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ABSTRACT

The Lagunas Norte Au deposit in the Alto Chicama district of Peru is a ~14 Moz high
sulfidation epithermal deposit that is hosted by an atypicatfocktsuccession for this deposit
type. Approximately 80% of the ore body is contained in the Lower Craiacgehimu
Formation, which is composed of quartz arenite with interbedded carbonaceous mudstone,
siltstone, and coal seams. The remainder of the ore is hosted by the Miocene volcanic rocks of
the Calipuy Group, forming an irregular and thin veneer on ¢fi@riched sedimentary rocks of
the basement. The host rock succession of the Lagunas Norte deposit has been affected by
widespread hydrothermal alteration. The alteration is cryptic within most of sedimentary rocks as
the quartz arenite was largely inertaiteration by the strongly acidic fluids. Vuggy textures
associated with residual quartz alteration can only be recognized in the overlying Miocene
volcanic rocks. However, the present study shows that mudstone of the Chimu Formation
records acidype alteation due to its originally high clay mineral content. The mineralogy of the
mudstone broadly changes from residual quartz to gqalutite pyrophyllite-kaolinite/dickite to
illite -smectite away from the deposit. Mineralogical changes are paralleledabjevariations
in the wholerock major and trace element composition of the mudstone, allowing the definition
of a set of alteration vectors to ore. Textural evidence suggests that alteration of the host rocks at
Lagunas Norte predated precious metalaralization. Residual quartz formed during the early
acidic alteration is overgrown by later euhedral quartz that is texturally associated with the ore
minerals. Fluid inclusion data suggest that the euhedral quartz and associated ore minerals
formed froma low-temperature, lovsalinity liquid. This liquid infiltrated the previously altered
host rock succession, forming the sulfide ore zones of the epithermal deposit. Subsequent

supergene weathering resulted in deep oxidation of the ore body.
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CHAPTER 1
INTRODUCTION

The Lagunas Norte higsulfidation epithermal gold and silver deposit in the Alto
Chicama region of nortbentral Peru represents the largest greenfields discoveryhydide
gold industryin the past decade. Minera Barrick Misquichilca S.A., a whollyed Peruvian
subsidiary of Barrick Gold Corporation, commenced field exploration in the Alto Chicama
region of the Peruvian Andes in March 2001, previously primarily known for its historic
anthracitic coal production (Manrique, 1986). The first reservematgifor the deposit, located
in rugged terrain at an altitude of 4,200 meters above sea level, was completed in January 2003.
Mine construction at Lagunas Norte, located approximately 140 km east of the coastal city of
Trujillo in the La Libertad departnm¢ (Fig. 1.1), commenced in April 2004 and the first gold
pour was realized in June 2005.
As of the end of 2012 the open pit, hdapgching operation at Lagunas Norte has
recovered 7.7 Moz Aulhe open pit proven and probable reserves are estimated GQM\2O5.
grading 0.96 g/t Au and 3.8 g/t Ag, containing a total of 5.8 Moz Au and 23.5 MoEh&g2012
yearend measured and indicated mineral resources totaled 39.5 Mt averaging 0.58 g/t Au and
1.4 g/t Ag for 0.67 Moz Au and 0.37 Moz Ad4nnual Report of Baick Gold, December 2012).
Although Lagunas Norte shares many deposit characteristics with othesuffiiiglation
epithermal gold and silver depossulsf iwdat idavn @ e:
White and Hedenquist, 1995), the depositrigsual as it is largely hosted within Mesozoic
siliciclastic rocks. It is estimated that 80% of the contained gold is hosted within marine
sedimentary strata of the Chimu Formation which has been affected by late-Eadgne
Oligocene thirskinned fold ad thrust deformation. Only 20% of the gold is located within
Miocene volcanic rocks of the Calipuy Group that unconformably overlay the deformed
Mesozoic siliciclastic rocks of the basement (Montgom2@&12). The sedimentary strata
hosting the bulk of theontained metal are primarily composed of quartz arenite with
intercalated carbonaceous mudstone and anthracitic coal. Due to the unusual nature of the host
rocks, the alteration footprint associated with the precious metal ore zones at Lagunas Norte
deviates from most higisulfidation epithermal deposits as these are typically hosted by volcanic
rocks (Hedenquist et al., 2000; Sillitoe and Hedenquist, 2003; Simmons et al., 2005). One of the
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Figure 1.1: Location map of the Lagunas Ndnigh-sulfidation epithermal deposit in the Alto
Chicama region of the La Libertad department, noghtral Peru. Also shown are the locations
of the Yanacocha and Pierina deposits for reference.

most notable differences is the absence of intense,evzigbidual quartz alteration within the ore
zones hosted by the Chimu Formation quartz arenites. The occurreneeatiedo/uggy quartz
represents one of the most important textural criteria for proximity to ore irshifidation
epithermal depositsosted by volcanic rocks (Hedenquist et al., 1994; Arribas et al., 1995;
Simmons et al., 2005). Advancedgillic, argillic, and propylitic alteration zones that are well
developed around many volcastiosted higksulfidation epithermal deposits are not esige at
Lagunas Norte; the siliciclastic rocks of the Chimu Formation generally appear macroscopically
unaltered only a few meters from the ore zones (Lewis, 2002; Montgomery, 2012; Cerpa et al.,

2013). The limited reactivity of the siliciclastic rockssktiag the deposit resulted in significant



exploration challenges, contributing to the late discovery of the deposit (Araneda et al. 2003)
despite being exposed at surface.

It is the primary goal of this thesis to constrain the nature of hydrothermatiattera
associated with higBulfidation epithermal gold mineralization within the siliciclastic rocks of
the Chimu Formatioat Lagunas NorteEmphasis is placed on the study of the variably
carbonaceous mudstone as this rock type must have contained snsusptible to
hydrothermal alteration (i.e., clay minerals) whereas the quartz arenite of the Chimu Formation
was clearly chemically inert to hydrothermal alteration in the-sighdation epithermal
environment. The research will permit the delineatdb mineralogical and geochemical
alteration indicators that can be used to classify alteration styles and intensities within the
carbonaceous mudstone, allowing their use as measures of proximity to ore at Lagunas Norte and
other highsulfidation epithemal deposits hosted Isymilar siliciclastic host rock successions.

The present study addresses five specific questions:

1 Have mudstone beds within the Chimu Formation hosting the Lagunas Norte deposit
been affected by hydrothermal alteration during dégosnation? If so, which textural,
mineralogical, and geochemical criteria can be used to distinguish different alteration
styles and intensities in these figeined rocks?

1 At what scales can alteration zoning be observed within tie¢se/elyimpermeble
host rocks? Are there systematic patterns in alteration style and intensity with respect to
mineralization allowing the definition of vectors of proximity to ore?

1 Isit possible to delineate a unique set of textural, mineralogical, and geochemiced vec
to ore for the various types of mudstone present in the Chimu Formation or are primary
variations in composition more pronounced than alteratidnced changes? Is the
hydrothermal alteration signature of the mudstone affected by secondary weathdring
oxidation? Is it necessary to develop separate alteration vectors for samples affected by
supergene processes?

1 Is the carbonaceous mudstone at Lagunas Norte mineralized? What is the temporal
relationship between hydrothermal alteration emderalization? Are carbonaceous

mudstone samples affected by a certain style of alteration always mineralized?



1 Can the findings of a detailed alteration study be translated into a set of readily applicable
guidelines that can be used to determine proyitoibre in variably carbonaceous

mudgone in an exploration setting?

To address these questions, the following four primary sources of information were

utilized:

1 Field investigations (Chapters 3 and 4). Detailed bench mapping and diamond drill core
logging was conducted to constrain the sedimentological character of the Chimu
Formation and to test whether differences in alteration style and intensity could be
identified at the hand specimen scale. Representative sampling was conducted along an
eastnortheast crossection through the center of the ore deposit as well as along-a long
section that continues ~3 km to the nemtirthwest outside the mine area. In addition,
sampling at close intervals was undertaken across individual mudstone beds and adjacent
guartz arenite intervals to test for lithological controls on hydrothermal alteration.

1 Petrographic investigations (Chapters 4 and 5). Detailed petrographic investigations were
used to determine the textural and mineralogical characteristics of valigipbda
mudstone of the Chimu Formation and their ledigred equivalents. Optical microscopy
on thin sections was complemented by SEM analyses to better define the textural and
mineral replacement relationships at small scales.

1 Qualitative and quantitate mineralogical investigations (Chapter 5). Systematic XRD
investigations have been performed to constrain the mineralogy of the mudstone samples
collected from the Chimu Formation. Where possible, mineral abundances were
guantified through use of the Rield method. Based on these analytical investigations,
different alteration styles were distinguished. Special emphasis is placed on the
distinction of clay minerals present in the variably altered mudstone samples.

1 Wholerock geochemical analyses (Cha@® The major and trace element abundances
of the variably altered mudstone samples were determined. It was tested to what extent
the lithogeochemistry of the samples reflects primary heterogeneity of the siliciclastic

rocks or alteratiofinduced chemidachanges. Correlation of the lithogeochemistry with



the results of the mineralogical investigations was performed to derive geochemical
vectors of proximity to ore.

1 Paragenetic relationships between alteration and mineralization (Chapter 7). The textural
relationships between alteration minerals and ore minerals have been determined through
a combination of optical microscopy, CL microscopy, and SEM investigations. The
nature of the hydrothermal fluids causing atyide alteration is reconstructed. Fluid
inclusion investigations on secondary quartz yielded important constraints on the nature

of the mineralizing fluids and the temperature of mineralization.

Based on this information, the thesis shows that the hydrothermal alteration signature of
the variaby carbonaceous mudstones of the Chimu Formation can be used to guide exploration
at Lagunas Norte and potentially other haglifidation epithermal deposits hosteddiyilar
siliciclastic host rocksThe research shows that only the most intense sty@keshtion can be
detected in the field without analytical aids; this style of alteration is only developed within the
ore zonesOutside of the deposit hydrothermal alteration is cryptic. Howeviergiyptic
alteration halo is significantly larger thére deposiaind displays mineralogical and
geochemical zoning pattern that can be used to wafigations in the degres interaction of the
mudstone with hydrothermal fluids, and thus potelytiabint to zones ofjold enrichment.

Zoning of the crypti alteration halo can be identified using the analytical techniques established
by the present research.

The study at Lagunas Norte further shows that the widespread cryptic hydrothermal
alteration and mineralization were caused by two distinct types of hydrothermal fluids. Residual
silica alteration and secondary silicification occurred as two distinctsstddgke evolution of the
hydrothermal system, the latter being associated with the mineralizing event. The fluid inclusion
investigations of the present study demonstrategibldtmineralization was caused by a low
salinity liquid atrelativelylow tempeatures, consistent with the classical heghfidation
epithermal deposit model, but contrasto recent findings that challenge this model (cf.

Mavrogenes et al., 2010; Henley and Berger, 26iEhley et al., 2012; Tanner et al., 2013).



CHAPTER 2
REGIONAL GEOLOGY

2.1 Introduction

The Lagunas Norte higsulfidation epithermal deposit is localized along a regional
unconformity between deformed Mesozoic sedimentary basement rocks and overlying Cenozoic
volcanic rocks in the Cordillera Occidentalrairthern Peru. The present chapter describes the
regional setting of Lagunas Norte and the chronological history of major events that formed the
Cordillera Occidental in northern Peru. The chapter reviews stratigraphic relationships, the
sequence of deforation events, and the timing of volcanism. The tectonic framework of the
evolution of the Cordillera Occidental is briefly discussed.

2.2  Late JurassicCretaceous MarianaType Subduction Regime

The breakup of Pangea and opening of the South Atlamtieted during the Late
Triassic, resulted in the development of a new geodynamic framework for South America and
the onset of subduction along the western continental margin, which includes the west coast of
Peru. Between the Late Triassic and the IGretaceous, the Andean region underwent a major
phase of extension and crustal attenuation in response to the development of a-tyiaeiana
subduction regime (cf. Uyeda and Kanamori, 1979) west of the Bpai#na craton
(BenavidesCaceres, 1999).

Late Juassic baclarc extension along the west coast of northern Peru resulted in the
formation of marine basins and intervening arches. Most notable was the development of the
Marafion archwhich divided the Western and Eastern basins. The location of thisvasthore
or lesscoincident with the present day locatiorntleé Cordillera OrientalThe Western basin, or
West Peruvian Trough (Cobbing et al., 1981), served as a depositional center for the siliciclastic
rocks forming the eastern half of the modern @leré Occidental, which hosts the Lagunas

Norte highsulfidation epithermal deposit.



2.2.1 Jurassic Siliciclastic Rocks

The oldest rocks deposited in the Western basin are the Tithonian marine mudstones of
the Chicama Group (Fig. 2.1), below which carate rocks of the Triassic Pucard Group and
older Paleozoic rocks equivalent to those observed in the Cordillera Oriental further to the east
may exist. The Chicama Group is an approximately 1500 m thick marine sequence of gray to
black pyritic mudstone ith subordinate intercalations of siltstone and sandstone (Cobbing et al.,
1981). Volcanic deposits are contained within the siliciclastic strata in some areas near the
northern and southern extents. They are chemically related to the ongemggmatism
(Cobbing et al., 1981).

2.2.2 Cretaceous Siliciclastic Rocks

During the earliest Berriasian, deposition in the Western basin was terminated in
response to the emergence of practically the entire territory of Peru. This uplift resulted in
development othe preCretaceous unconformity that represents the base of younger Berriasian
to Albian strata (BenavideSaceres, 1999).

During the Valanginian, the eastesaurced quartz arenite of the Chimu Formation,
which forms part of the Goyllarisquizga Group, wigposited onto the pi@retaceous
unconformity above the Chicama Group in the Western basin of northern Peru. The Chimu
Formation consists of thick, crebgdded deltaic quartz arenite beds with frequent interlayers of
black mudstone and anthracitic ceabms (Cobbing et al., 1981). In the two main depositional
centers, representing the north and south of the Western basin, the Chimu Formation can reach a
stratigraphic thickness of approximately 700Imercalations of tharcrelatedPuente de Piedra
basalt and basaltiandesite occur within the distal western sections of the Chimu formation
(Cobbing et al., 1981; Benavid&€aceres, 1999).

In northern Peru, the Chimu Formation was conformably awedymudstone anthin
carbonate units of the Valangam Santa Formation of the Goyllarisquizga Group. The
distribution of the Santa Formation is nearly identical to the Chimu Formation and largely
restricted to the eastern side of the Western b&ikese mudstone and carbonate rocks are

believed to have beadeposited in a shallowater, neasshore environment, with brackish water
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conditions dominating in some areas in the north (Cobbing et al., 1981). The top of the Santa
Formation is marked by a disconformity that is interpreted to represent a minor compressive
event (Benavide€aceres, 1999).

In the Hauterivian, formation of a major rift trough was initiated along the western
margin of the Western basin. Thissalled HuarmeyCafiete trough is located essentially along
the present coastal region of northern Peru, along the axis of the Coastal Béfiglil).
After the Middle Albian, faults associated with this h&lped controthe emplacement of
magmas of the Albian to Paleocene Coastal Batholith (Bena@desres, 1999). Along the
HuarmeyCafiete trough, deposition of the deltaic Chimu Fomonaéind shallowvater Santa
Formation was followed by deposition of the Carhuaz and Farrat Formations, which represent
the uppermost two formations of the Goyllarisquizga Group. The Carhuaz Formation consists of
interbedded mudstone, siltstone, quaith sandstone, and thin intercalations of limestone and
anhydrite. The Farrat formation is very similar to the clean quartz arenite of the Chimu
Formation. The rocks of the Carhuaz and Farrat Formations are interpreted to have deposited in a

deltaic setting vith clastic material being derived mostly from the east (Cobbing et al., 1981).

2.2.3 Cretaceous Volcanic Rocks of the Casma Group

From the Aptian to the Middle Albian, the submarine basalts and basaltic andesites of the
Lower Casma Group formed within the axial part of the Huar@aiyete trough. This volcanic
pile has a stratigraphic thickness of more than 6,000 m in northern Rercthdébnical variations
suggest that the Lower Casma Group was initially formed from aatiadtine source that was
replaced by a more tholeiitic source during contineetgnsionA compressional event in the
late-Middle Albian, referred to as the Mochioeogeny in northern Pertesulted in the folding
of the volcanic rocks of the Lower Casma Group. Following emergence and erosion produced by
the Mochica orogeny, a new sedimentary cycle commenceddimeided withextension,
subsidenceanddeposition of the Upper Casma Group. These rocks formed the dominant host
rocks ofthe Coastal Batholith (Benavid€aceres, 1999).



2.2.4 Cretaceous to Tertiary Coastal Batholith

The Coastal Batholith isB00 kmlongcontinentalscale feature that &rikingly linear
(Fig. 2.1). Ages for the various granitoid intrusions that make up the Coastal Batholith range
from 10055 Ma, beginning with the end of the Mochica orogeny in northern Peru and
continuing to shortly after the onset of the Incaic orogpulses (Cobbing et al., 1981;
BenavidesCaceres, 1999). Periods of magmatic quiescence appear to have coincided with the
various compressional or orogenic episodes. Volcanic rocks associated with these intrusions tend

to be heavily eroded and remnantsyosist around the Coastal Batholith in westernmost Peru.

2.3  Late Cretaceous to Modern AndearType Subduction Regime

Following the long period of bae&rc extension, a different tectonic regime was initiated
in the Early Senonian, resulting in the constion of the present Andean Cordillera. At the time,
the Marianatype subduction system with its baakc basin was replaced by the modern Andean
type subduction regime, which is typified by the recurrence of compressive episodes, extensive
plutonic andsubaerial volcanic activity, crustal thickening, and major uplift (Benav@ieeres,
1999).

Several major compressional events resulted from the change in subdyoti@nd are
broadlygroupednto three major orogenies, the Peruvian, Incaic, and Qaeabnogenies,
which record the advancement of the orogeny in an eastern direction (Mégard, 1984; Benavides
Céceres, 1999). The Peruvian orogeny occurred during the Campanian{6avia} and
created the Peruvian fold and thrust belt which dominantlgtaifierocks west of the Coastal
Batholith. The Incaic fold and thrust belt records four orogenic pulses that resulted in
deformation mostly between the Coastal Batholith and the Marafion arch (Fig. 2.1). The
Quechuan orogeny also consists of four pulsesjrmmly affecting the rocks of the Sub
Andean fold and thrust belt between the Marafion arch and the-Braiaiha craton (Benavides
Céceres, 1999).
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2.3.1 Tertiary Incaic Thrust and Fold Belt

The Mesozoic basement rocks deposited in the Westernaseraffected by
deformation and crustal shortening during the Early Tertiary Incaic orogjéeyincaic fold and
thrust beltis also knowras the Marafion thrust and fold b@itégard 1984) The Incaic | pulse
occurred about 585 Ma and resulted in theatoofing the Coastal Batholith and the creation of
large thrusts and tight, upright folds that are reflected at a reggoakd by the distribution of the
Chimu Formatior(Fig. 2.1). Between the Incaic | and Il pulses (Fig. 2.2), a significant basaltic
ardesitic volcanic sequence known as the Ll@adipuy volcanic sequence was deposited along
the Cordillera Occidental, and may be related to a string of similarly aged plutons along the
eastern rargin of the Coastal Batholitithe Incaic Il puls€43-42 Mg Noble et al., 1990)
resulted irfurther shortening as well as deformation of the Ll&@adipuy volcanic sequence.
Subsequent volcanismreferred to as the Tacaza volcanic sequgmessisted until 17 Ma
through both the Incaic Ill and Incaic IV orogenigdges.

The deformatiomesulting from the loaic orogenyithin the Mesozoic basement strata
producedarge upright or eastergent foldghat areseen clearly in the Chimu Formation. The
significantly weaker Chicama Group contains disharmonic foldpkasticflow deformation
and hosts the major decollement boundary (Mégard, 1984; Ben&ddeses, 1999).

2.3.2 Tertiary Volcanic Rocks of the Calipuy Group

The deformed Mesozoic basement rocks in the Alto Chicama district are unconformably
overlain byvolcanic rocks of the Calipuy Group (Fig. 2.1). $heolcanic deposits formed in
association with at least 13 volcanic centers that range fra@nédo Miocene in age (Cossio,
1964; Reyes, 1980; Cobbing et al., 1981; Rivera et al., 2005, 2006; Navalt2608).
BenavidesCéaceres (1999) proposed that the volcanic rocks in the Cordillera Occidental of
northern Peru belong to three major volcanic sequences (Fig. 2.2), referred to as the Llama
Calipuy volcanic sequence (88 Ma), the Lower and Upper Taxa volcanic sequences {42
Ma), and the Sillapaca volcanic sequence&1da). All of the volcanic sequences are separated

by compressional orogenic events. Volcanic activity throughout northern Peru generally
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migrated from west to east over this period of time (Benav@eeres, 1999; Navarro et al.,
2008).

2.4  Geology of the Alto Chicama District

The Alto Chicama district refers to an area in northern Peru centered on the Lagunas
Norte mine, near the northeastexgeof outcroppingcentral Calipuy Group volcanic rocks
(Fig. 2.1).The district has been divided into two domains, separated by amttiwest spine
of Mesozoic sedimentary rocks, referred to as the eastern Lagunas Norte domain and the western
Quiruvilca domain (Figs. 2.3 and 2.8Recently completed regional mapping and extensive age
dating of the volcanic cover and hydrothermal systdy Montgomery (2012) has enhanteel
understanding of the lithostratigraphic framework and volcanic history of the Alto Chicama
district, building on research done by previous workers (Cossio, 1964; Reyes, 1980; Gaboury,
2002; Lewis, 2003; Rehrig, 20p4°Ar/**Ar geochronology suggests that volcanic rocks in the
Alto Chicama district range in age from the 26.59 + 0.29 Ma La Arenaduahnic intrusive
suite to the 12.38 + 0.09 Ma volcanic deposits of the Cerro Quiruvilca volcanic center (Rivera et
al., 2005; Montgomery, 2012). Theages suggest that most of the volcanic rocks in the district
belong to the Upper Tacaza volcanic sequence, with only few volcanic deposits having formed
during the latest Lower Tacaza volcanic sequence or the earliest Sillapaca volcanic sequence
(Fig. 2.9. This suggests thalhe volcanic rocks in the Alto Chicama distriatre erupted during
the span ofwo orogenic events, namely the Incaic IV pulse, which occurred between the Lower
and Upper Tacaza volcanic sequences, and the Quechua | pulse, whiglatedetween the
Upper Tacaza volcanic sequence and the Sillapaca volcanenseqg{Benavide€aceres,
1999).

Mesozoic basement rocks are exposed at the northern and eastern extents of the Lagunas
Norte domain. They form large, tight folds, definithg Incaic thrust and fold belt (Fig. 2.4). The
sedimentary rocks range in age from the Tithonian to the Middle Albian and are, from oldest to
youngest, the Chicama Group, the Goyllarisquizga Group (including the Chimu, Santa, Carhuaz,
and Farrat Formati@), and in the northeast corner the Inca, Chulec, and Pariatambo Formations
(Fig. 2.3). The Lagunas Norte domain is dominated by the units of the Sauco volcanic complex,

which was active at least from 2116.4 Ma as a domiow complex or volcano complex
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(Montgomery, 2012). The Sauco volcanic complex was preceded by the Los Goitos volcanic
complex to the north, which was active at ca. 25 Ma, and the23616Ma La Arena intrusive

suitein the late Oligocene (Gauthier et al., 1999; Montgomery, 2012). Early in the development
of the Sauco volcanic complex, numerous unmineralized andesitic porphyry domes were
emplaced north of Lagunas Norte, including the Early Miocene Cerro Negro aiad Cerr
Yanahuanca domes. The eruptive center for subsequentl 1.8.81a, explosive, andesitic to
dacitic volcanic and volcaniclastic units |ie
in Fig. 2.3). The Lagunas Norte and Milagros Formations comgresanits which host Lagunas
Norte, Milagros, and Alto La Bander®Ar/*°Ar age dates from biotite and hornblende for these
formations show that these units represent the waning stages of volcanism in the Sauco volcanic
complex, emplacing dominantly dacidomes and explosive volcaniclastic facies on the

southern and western margins. The age of emplacement, cd.614.8la, is contemporaneous

with the highsulfidation style hydrothermal activity and includes the Shulcahuanga dome, Cerro
Tres Amigos, Cen Alto de la Flor, Cerro Ichal, and the Cerro Lagunas Sur dome.

Volcanic strata in the Quiruvilca domain mostly belong to the Mina Quiruvilca and Tres
Cruces volcanic complexes; however the source of the thick andesitic to dacitic volcaniclastic
strata isunknown. Hypabyssal coarsely porphyritic, subvolcanic, andesitic stocks are associated
with the Quiruvilca and Tres Cruces deposits and may represent the remnants eécigaly
stratovolcanoes which could serve as a local source for the volcanickagtense (Bartos,

1987; Rivera et al., 2005; Montgomery, 2012). These volcanic units range in age from > 25 Ma
for much of the volcaniclastic strata to ca. 18.7 Ma for an andesitiedtome complex ~1.5 km

east of Tres Cruces (Montgomery, 2012). The LascBsas volcanic complex represents late

stage voluminous magmatism resulting in mostly dacitic domes and pyroclastic horizons
constrained to ca. 1616.2 Ma. Other volcanic strata in the northwest of the Quiruvilca domain
are included due to similar agates or chemical signatures (Montgomery, 2012). The Cerro
Quiruvilca volcanic center is located on the western margin of the Quiruvilca deposit and
represents the last magmatic event in the Alto Chicama district. The Cerro Quiruvilca dome near
the centegave a Middle Miocen&Ar/*°Ar biotite plateau age of 12.38 + 0.09 Ma

(Montgomery, 2012).
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2.5 Regional Metallogeny

Peru is well endowed with various mineral commodjtiesluding significant resources
of Au, Ag, Cu, Mo, Zn, Pb, and others. Major higilfidation type epithermal A(Ag) deposits
in northern Peru include the Pierina deposit and the giant Yanacocha deposit cluster (Fig. 2.1). In
the Alto Chicama district,everal small higfsulfidation type epithermal occurrences are known
aside from Lagunas Norte, as well as examples eAG{Mo) porphyry, lowsulfidation
epithermal, and Cordilleratype polymetallic lode deposits.

Pierina is located ~180 km to the sostlutheast of Lagunas Norte in the Cordillera
Negra, adjacent to the Cordillera Blanca, 11 km northwest of Huaraz, Peru. It is an ~8 Moz Au
(Ag) deposit hosted within rocks of the Calipuy Group, more recently reclassified (Strusievicz et
al., 2000) to the Emene Chururo Group of pyroclastic breccias and tuffs and the Oligocene
Miocene Huaraz Group composed of crystal tuffs and andesite flows (Rainbow et al., 2005;
Rainbow,2009). Basement rocks below the thick Tertiary volcanic sequence consist of the
Cretaceus Santa and Carhuaz Formations. Pierina is dominantly hosted within the more
favorable volcaniclastic tuffs and breccthat aretypically of dacitic compositior*°Ar/**Ar
dating of alunite gave ages from 14.20 + 0.25 to 14.66 = 0.13 Ma, indicatirgytirathermal
activity occurred at the terminal stage of the Huaraz Group volcanism (Rainboyn2604a).
Acid-type alteration produced a zonation from a core of residual silica outward to-glusite
followed by distal argillic zones. The vuggylica alteration zone hosts most of the ore at
Pierina.

Yanacocha represents a cluster of ksglfidation type epithermal deposits with a total
endowment of ~55 Moz of gold (Longo et al., 2010). It is located ~100 km north of Lagunas
Norte in the Cajamarcadpartment, 15 km northeast of Cajamarca City. The Yanacocha
volcanic field is a member of the Calipuy Group and consists of Early to Middle Miocene
andesitic to dacitic volcanic rocks composed of lavas, domes, ignimbrites, and minor
subvolcanic intrusionglikes, and breccias. These volcanic rocks unconformably overly the
sedimentary rocks of the Cenozoic basement comprised of limestone and marl of the Pulluicana
Quillquifian Group and Cajamarca Formation as well as guaitzsandstone and mudstone of
the Goyllarisquizga Group, which serve as the dominant ore host in Lagunas‘Rtemt&Ar

dating of hydrothermal alunite from multiple alteration centers in the Yanacocha deposit cluster
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shows that hydrothermal activity persisted from 18.%Ma, generallprogressing across the

district toward the northeast with time (Teal and Benavides, 2010). Large zones of residual
silica, the primary ore host, form thick (:@00 m) tabular bodies that roughly dip with

stratigraphy and subertical crosscutting structually controlled zones. Often the structurally
controlled residual quartz zones are higher grade (>2 g/t Au) than the larger tabular zores (~0.2
1 g/t Au; Longo et al., 2010).

Lagunas Norte is the largest gold depasihe Alto Chicama districf’Ar/*°Ar dating of
hydrothermal alunite at Lagunas Norte provides an age range of hydrothermal activity between
17.4 and 16.5 Ma (Montgomery, 2012). Othkaraller highsulfidation type gold mines and
occurrencesre als@resenin the districtas well as severather deposit types (Fig. 2.3).

Lagunas Sur, La Virgen, Genusa, Los Goitos, La Capilla, Santa Rosa, El Toro, and part of La
Arena all represent examples of higihlfidation type epithermal A(Ag) ores and, with the

exception of La Capilla, are all hostatlleast in part by quartz arenite of the Chimu Formation

or andesitic to dacitic porphyritic intrusions or domes (Montgomery, 2012). Of these deposits, La
Arena, La Virgen, and Santa Rosa are mines, the rest are prospects. La Arena has both an oxide
resaurce of epithermastyle Au(Ag) ores, hosted in brecciated Chimu Formation, and a sulfide
resource of porphyrgtyle C4Au-(Mo) ores, hosted in dacitidioritic porphyries and breccias.

The measured and indicated resource for the epithermal depositisMidffading0.46 g/t Au

for 1.48 Moz Au and the indicated resource for the porphyry deposit is 3120M8% Cu

and 0.24 g/t Au for 2.42 Moz Au and 0.91 Mt.Quferred resourcesomprisean additional 2.2

Moz Au and 0.95 Mt Cu (La Arena Technicalpg®et, September 2011).

Near Lagunas Norte, the Milagros prospect may represent the upper portion -of a sub
economic porphyry Géu-(Mo) body at depth (Fig. 2.4; Garcia, 2008 “°Ar/**Ar age
collected from sericite puts the formation of the milagros moisat ca. 17 Ma (Montgomery,
2012).The lowsulfidation type epithermdires Cruceslepositis unusually Adrich, comprising
ameasured and indicated resources of 6@idtingl.23 g/t for 2.6 Moz Au (Tres Cruces
Technical Report, September 201Pypically Peruvian lowsulfidation vein systems are
dominated by silver (Montgomery, 2012). Abundant queabonate veining, intermediate
argillic alteration mineral associations, and sulfide associations dominated by pyrite with lesser

marcasite, arsengpte, and pyrrhotite characterize this deposit, along with chalcedonic and
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opaline replacement zones, whentedominantly hosted by andesitic volcaniclastic breccias and
tuffaceous deposits.

Finally, the Quiruvil c atypdoe phagye metal lode geposis ent s
hosted in quartzarbonateyrite veinsthat areup to 2.5 m thick (Bartos, 1987fAr/*°Ar dating
of hydrothermal sericite and illite provide an agenifieralizationbetween 15.2 and 15.4 Ma
andshows thatthe formation ofQuiruvilca postdated the formation of Lagunas Norte
(Montgomery, 2012)Regular zoning is observed in both the metal distribution and the alteration
halos aroundheveins. The polymetallic veins are zoned from a core of engugriee (Cu
zone) outwardd sphaleritepyritexfahlerz (transition zongollowed by intermediaté-e
sphaleritegalenapyritetfahlerzarsenopyrite (P&Zn zone) and a zone of stibréesenopyrite
(As-Sb zone) furthest from the center (Bartos, 1987; Montgomery, 2012). Alteratimg zon
relates both to distance from the vein and the type of vein it is near, such that the central Cu zone
veins are zoned from kaolinigpuartz outward through intermediaggillic to distal propylitic
alteration associations. Pm and AsSb zone veinsra zoned much the same, except that the
proximal alteration is represented by phyllic mineral associations grading outveardmne of
intermediateargillic alterationfollowed bya propylitic alteration zonéBartos, 1987,
Montgomery, 2012). The LasPdre sas pr ospect i s an dxgmeml Agof
base metal deposit.

When observing the locations of different deposit types (Fig. 2.3), it is noted that all the
60 Cor dit lylp edesafngtal and lowulfidation type epithermal Au deposéege wholly
contained within the Quiruvilca domain, while all of the haglifidation type epithermal Au and
porphyry CuAu-(Mo) deposits occur in the Lagunas Norte domain (Montgomery, 20hR).
indicates a fundamental difference in the type of magrmgtitothermal activity that took place
in each domain, and may be related to differences in the chemistry, fluid characteristics, and
emplacement depth of intrusions responsible for both the magmatism and mineralization
observed. Furthermore, the ages @&f Quiruvilca domain volcanic units and deposits are
generallyyoungerthan those measured in the Lagunas Norte dgreagygesting the stylef

mineralizationmay have changed with time as magmatism migratefifferent locations
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CHAPTER 3
DEPOSIT GEOLGY

3.1 Introduction

The Lagunas Norte higsulfidation epithermal A{Ag) deposit is hosted by tightly
folded Mesozoic siliciclastic rocks of the Chimu Formation that are unconformably overlain by
Miocene volcanic rocks of the Lagunas Norte FormagMantgomery, 2012), which belong to
the Calipuy Group (Fig. 3.1). The ore zone crosscuts the unconformity although most of the ore
is hosted by the Chimu Formation. No significantly mineralized rocks are found within the
Mesozoic Chicama Group and the Sa@trhuaz Formation, which form part of the basement in
the Lagunas Norte area. The basement strata have been weakly metamaptesexhgly
deformeddue to the Incaic orogeny, while the overlying volcanic rocks of the Calipuy Group
have not been affemtl by regional metamorphism and show little deformation in the Alto
Chicama district.

The present chapter summarizes the geology of the Lagunas NorsuHighation
epithermal deposit. Where available, the results of age dating of the host rocks mréngive
addition, the spatial distribution of the ore zones and the accompanying alteration halo are

described.

3.2  Chicama Group

The stratigraphically lowest rocks exposed near Lagunas Norte belong to the Tithonian
Chicama Group. These rocks are estimated to have a stratigraphic thickness of ca. 1500 m
(Cobbing et al., 1981). The Chicama Group dominantly consists of gray to bthokaeeous
mudstone that has been deposited in a marine environment. The mudstone contains abundant
diagenetic pyrite and small pyrite veinlets. Thin laminations of gray siltstone and occasional beds
of sandstone are present within the carbonaceous medsiear the contact with the overlying
Chimu Formation, quartz arenite beds become more frequent, indicating a gradual change into a

shallower depositional environment (Lewis, 2003; Cerpa et al., 2013).
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Surface exposure is limited to the anticlinal core of a large manttihwest trending fold
on the western flank of the depositeating a large recessive valley. Much of the strain from the
thin-skinned deformation associated with the Incaic orogeny was accommodated by the rocks of
the Chicama Group, resulting in strong disharmonic folding and-gkastic flow of the

mudstone iroutcrop (Fig. 3.2A).

3.3 Chimu Formation

The Chimu Formation, which represents the lowest portion of the Goyllarisquizga Group,
creates prominent, steepdypping northnorthwest trending ridgeQuartz arenitéeds are
resistant whilenterbeds of mudene, siltstone, and coaterecessive weathering when not
covered by younger volcanic rocks (Fig. 3.2B). The total stratigraphic thickness of the Chimu
Formation in the Lagunas Norte area is estimated to b&d@B0n (Benavide€aceres, 1956;
Cobbing etal., 1981).

The Chimu Formation consists of thick, crogsd planaibedded deltaic quartz arenite
packages with individual beds ranging in size

Most of the thick quartz arenite beds are {fijmained. Howevethinner mediumand coarse

Figure 3.2: Outcrop images of basement sedimentary rocks at LagunagAoRead cut of
Chicama Group showing deformed beddingnimdstone withntercalatedayers of siltstone and
guartz areniteCerro Shulcahuangamde seen in the backgrour@utcroplocation:803154 E
9121277 N(B) View from rnorth of the Lagunas Norte minewardsCerro Shulcahuanga
located in the souttThe hill side shows weltleveloped planar layering of quartz arenite of the
Chimu FormationCarbonaceous mudstone and coal beds weathecessively and are covered
in grass.
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grained beds are commonly observed lower in the stratigraphy. The quartz arenite is mature with
guartz grains being wetbunded. Regional metamorphisaused theecrystdlization of the
quartz arenite and cementation of the detrital quartz grains by interstitial quartz, resulting in the
highly weatheringesistant quartz arenite now observed. Interbeds offreened pelitic
material are more variable and range frortstihe, to noncarbonaceous mudstone,
carbonaceous mudstone, and anthracitic coal. In several cases, a continuum of increasing carbon
content from noncarbonaceous to anthracitic coal can be observed in individual interbeds of
pelitic material. Lateral facgechanges occur within the recessive mudssilitstonecoal beds,
making them laterally discontinuooser lengths of greater thaseveral hundreds of meters
(Lewis, 2003). The sedimentological characteristics of the Chimu Formation are described in
moredetail in Chapter 4.

The contact between the Chimu Formation and the overlying-8amtaiaz Formation is
typically sharp and marked by a sudden change from quartz arenite to thinly bedded mudstone
(Lewis, 2003). Near the contact, wavy interbeds of githstone and black mudstone are

commonly observed as well as thinly laminated carbonaceous mudstone intervals.

3.4 Santa-Carhuaz Formation

The youngest basement strata exposed in the Lagunas Norte area are rocks of-tDarBaata
Formation. Regiona}l the Santa Formation is distinguished from the overlying Carhuaz
Formation where carbonate strata are more prevalent. However, in the deposit area, the two
formations cannot be easily distinguished and are therefore considered together. The Santa
Carhuaz~ormation is composed of interbedded mudstone, siltstone, sandstone, and thin
intercalations of limestone and anhydrite. The S&#ehuaz Formation is estimated to have a
total stratigraphic thickness of up to 1500 m (Cobbing et al., 1981), althouglg hias an

apparent thickness of ca. 1000 m in the vicinity of the deposit.

3.5  Volcanic Rocks of the Calipuy Group

The Mesozoic sedimentary basement rocks are unconformably overlain by volcanic

deposits of the Tertiary Calipuy Group (Fig. 3.3). Thecanlc cover of the Mesozoic basement
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Figure 3.3: Stratigraphic column of the Lagunas Norte area (modified from Cerpa et al., 2013).
Note the lack of mudstone fragments in the Josefa diatreme. The Josefa and Quesquenda units
preserve fossils such bgys and other plant material are indicated in the diagram.

is irregularly distributed due to erosion and considerable gafsmgraphic relief of the
siliciclastic rocks of the Chimu Formation at the time of deposition. The volcanic pile is several
hunded meters thick at the southern end of the Lagunas Norte deposit and thins to the north,
leaving large areas of the underlying sedimentary rock partially or wholly exposed at the surface
before mining commenced.

The volcanic rocks at Lagunas Norte beltmghe Sauco volcanic complex which was
active from 26.6 to 16.4 Ma (Montgomery, 2012; Cerpa et al., 2013). Volcanic rocks occurring
in the immediate deposit area, termed the Lagunas Norte Formation by Montgomery (2012),
consist of diatremeelated breccemand subsequent andesitic to dacitic flows and domes which
were deposited during the waning stages of volcanism at the western margin of the Sauco

volcanic complex (Figs. 2.3 and 3.1). Cerpa et al. (2013) divided the volcanic rocks at the
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Figure 3.4: Outcrop images of volcanic units at Lagunas N@yjeCarbonized remnant of a log
hosted by stratified andesitic volcaniclastic rd@kitcrop location: 804070E / 9121210(8)
Polymictvolcaniclastic breccia originating from the Dafne diatreiiifee breccias contain quartz
arenite clasts derived from the Chimu Formation, mudstone clasts from the Chicama Group, and
some andesitic juvenile clasts in a very hard rock flour matrix. One clssicefpardacan be

seen in the lower left (see Sectid®). Outcrop location: 803550E / 91211400

Volcaniclastic breccia dominantly composed of quartz arenite fragments of the Chimu Formation
in a tuffaceous matrixQutcrop location: 803950E / 9121130(0,) Contact between andesitic

lava flow of the Shudahuanga unit and the underlying volcaniclastic breccias of the Dafne
diatreme. The rocks of the Dafne diatreme are black due to the rock flour matrix and mudstone
clasts derived from the Chicama Groéjeld of view is~3 m. Outcrop location: 803550E /
9121060N.

Lagunas Norte deposit into four distinct units based on their spatial distribution and stratigraphic
relationships, referred to as the Quesquenda, Dafne, Josefa, and Shulcahuanga units (Fig. 3.3).
The Quesquenda unit comprises the oldest volgacks in the mine area and consist of
>150 m of andesitic volcaniclastic rocks that are interstratified with tuffaceous layers containing
wood logs and plant material (Fig. 3.4A). This unit is restricted to the easternmost edge of the

deposit, and is potgially derived from the Quesquenda eruptive center (Cerpa et al., 2013),
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which is located ~5 km to the southeast of the deposit. The Quesquenda unit has been interpreted
to represent the product of pyroclastic eruptions, containing interbedded laharsd@iuosra et

al., 2005; Montgomery, 2012; Cerpa et al., 2013). Andesitic sifakee Quesquenda ursbme

500 m east of the mine have been dated US&g**Ar on hornblende at 17.11 + 0.51 Ma
(Montgomery, 2012).

The Dafne unit consists dfatremebreccia facies in the western half of the deposit that
formed along the contact between the Chicama Group and the Chimu Formation (Fig. 3.1). It is
composed of mostly polymict matrsupported breccias containing mudstone, quartz arenite,
and juvenile volanic clasts in a matrix of dominantly rock flour or juvenile volcanic material.

The rock flour matrix is generally derived from mudstone and siltstone resulting in fairly
impermeable rock, especially near the aafrthe diatremeavhere it is dominantly mak

supported (Cerpa et al., 2013). The breccias tend to be morsghgstrted nearer the diatreme
margins (Figs. 3.and 3.4B). Related breccias characterized by hydrothermal quartz or pyrite
cement are also observexhd may represent hydrothermal atyirelated to mineralizatian

Stratified volcaniclastic breccias of the apron facies are commonly observed above the Mesozoic
sedimentary rocks around the cone of the diatreme. These stratified breccias are subrounded to
rounded, polymict or monomict dasupported. They contain regularly imbricated mudstone

and quartz arenite clasts with often wavy juvenile volcanic clasts in a matrix of rock flour or
volcanic material (Cerpa et al., 2013).

The Josefa unit consists of diatreme breccias and overlyisgnioland volcano
sedimentary stratified facies that formfeoin theJosefa diatreme in the eastern half of the
deposit (Fig. 3.4C). Unlike the larger Dafne diatreme, the breccias do not contain many
mudstone clasts and are instead composed of quartreagmrtz crystals, and juvenile clasts in
an often tuffaceous matrix. Locally, the breccias contain ciadutdite cement. Overlying these
breccia facies are pyroclastic flowbsits referred to as thy@artzfeldsparphyric and dacitic
units, which arehought to have originated from the Josefa diatreme (Fig. 3.3; Cerpa et al.,
2013). An“°Ar/**Ar hornblende plateau age of 16.72 + 0.43dB&inedon a leasaltered
dacitic pumiceous asthow tuff ~150 m east of the depositovides an age constraint finese
volcaniclastic rocks (Montgomery, 2012).

The youngest volcanic rocks in the deposit area, porphyritic andesite lavas and andesitic

to dacitic domes, belong to the Shulcahuanga unit. Hornblende porphyritic andesite dikes
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crosscut the southern margihthe Dafne diatreme. The volcaniclastic deposits of the Dafne unit
are overlain by andesitic lavas assigned to the Shulcahuanga unit (Fig. 3.4D). These lavas have
not been affected by intense hydrothermal alteration. Cerro Shulcahuanga on the wegiarn ma

of the deposit forms a large tower from an eroded dacitic volcanic neck which intrudes the Dafne
diatreme (Figs. 3.1 and 3.5). Both the dome and lavas contain plagioclase, biotite, and
hornblende phenocrysts and are characterized by prominent flainggMacassi, 2005; Cerpa

et al., 2013)*°Ar/**Ar age dates on biotite and hornblende obtained by Montgomery (2012)
bracket the age of the Shulcahuanga unit between 16.44 + 0.15 and 17.30 £ 0.15 Ma, with the
tower itself being dated at 16.95 + 0.14 Ma.

3.6 Ore Zones and Associated Alteration Halo

Economic Au grades at Lagunas Norte occur in both the Chimu Formation and the
overlying Lagunas Norte Formation. Approximately 80% of the contained gold is hosted by the
quartz arenite of the Chimu FormationgMgomery, 2012).

The ore body at Lagunas Norte is elongate along the-northwest trenaf the Chimu
Formation. The ore body hasstrike length of ca. 2 knit.is approximately 1 km in width,
covering nearly the entire easest extent of the Chimu Foation (Fig. 3.1). Extensive
supergene oxidation has penetrated deep into the ore body and affected ~85% of the mineralized
rock, obscuring many of the hypogene textures. Within the oxidized zone, suifideak,
dominantly pyrite, have been weatheredjbethite and to a lesser extent hematite and jarosite
(Montgomery, 2012; Cerpa et al., 2013). This liberated the Au priespwtite, and possibly
enargite, allowing the use of cyanide héagch extraction directly from crushed ofanfual
Report ofBarrick Gold, December 2011).

Aside from the presence of oxide minerals, the effects of alteration and mineralization
cannot be detected visually in the quartz arenite of the Chimu Formation. A few meters away
from the mineralized zones, the arenites appealtered due to the lack of oxide minerals.
Mapping of the open pit combined with geochemical assaying has shown thgtémighAu ore
zones within the quartz arenite of the Chimu Formation are typically confined to monomict

guartz arenite breccias thare spatially related to fault zones, many of which do not extend into
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Figure3.5: Cerro Shulcahuanga as viewed from the eastern edge of the Lagunas Norte pit. Note
the complex orientations of the flow directions and cooling joints, representindpamed

volcanic neck of dacitic composition. Near the bottom of the photograph are quartz arenite and
mudstone in shades of brown from the highly oxidized Chimu Formation; above the basement
rocks on the right is a thin exposure of darker driagk brecc of the Dafne unit; directly

above this are the light gregmay benches comprised of andesitic to dacitic flows and domes of
the Shulcahuanga unit.

theoverlying volcanic strata (Lewis, 2003). Lower grade disseminated Au is typically associated
with fine-grained pyrite in quartz arenite away from the breccia zones. Although the bulk of the

Au is hosted within the quartz arenite, carbonaceous mudstoramtimiecite beds can also be
mineralized, especially where these beds intersect the breccia zones. Highly altered and siliceous
beige or tan colored mudstones are knowsila® parda(see Chapter 5) and can be readily

identified in the field (Montgomery®012; Cerpa et al., 2013)owever, away from the
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mineralized zones, hydrothermal alteration of the carbonaceous mudstone is not easy to identify
due to its finegrained and carbonaceous nature.

In contrast to the essentially unreactive quartz areniteeo€himu Formation, acitype
alteration within the unconformably overlying volcanic rocks of the Calipuy Group can be easily
identified in the field. Alteration mineral zoning characteristic of ksgtiidation epithermal
deposits (cf. Arribas, 1995; Hedquist et a] 2000; Sillitoe and Hedenquist, 2003; Simmons et
al., 2005; Robert et al., 2007) can be observed within the volcanic rocks, ranging from a residual
silica alteration in the ore zones outwards through advanced argillic to argillic and focopyli
mineral associations (Fig. 3.6; Cerpa et al., 2013). Kaolinite, pyrophyllite, dickite, diaspore, and
alunite, have been identified in the advanced argillic alteration zone surrounding zones of
residual quartz alteration, which is identified by its eleggristic vuggy textures. Weak argillic
and propylitic alteration composed of variable amounts of smectite, illite, carbonate, chlorite, and
epidote can be identified in volcaniclastic rocks to the east of the deposit, and the overlying
Shulcahuanga unithough these alteration styles are not extensively developed (Montgomery,
2012; Cerpa et al., 2013).

An alteration and mineralization paragenetic sequence for Lagunas Norte has been
proposed by Montgomery (2012) and Cerpa et al. (2013). These authe tigiieat an early
hydrothermal alteration created the distincBu&e pardaalteration of the carbonaceous
mudstone units within the Chimu Formation. Clasts of the beige colored siliceous mudstone can
be found within the various breccia facies of Brene diatreme (Fig. 3.4B), implying that the
alterationbeganpre- to early syrdeposition of the Lagunas Norte Formation. Emplacement of
the Dafne and Josefa diatreme facies occurred before the bulk of thgpacalteration took
place, enhancing the structural permeability locally for exploitation by later ttngatroal fluids
(Cerpa et al., 2013). Leachiby subsequent acidic fluids resulted in the development of the
residual quartz alteration and advanced argillic alteration of the volcanic rocks (Fig. 3.6). The
main mineralizing event appears to hpest datd these alteration events anelen associated
with formation of sulfide minerals such as pyrite and enargite. Montgomery (2012) suggested
that the gold was primarily introduced with the pyrite, occurring as ammiasions and that
enargite probably repssents the main Agearing phase at Lagunas Norte. Late sphalerite and
stibnite occur locally within the open pit (this study). Arsenopyrite is present in mineralized

carbonaceous mudstone and anthracite (Cerpa et al., 2013). Native sulfur and baritegoncur
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the volcanic units and barite in the siliciclastic rocks of the Chimu Formation are considered to
be postmineralization.

Finally, intense supergeroxidation occurredp to depths of 80ras meteoric waters
penetrated the deposBupergene oxidatidiberatedthe gold from the sulfide host minerals into
dominantly goethite and lesser hematite and jarosite (Montgomery, 2012; Cerpa et al., 2013). No
significant stearrheated environment has been recognized at Lagunas Norte; however a thin
zone of quartz and alunite ihe uppermost units preserved at the Alexa zone at the northern
edge of the deposit area has been noted to be potentially ofis¢ed@abrigin (Montgomery,

2012).
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CHAPTER 4
SEDIMENTOLOGY OF THECHIMU FORMATION

4.1 Introduction

At Lagunas Norte, siliciclastic rocks of the Chimu Formation represent the principal host
for gold. The present chapter describes the sedimentola@tiaedcteristics of the Chimu
Formation as observed during core logging, open pit mapping, and the study of outcrops outside
the immediate deposit area. Based on these investigations, seven distinct lithofacies have been
distinguished that represent mapmabhits. A stratigraphic column through the entire Chimu
Formation has been constructed that illustrates stratigraphic relationships within the deposit area.
In addition, the results of detailed core logging have been used to construct a representative
crosssection through the Chimu Formation at Lagunas Norte to test for lateral fadegsons

at the deposit scale.

4.2  Methodology

Lithological division of the Chimu Formation into sedimentary facies was primarily
based on drill core logging and aided by observations along benches in the open pit and limited
section work on surface outcrops located to the north of the deposit. Titireelds along
crosssectonBB6 (Fig. 3.1; mine section 5000) were |
of which 201 m were logged at 1:200 scale, to produce a stratigraphic column across the entire
Chimu Formation and define the lithological il present. Complete drill hole coveragé¢he
Chimu Formatiorwas possible along this section, from the contact with the Chicama Group in
the west to the contact with the Sa@arhuaz Formation in the east, and offered the lowest
amount of disruptionrbm faulting and intrusions, based on mine maps provided by Minera
Barrick Misquichilca S.A. The low structural complexity of this section compared to mine
section4200 M6 in Fig. 3.1) all owed a better correl
drill holes, which is required to build a continuous stratigraphic column. The-dolerdepth of
the core logs used to create this stratigraphic column hasdxsdaulatedo represent true

stratigraphic thickness because the drill holes used did notaptdredding orthogonally;
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instead the bedding was consistently ~55° to the core axis. Alongssassn AA6 ( Fi g 3. 1;
mine section 4200), nine drill holes were logged at 1:1000 scale, for a total of 2297 m, to test for
potential lateral facies variatisrwhere the bulk of sampling took place.

Several surface outcrops and benches were mapped during the course of this study, the
locations of which are indicated in Table 4.1. Bench maps and sketches were made for the
significant contacts in the eastern amektern parts of the deposit; notably along the Chimu
FormationDafne unit and Dafne unhulcahuanga unit contacts in the west and the Chimu
FormationJosefa unit and Chimu Formati@yuesquenda unit contacts in the east. Additionally,
outcrop sketcheseve made for some of the surface sample areas within the open pit, showing
larger scale facies relationships. Two measured sections were taken aloogtsdadhe north
of the deposit; one showing relationships between quartz arenite, variably cadusnace
mudstone, and coal, and one consisting mostly of thinly bedded quartz arenite and mudstone
(Fig. 4.1). Mapping or logging around sampled intervals at 1:200 and 1:100 scales provide local
context for the samples and guided the sampling intervals aatiblos. Core logging around
sampled intervals totaled 445 m at a scale of 1:200 from nine drill holes alongectiss A
A6, and 257 m at a scale of 1:ndrtbd@longcrossm seven

section GC 6 .

Table4.1 Location anddescription of mapped, measured, or sampled outcrops.

# Type Easting Northing Description

1 Measured 803034 9122414 Roadcut of carbonaceous mudstone and coal

2 Measured 802150 9123794 Roadcut of interbedded quartz arenite and thin mudstc

3 Mapped 804113 9121669 Bench mapping of the Chimu Formation contact with
andesitic breccia

4 Mapped 803858 9121296 Bench mapping of the Chimu Formation contact with
andesitic breccia

5 Mapped 804145 9121374 Bench mapping of the Chimu foation contact with
polymict breccia and andesitic breccia of Josefa unit

6 Mapped 803454 9121077 Bench mapping of the Chimu Formation contact with
polymict breccia of Dafne unit
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4.3Lithofacies Descriptions

The definition of lithofacies for the Chimu Formation at Lagunas Norte are primarily
based on observations made at outcrops, along mine benches in the cgehwitile logging
drill core along crossection BB 6 . Lithofacies f or veabéeadefineddi ment :
as follows (from coarse to fine grained): interbedded quartz arenite; massive quartz arenite;
interbedded quartz arenite and thin mudstdmejyt bedded mudstone and siltstone;

noncarbonaceous mudstonartmonaceous mudstone; and coal.

4.3.1 Interbedded Quartz Arenite

The interbedded quartz arenite facies is composed of fine to very coarse quartz arenite
that is interbedded at intervals frdr@ cm to 7 m, with most of the beds being between 50 cm
and 4 m in thickness (Fig. 4.2A). The quartz arenite is mature throughout the Chimu Formation
and ha consistently rounded and wselhrted quartz grains with a low compositional variety.
Thin, 1-5 cmthick mudstone beds can be observed between quartz arenite beds of different grain
sizes. Thinly bedded sections of medium and coarse to very coarse quartz arenite are common as
well. Graded beds are not commonly observed. In thin section, detrital grangtypically
represent greater than 95 modal% of the detrital grains, with the remgraingconsisting of
clay aggregates (thought to be detrital feldspar grains replaced by clay minerals and quartz),
detrital mica, zircon, and rare hornblendea@u grains in the quartz arenite facies are rounded
but commonly overgrown by secondary quartz (Fig. 4.2B). The quartz overgsontérpreted
to be metamorphic in origin, based on CL microscopy and fluid inclusion characteristics, and
probably famed diring the Incaic orogeny.

4.3.2 Massive Quartz Arenite
Massive quartz arenite represents the most common facies encountered in the Chimu
Formation. It is a mature, wedbrted, quartz arenite. The mostly continuous sections of this

facies consist of fineo medium quartz arenite with beds ranging frohs3m in stratigraphic

thickness (Fig. 4.2C). Faint bedding can be seen periodically, which is especially apparent if
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enhanced by sulfide infiltration or supergene alteration. Small medium to coarseageaite

beds are periodically observed within this facies, ranging from 20 cm to 1 m in thickness. Graded
beds were not observed. Similar to the interbedded quartz arenite facies, thin section petrography
shows that quartz grains represent greater thand@&l% of the detritagrainsof the facies. The
remaininggrainsare comprised of clay aggregates formed by replacement of detrital feldspar,

detrital mica, zircon, and rare hornblende. Quartz grains can range from rounded to angular, the

Figure 4.2 Quartz arenite facies at Lagunas Nof#e. Interbedded quartz arenite with coarse
and medium quartz arenite beds. Gray zones contaugfaieed sulfide minerals while the
sulfide minerals have been oxidized in orange zones. Drill hole-B8Hat 130 mThe core is
47.6 mm in diameter (NQ)B] Microphotograph of weltounded detrital quartz grains with
subhedral quartz overgrowths interpreted to have formed during metamorphism. Sargle LN
CPL. (C) Outcrop of massive fingrained quartz arenite wittrossbedding. The outcrop is
located to the northwest of the deposit at 80237/E23680N (D) Road cut of interbedded
guartz arenite and thin mudstone, representing a gradational contact from quartz arenite to
progressively more carbonaceous mudstoom fleft to right.Stratigraphic distance between
marked beds is 1 nThe outcrop is located to the northwest of the deposit at 8&/150
9123794N.
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latter being caused by quartz overgrowth (Fig. 4.2B) that probably faiométy the Incaic
orogeny. The metaorphic quartz overgrowthasapparently reduced thporosity of the massive
guartz arenite, which likely had an effect on how hydrothermal fluids flowed through the

massive quartz arenite facies.

4.3.3 Interbedded Quartz Arenite and Thin Mudstone

This interbedded quartz arenite and thin mudstone facies consists of fine to medium
guartz arenite beds that range fromSIbcm in thickness and contain regular interbeds of 5 mm
to 4 cm thick mudstone. Both the mudstone and sandstone component déthisdded facies
can contain carbonaceous material, and neither tends to show any graded beds. This facies was
primarily observed in outcrop north of the mine, and seems to mark a transition from quartz

arenite tanudstone (Figs. 4.1 and 4.2D).

4.3.4 Thinly Bedded Mudstone and Siltstone

This facies is dominated by thin laminations, both wavy and planar, of alternating gray
siltstone and carbonaceous mudstone that-8@r8m thick (Fig. 4.3A). Periodically fine to
very fine quartz arenite beds occur. The quartz arenite beds can be roassingy bedded and
range from 15 cm to over 1 m in thickness. The quartz arenite and siltstone can be carbonaceous,
but are more commonly very weakly carbonaceous to noncarbonaceous. Noncarbonaceous
mudstone may also occur laminated with siltstone artglarenite, but is not commaorhe
rocks range from noncarbonaceous to containing approxinmiatty carbonaceousatter,
higher carbon contengseconsistently observed in fingrained beds. Normal grading from silt
rich to mudrich beds can be idefigd periodically. Petrographic investigations show that
rounded quartz grains are the dominant clastic mine@ansebeds ranging from 60 modal%
in siltstonebedsup to 95 modal% in quartz arentieds. Mudstone typically has around 30
modal% rounde quartz grains, the rest of the rock being comprised of dstsital illite or
muscovite grains are common and are generally more abundant in finer beds. Aggregates of clay
minerals are common in all samples and are interpreted as altered feldspantsag

representing ~20 modal% of most siltstone beds and upwhrd modal% of mudstone beds.
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4.3.5 Noncarbonaceous Mudstone

The noncarbonaceous mudstone facies is composed of massive or laminated mudstone
(Fig. 4.3B). The noncarbonaceous mudstortggially light brown, but it may also be red,
orange, white, gray, and any mix of colors therein. Normal grading is rarely observed in the
noncarbonaceous mudstone facies. In thin section, illite or muscovite dominate, with significant

amounts of finggrained quartz and interstitial clay minerals being present, the latter possibly

formed after detrital feldspars.

—
e |

AT l

Figure 4.3: Mudstone facies at Lagunas Nd@.Drill core of thinly bedded carbonaceous
mudstone (black) and siltstone (gray). Drill hBIBH-073 at 158 mThe core is 47.6 mm in
diameter (NQ)(B) Light gray noncarbonaceous mudstone with unidentified fossil traces located
near mine section 4200 in the center of the depo8@&I7%E / 9121184. (C) Carbonaceous
mudstone in contact with massive quartz arenite. The carbon content increasémtiowhere
anthracitic coal seams can be observed near the bottom of the photo. Drill holéa1t38

m. The core is 47.6 mm in diameter (N@)) Anthragtic coal from a mine bench near the

center of the deposit at 803#699121100N.
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4.3.6 Carbonaceous Mudstone

The Chimu Formation at Lagunas Norte contains frequent intervals of black,
carbonaceous mudstone. The carbonaceous mudstone is typifiedltytscaeasily leave
black streaks of carbon on paper. The carbon content of the carbonaceous mudstone typically
ranges from 0.5% to 3%. Highly carbonaceous mudston&ining oveB% carbon is dark
black and very soft, almost transitional to coal (BigC). Normal grading is rarely seen in the
carbonaceous mudstone facies. In thin section, the carbonaceous mudstone is dominated by fine
grains of illite or muscovite as well as small rounded quartz grains set in a matrix of clay

minerals. Veinlets of @gphite @an be observed in thin section.

4.3.7 Coal

Coal in the Chimu Formation is dark black, highly carbonaceous, and easily friable.
Anthracitic layers and lenses with a dull metallic luster are commonly observed (Fig. 4.3D). Coal
beds typically gradepward into carbonaceous mudstone, presumably due to increased
siliciclastic input during deposition. Very thin coal seams can be identified in intervals of highly

carbonaceous mudstone, ranging from 25anm in thickness (Fig. 4.3C).

4.4  Stratigraphic Relationships

Using drill holes DDH097, DDH482, and DDH352, a stratigraphic column was
measured (Fig. 4.4) that crosses the Chimu Formation along the mine section800(B n Fi g .
3.1). Rocks of the Chicama Group make up the base of the section, comprised dgminantl
carbonaceous mudstone similar to the thinly bedded mudstone and siltstone facies of the Chimu
Formation but with more distinct wavy bedding. Periodic quartz arenite and carbonaceous
mudstone intervals were also mapped in the upper Chicama Groupal@emgsitic intrusions
occur along the contact with the Chimu Formation at 89 m from the b#sesaiction,
exploiting structural weakness associated with the faulting that controlled the emplacement of

the Dafne diatreme angungerShulcahuanga flows and domes further to the south near cross

secionAA6. The | ower portion of the Chimu For mat
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guartz arenitéeds that individually range from3m in thickness. The quartz arenite is oviarla
by ~20 m of carbonaceous thinly bedded mudstone and siltstone. A total of 45 m of interbedded
guartz arenitelominates the section until the first coal bed is reached at 200 m from the base of
the section. Most coal beds, includingstbne (111 m abovéhe contact with the Chicama
Group), arédboundby thin carbonaceous mudstone beaadicating the change to a more
favorable depositional setting for coal with lower clastic sedimentation.

The section between 195 and 240 m (Fig. 4.4) is representatitefoomplex
relationships between the different figmined sedimentary facies. A thick interval of
interbedded quartz arenite is overlain by thinly bedded mudstone which transitions into
carbonaceous mudstone, with intervals of-jmained quartz aretd, followed by another
transition back into thinly bedded and massive noncarbonaceous mudstone. This is followed by
another thick sequence of interbedded and massive quartz arenite. The continuous quartz arenite
units in this part of the section are tyglig between 2660 m thick, however individual units can
vary from only a few 106s of centi meters to o
are generally thinner, ranging from a few centimeters to over 20 m in thickness. They
periodically contan thin layers of finggrained quartz arenite.

Around 310 m above the base of the measured section, thgfaieed massive quartz
arenite facies becomes prevalent. Fractured and brecciated rocks are more abundant up section as
well, referred to as monostitectonic breccias of quartz arenite. They often mark zones of
faulting that acted as pathways for the hydrothermal fluids. This is especially true for rocks
which are located near the center of the deposit along the faulted secondhigpdelavhich
separates the steeply dipping overturned beds in the west from the shallow dipping overturned
beds in the east. Carbonaceous mudstone and thinly bedded mudstone and siltstone facies occur
between intervals of dominantly massive quartz arenite until ~45®wuedbe base of the
measured section, where noncarbonaceous mudstone facies begin to dominate. This can be seen
particularly well between 445 and 490 m (Fig. 4.4). In addition, several thi2 (@.5hick),
andesitic intrusions are observed in this pathefChimu Formation, likely delineating the
location of early faults. Noncarbonaceous mudstone and massive quartz arenite facies comprise
most of the remaining ~100 m to the contact with the S@athuaz Formation at 561 m. Only
locally, beds of interbetbed quartz arenite and very thin carbonaceous mudstone facies can be

observed.
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The SanteCarhuaz Formation is in sharp contact with interbedded quartz arenite facies of
the Chimu Formation. The Sartarhuaz Formation is mostly comprised of thinly bedded
mudstone and siltstone facies near the contact, with some intervals of massive and wavy bedded
textures.

Across the measured stratigraphic column, several general trends can be noted.
Interbedded quartz arenite is more prevalent in the stratigraphioaky fmortion of the Chimu
Formation. Although the interbedded quartz arenite is present in the upper Chimu Formation,
this part of the Chimu Formation is dominated by the massive quartz arenite facies. The coal
facies only appears in the lower half of th&rGu Formation. Ugsection, intervals of slow
sedimentation are marked by the carbonaceous mudstone facies, followed by dominantly
noncarbonaceous mudstone facies near the top of the section. The Chimu Formation along this
measured section totals 472 ngrfr 89 m to 561 m above the base of the measured section (Fig.
4.4). The approximate abundance of each facies within the Chimu Formation along this
stratigraphic column is: 50% massive quartz arenite, 25% interbedded quartz arenite, 9% thinly
bedded mudst@and siltstone, 7% carbonaceous mudstone, 4% coal, 3% interbedded quartz

arenite and thin mudstone,da®% noncarbonaceous mudstone.

45 Lateral Facies Variations

Lateral facies variations along cressction AA6 ar e shown i n nike gur e -
holes were logged along this section. These new logs were compared with contgaraf
interpretations of lithology and structure, and the esestion was redrawn to reflect the
distribution of the lithofacies as described above. Volcanic unithligion is shown as defined
by Cerpa et al. (2013). Although faulting and breccia development obscures the lateral continuity
of the facies, especially in the center of the deposit, it can be shown that there are facies changes
along strike. Lateral contiilly seems to vary by lithofacies. The massive quartz arenite seems to
be the most continuous facies with a lateral extent of at least 600 m, which corresponds to the
approximate width of the crosction. Similarly, the interbedded quartz arenite isd#itevery
continuous, but tends to be concentrated in the lowest portion of the Chimu Formation within the
western half of the crossection.The nterbedded quartz arenite and thin mudstone facies is not

laterally extensive, existing in relatively smatkeas which ragsent transition zones between
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guartzarenite and mudstone dominated facies. Thinly bedded mudstone and siltstone,
carbonaceous mudstone, noncarbonaceous mudstone, and coal beds are all laterally persistent,
with the thickest beds displaying the most continuity. Laterally one facies mayaywe

another, changing from noncarbonaceous mudstone to carbonaceous mudstone to coal, or to
thinly bedded mudstone and siltstone through an increase-sizsitt clastic materiaLateral

continuity typically ranges from 16200 m for relatively thin1-10 m thick) beds and up to

greater than 500 m for the thickest (20 m thick) beds. Carbonaceous mudstone beds are not
concentrated in a given portion of the Chimu Formation. They have a fairly similar distribution

to the noncarbonaceous mudstone bedsateuinore abundant. Coal beds, however, tend to

grade upsection into progressively less carbrich facies and are only prevalent in the western

half of the crosssection (Fig. 4.5).

4.6  Facies Interpretation

The observed facies relationships allow @orestruction of the paleoenvironment of
deposition. The welsorted mature quartz arenite of the Chimu Formation overlies the thick off
shore marine sequence of the Chicama Group. This is indicative of-ahmegamarine
sequence. These characteristiosbmed with regular carbonaceous mudstone and coal facies
lends to the interpretation that the Chimu Formation was deposited in an ergameltaic
depositional setting with the sediments being derived from a mature clastic source. When
considering thelepositional environments of the underlying deeper marine carbonaceous
mudstone of the Chicama Group and the various shallow sea features of the overlying Santa
Carhuaz Formation, a regressive shallowing upward trend is apparent within the Mesozoic
basemat at Lagunas Norte (cf. Cobbing et 4981; Benavide€aceres, 1999).
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CHAPTER 5
ALTERATION MINERALOGY

51 Introduction

Although the siliciclastic rocks of the Chimu Formation have been pervasively altered,
mineral associations indicative of hydrothermal alteration are onlydegkloped in mudstone.
Due to its initially high quartz content, the quartz arewdslargelyinert to alteration by
strongly acidic fluids. The present chapter investigates the mineralogy of variably altered
mudstone collected at different distances to the ore body at Lagunas Norte. Based aonaihole
XRD investigations, mudstone samples havenlassified into different mineral associations.
These different mineral associations record different intensities ofrfbakdinteraction. The
present chapter demonstrates that the whadke mineralogy of the mudstone changes
systematically with distace from the deposit, establishing that the mudstone mineralogy can be
used as a vector towards hydrothermal upflow zones and potentially associated precious metal

enrichment.

5.2  Methodology

To investigate the mineralogical composition of mudstone occurring in the Chimu
Formation, a total of 104 samples were collected throughout the deposit area. In addition, 11
guartz arenite samples weaekennear the contact with mudstone units. No coalgas were
collected.

The samples were initially crushed using a Rocklabs Boyd Crusher, whidoupk
acting fine jaw crusher that reduced grain size in a single pass to aboytahdsmbsequently
split. A split of approximately 100 g was further adl in a Rocklabs ring mill. To obtain a
subsample for XRD analysis, the ring mill was stopped after approximately 30 seconds. A small
amount of sample material having a grain size of approximately 200 um was removed. The
remainder of the material was faetr milled for geochemical analysis. A total of 4 g of the
samples having a grain size of approximately 200 um was milled to a grain size below 20 pm in

avibratoryMcCrone micronizing mill under ethanol. The use of this foillfine grinding
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minimizes tke structural damage introduced during milliadter drying, the fine powders were
homogenized in a vibratory mixer mill.

The homogenized powders were then filled into conventiondbiagting sample holders.
Stepscan XRD data (5 twdth83&/btepRodthe randdnB drierked st e p
powder mounts were collected with an URD 6 (SeifétM, Germany) diffractometer equipped
with a diffractedbeam graphite monochromator and a variable divergence slit. A Co tube was
used and operated at 40 kV &8@ImA. Qualitative phase analysis of the raw diffraction patterns
was carried out by conventional search/match procedures. Subseggetitbtjve phase
analysis was performed by the Rietveld met{eidRietveld, 1969using the fundamental
parameter pragm AutoQuan (Bergmann et al., 1998). In this way, complex mineralogy can be
assessed in fully automatic mode without tefined refinement strategy (Bergmann et al.

2001; Monecke et al., 2001).

Detection limits of the XRD analysis are mineral dependadtrange from
approximately 0.5 wt.% for rutile to 5% for smectite. Turbostratic disorder in pyrophyllite
prevented quantification of mineral abundances in samples having high pyrophyllite £ontent
For these samples, only qualitative XRD data could leirmdd.

5.3  Alteration Facies Developed in Mudstone

XRD analysis othemudstone samples has shown that three alteration facies, comprising
five distinct mineral associations can be distinguished. The most intense alteration is manifested
by the residuatjuartz alteration facies (quartz mineral associations), followed by advanced
argillic alteration (quartalunitepyrophyllite and quartalunite pyrophyllite-kaolinite mineral
associations). Less intensely altered mudstone belongs to the intermedibteatiggation
facies (quartalunite-pyrophyllite-kaolinite-illite and quartzpyrophyllite-kaolinite-illite mineral
associations). Truly unaltered mudstone was not identified within the mine area.

At the deposit scale, there is no correlation betweenagilbon intensity of the mudstone
and the nature of the mudstone facies (Table 5.1). However, when considering multiple samples
from various mudstone facies in an individual bed, the mudstone facies that are slightly coarser

grained and thicker appear te affected by more intense alteration. This is likely due to the
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Table 5.1:Number ofanalyzed mudstone samples of each mudstone facies ivgjoodghe
different alteration facies and respective alteration mineral associations.

ms Ims Imst cms lcms lcmst
Q 4 2 2 - - -
QAP 6 4 - 3 1 -
QAPK 4 3 2 5 1 9
QAPKI 2 5 1 7 4 9
QPKI 3 1 - 8 9 11

relativelyhigher permeability associated with siltstdsesaring facies over massive figeained
mudstones. Similarly, samples collected proximal to faults and highly fractured areas tend to

show more intense alteration.

5.3.1 Residual Quartz Alteration in Mudstone

Mudstonesampledrom the residual quartz alteration faciisplay evidence dfiavng
intensely interacted with acidic hydrothermal fluilitbese samplesftendisplay adistinct
beigetan color and siliceous appearance caused by silicificandrfrequently contain small
elongate vugsRocks of this alteration facies have been previously referredsitiGsparda
(Montgomery, 2012; Cerpa et al., 2013). Residual quartz alteration is the only alteration style
that can be easily identified in hand sSpeen or drill core. The spatial distribution of mudstone
affected by residual quartz alteration is restricted and typically confined to areas near faulting
and brecciation within the Chimu Formation (Fig. 5.1A and B).
Residual quartz alteration faciesudstonesre comprised almost entirely of quartz (Q mineral
association) and-2 wt.% rutile.Pyrite is commonly present in this alteration facies as al
goethitewhichis interpreted to have formed as an oxidation product of the pyrite (Fig. 5.1C and
D). Some of the samples have detectable gold concentrations, ranging from 1 to 12 g/t. Silver
assays do not follow the gold distributidtiowever, some dhe highessilver concentrations
measuredh this study from 13.741.1 g/t Ag, are contained mudstonesamples from the

residual quartz alteration facies. Precious metal content may be related to the hypogene
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Figure 5.1: Mudstone of the residual quartz alteration facies (Q mineral association). (A)
Brecciated sample daflice pardawhich contains clasts of laminated silicified mudstone. Sample
LN-113. (B) Weathered sample sifice pardawith remnant unoxidized fingrained gray pyrite

in the upper left piece. Sample LY. (C) Pyrite near a vug that has not been affected by
weatheing. Sample LN26. RL. (D) Similar vug in the same thin section that has been weathered
and oxidized. Sample LH86. RL. (E) Thin section scan showing the typical elongate or planar
shape of the vugs which are present in intensely leached and silicifiesiomesl Sample LN

27. (F) Detail of a vug developed in residual quartz. The vug is lined by small euhedral quartz
crystals. Sample LRe7. CPL. All core samples are 47.6 mm in diameter (NQ)
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Figure 5.2: Mudstone of the residual quartz alteration fdlegtss composed of quartz and

alunite. Sample LM88. (A) Abundant alunite crystals have formed in the groundmass. No
pyrophyllite or any other clay was detected by XRD analysis. CPL. (B) Same image in reflected
light, showing the abundant occurrence ofifgy Note the decreased pyrite abundance in the top
half of the slide, across a zone of relatively larger quartz grains. RL.

sulfide content of the rocks, although oxidation of the ore body limits a more quantitative
approach to test this inferred link.

Texturally, two types of quartzesidual quartz and euhedral quartz (Fig. 5.1E anar€),
apparent in most of the samples from the residual quartz alteration Tdeesajority of the
samples are composed of residual quartz, which tends to be cloaidy the presence of
abundant small rutile crystals and the occurrence of abundant fluid inclusions. Small vugs and
fractures may be present in some samples and can be lined by small euhedral quartz crystals.
This typeof quartzis clear and largely devibiof mineral and fluid inclusions. The crystals show
distinct oscillatory growth zonesge Chapter 7). In many samples the secondary euhedral quartz
is also present in the matrix surrounding detrital grains, causing pervasive silicification of the
rocks.

A sample with singular characteristigsN-38; Fig. 5.2A and Bwasnot oxidized and
contaired9 wt.% pyrite and 14 wt.% alunite. The rock is composed of quartz and alunite without
any claymineralspresent. This sample may represent an intermediatedeakeration between

the quartz mineral association and the qualtinite pyrophyllite mineral assaation described
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below. Quartzalunite is a common alteration mineral association in mostaigded epithermal

deposits hosted by volcanic rocks angbgbresent in quartz arerstat Lagunas Norte.

5.3.2 Advanced Argillic Alteration in Mudstone

In the altered mudstone samples, the abundant occurrence of alunite is almost always
linked with the presence of pyrophyllite. Based on the whod& mineralgy, two different
mineral associations can be distinguished based on the addition presence of kaolinite.

The more intensely altered samples of the advanced argillic alteration facies are
composed of quartz, alunite, and pyrophyllite (QAP mineral assatjalttmst samples
belonging to this alteration mineral association are not carbonac@admonaceous material
present in these samples often shows zones of gray bleaching where carbon has been partially
removed (Fig5.3A and B. This suggests that significatarboncould have beeremowed
during alterationSome samples of this mineral association contain minor diasbren
observed, diaspore replaces pyrophyllite and overgrows quartz and érignite.3C and D).
Most quatz grains associated with diaspore have embayed grain boundaries which suggest that
they are not stable under the conditions where diaspore is fo@ugdusly, all of the samples
containing diaspore were collected at the surface along mine benchesethgit.
Less intensely altered rocks of the advanced argillic alteration facies are composed of quartz,
alunite, pyrophyllite, and kaolinite (QAPK mineral association). This association contains alunite
concentrations from-2 wt.% and kaolinite at coratrations between 3 and 20.%. The
pyrophyllite abundance is low at3lwt.%. Rutile is common phase (<1%) although some
samples also contain low amounts of anatase (<&#Yl investigations showed that
pyrophyllite and kaolinite commonly occur togeth&extures suggest that pyrophyllite was
replaced by kaolinite (Fig. 5.4C and D). Noncarbonaceous mudstones vaitidééhydroxide
staining are common as well (Fig. 5.4A and B). The grain size heterogeneity between
laminations may contribute to the lafjjgctuations in the amount of kaolinite detected by
guantitative XRD analysis. The highest kaolinite concentration of 20 wt.% occurs in sample LN
42, which is characterized by mudstone and fine siltstone laminations. Grainsize heterogeneity

may representraimportant method of creating higher concentrations of clay in mudstone as the
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Figure 5.3: Mudstone of the advanced argillic alteration facies (QAP mineral associations). (A)
Carbonaceous mudstone showing bleached zones along fractures associataxbuaiith

removal. Sample LN.2. (B) Highly carbonaceous mudstone sampled near a coal bed. No alunite
was detected by XRD analysis. Sample-19l (C) Backscatter electron image of diaspore
replacing pyrophyllite and overgrowing quartz and alunite. Sampt@2.ND) Backscatter

electron image of diaspore with remnant inclusions of pyrophyllite and overgrowing quartz and
alunite. Sample LN9.

coarser beds and laminations are more permissible to hydrothermal fluid flow and the finer beds
contain more alterablmaterial.

Sample LN11 contains approximately 4 wt.% diaspore, representing a residual
aluminum phase in addition to small amounts of rutile. This is an indication of stronger acid
leaching compared to the rest of the samples in this mineral assodatioot intense enough
to have leached all of the kaolinite. The diaspore in this sample is dominantly located along thin,

carbonrich veinlets.
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Figure 5.4: Mudstone of the advanced argillic alteration facies (QAPK mineral associations). (A)
Non-carboraceous mudstone with light orange@ede/hydroxide staining. Sample ENi. (B)

Soft norcarbonaceous mudstone. Sample 24 The core is 47.6 mm in diameter (NQ). (C)
Backscatter electron image of an altered detrital illite grain that has been repldceditite

and pyrophyllite. Sample Li85. (D) Backscatter electron image of a etaph matrix

surrounding detrital quartz grains. Sample-85l

Two samples are included in the QAP mineral association without alunit@3lad
LN-19, because they botlontain pyrophyllite as the only clay phase in addition to diaspore.
Likewise, LN-40 was included in the QAPK mineral association despite the fact that it does not
contain alunite. These samples belong to the carbonaceous mudstone facies and are
stratigrghically related to coal occurrences. Sample1dNwas sampled adjacent to a major
coal bed (Fig. 5.3B). The reducing effect on hydrothermal fluids interacting with large coal beds

would have been unfavorable for alunite formation, instead forming sulikgggyrite.
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