -9 114532 lauam la) 

calcite (a) 

dolomite (a) 

calcite (a) 

14534 

14535 

sphalerite (VI) 
**a 

,dolomite (a) calcite (VI) (9 

caicite (m l  

a lc i tc  (vif?) le** 

qual-(I) 
calcite (VI/?) 

ddornk (m) 

- - 

Qlomiti: (VI) 1 **O 

quartz (VI) 

quartz (VI) 

q m  (VI) 

me1 

sm~ai tc  (?) 

smoclite (?) 



l~C29-326 !dolomite (a) / ~ u o r a ~ t i t r  (1) /quartz (VI) 

FC3943A ( 14540 /dolomite(a) 

FC3943B 1 14541 \dolomite (a) 

FCX-O~A / 14542 jdoimitc (a) /o~cite (VI/?) j snrrtitc (?) / *** 

calcite(l) 

calcite trn) 

FC2649B 

FC26-I 1 

ITG-14 1 
TG-24 

NRS-18 1 14563 jquartz (a) / ailçitc (a) / plagioclaçc (1) idolomitc (VI), mica (1) 

l 

14543 /dolomite (a) /quartz (1) 1 pyrite (v!) 18. 
6 

14544 /dolomite (a) (1) 1 pyrite (VI) i **a 
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*** 1 *** 

CJRZ5106/99#2A 1 14550 / dolomite (a) 1 pyrite (1) 
1 

me* 

, 
FC26- I 7A 1 14545 dolomite (a) / *** 

*** 
a** 

calcite (a) 1 q - W  1118 

CJR25/06/99#2B 

CJIU5/06/99#6A 

gypsum(1) !*a* 

m** 

- 
*** 

dolomite (a1 lcalcite (VI) 

CJRZ5/06/99#6B - 
CJRt5/06W15 

gypaum (1) 

PYl-itc (1) 

*** 

smithumile (VI) 

qusirtz (VI). gniwm (?) 

dolomite (m) 

calcite (1) 

1455 1 1 sphalerite (3) 

**a FC26-178 1 14546 

gypsum (1). quartz (VI) 

pyrite (1). tauytc ~ v v ? )  

14552 

14553 

14554 

d o l a i t c  (a) /quartz (1) - / p y r i t e  (VI) 

0.1 
- 

e** 

smcctitc (?) 
*** 
*** 

dolomite (a) 

mm 

smectite (?) 

qu&tz (VI) 

dolomitr: (VI/?) 
*** 

qhalcrite (a) !calcite (m) (dolomite (ml 

Tingo S - A 1 14555 /calcite (a) ]*am 

sphalaite (a) jdo~omite (m l  

Tingo S - B 

Tingo S - C 

TS22 A 

gypsum (ml 

14556 1 dolomite (a) 1 calcite ( 1) 

14557 Idolomitc (a) jcalcite (a) 

14558 1 u lc i tc  (a) hm(l) 
TS22 B 1 14559 !calcite (a) Iauartz~l) 



FC29-320 
- -. - - 

CI -5.78 - . - -  - -  -13.53 16.%17877 
- - - - - - - - - . - - 

FC3943 B CI -3.74 -3.34 -8.89 2 1.745210 1 - -- - - - - - - - - -- - - - - -- - - - - - - - - -- . - - - * -  - - -  . -8.74 
- - 2 1.8998466 

- 

FC69- 1 A C 1 1 38 - - - --- - -- - - - - - - 1 1.3 1 I9.25O4079 - - - - -. - - . - - - - - - - - - - - - - - - - - - & - 
Naranjitos Show 
- - - - -- - - - CI -2.25 - -2.07 -6.43 24.2812487 . 4.26 24,4565034 - -  - -  - - - - - -  - - -  .-- - - 

NRS-18 - - -  - - - CI 
--A --- - - - - 0°6 - 0.26 - - 4.63 24.0750667 -6.59 24.1 163031 . - - -  

Tingo S - A 
- - - - - - - - C 1 -4.6 -4.52 - -9.89 20.7143001 

* - - - - - -  -10.16 - - -  - .  20.4359544 

TS22 A - -  - - --- CI - - -  1 .O3 . - - - -  -6.7 
- - 

24.002903 -- - - 4-84 .- 23.8585756 - - 

TS22 B - - 
CI - . - - - - - - - * 

-0.29 -- - . 4.08 
- -  . -- -7.07 23.6214663 

- - -  -7.09 - 23.600848 1 
Anita Show B D 1 0.67 0.93 - 10.5 1 20.075 1359 -10.17 - 20.4256453 . - - - . . - - - - - .  * - 

CJR25/06/99#2A - - - - -- 
DI 

--- - 
1 17 - -  - - 1.51 . -. . - - 12.49 1 8.033934 1 -- - -  - 

-12.57 -- 17.95 146 13 
- - 

FC26-09B - - DI 0.54 0.63 * - . - - -- . - -1 1.66 -- . - 18.8895894 - - . - 
-1 1.69 18.858662 1 - - 

FC26- I 1 . -- . D 1 1.48 . - -  *- - -  . - -  - 1 1 .O7 19.4978263 

FC26- 1 7B D 1 1.35 . I .41 -1 1.76 18.7864984 
* - - . - - - - -  - - -1 1.75 18.79611075 - . - -  

FC26-24 
- . - 

D 1 1.18 . - l - l5 - -  -12.67 A - . 17.8483703 -12.79 17.72466 1 1 . - - - - 
FC443B DI 1 .O6 1 .O3 - 10.55 20.0338995 - . - . - . - - - . - -  - - -1 1-07 - 19.4978263 

- 

Isabel I . - 
D 1 - .  4.25 -0.18 -1 1.7 18.848353 -- - . - - . -  - 

-1 1.66 
- 

18.8895894 

MN- I O DI 
- - - - - - - . - - - - 4 6 6  . -  - - -0.28 - -8.79 2 1.838301 1 - -  - - . - - - - --- -8.46 22.1 8850 14 

-- 

My-I IA D 1 -1.8 -1.71 -7.66 - 23.0132294 . -7.3 1 -. . - -  - - .  23.3 7404 79 
- 

My-3A - Dl 1.85 1.66 -2.94 27.879 1246 --- - -  - - - - - - - -- - -- - - - - - - -3.39 27.4152151 - - - -  
My-3B D 1 1.39 1.37 -3.58 27.2193422 -3.73 

- - -- - - - - - - - - - - - - - - - -- - - - - - - . - - - - - - -- - - - - . - 27.0647057 
- - - -  

Raqucl B 
-* - 

DI I .42 - .  -11.38 19.1782442 - .  
Raquel C 

- - -  
D 1 - - 

1 .O7 
-- . 1.18 - 1 1.47 19.0854623 -1 1.51 

- - *  
19.0442259 - - 

Tingo S - C -. - - 
Dl 

- - -3. 19 -2.84 - -8.63 - 22.0029376 - - -  - -8.54 22.1060286 
BA-30 

- - -- - 
D2 

- - 0.92 1 .O2 -8.49 22.157574 1 - - - -  - -8.62 22.0235558 - - 

Chariio - Show #2 D2 -1.15 
- - - - - . -  - - - 

-0.93 
- - -9.65 20.961 7185 + -9 69 20.920482 1 

CJ R25/06/99# I 5 -- --- - -  D2 * 
0.54 0.17 - -. -- - - . -10.73 19.8483357 - - 

-10.56 . -.---A - - - 
20.0235904 - - 

CJR25/06/99#2B - - -  D2 0.59 0.24 - - 10.36 20.2297724 - - - - - - -- - - - - - - - - - -. - - - -10.6 19 982351 
- - - -  - 

CJ W5/06/99#6A D7 0.15 0.15 - -9.48 2 1.1369732 -9 27 2 1.3534643 
- - 

CJW5/06/99#66 
- - - - - - D2 - 1.67 -1.7 . -1 1.37 19 1885533 -1 1 87 18.6730983 .- -- -- - 

CR I -2 - - - - *  - D2 - . - 0.744 1 .O2 -10.6 19.982354 -10 86 - -- -* - - - - - -  - --- - - - - - - - . - - - 19.7143 174 -. -- 
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Nancy Show . - . . - - - - . - . 

Raqwl A 
. - - . . . . - - . - -. 

Sonche - - - -. - - - - - . . . . 

I TG24 
- - . - - - - - . 

Tingo S - B 
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