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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 atypical host-rock succession for this deposit 

type. Approximately 80% of the ore body is contained in the Lower Cretaceous Chimu 

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 the deformed 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 inert to alteration 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 acid-type alteration due to its originally high clay mineral content. The mineralogy of the 

mudstone broadly changes from residual quartz to quartz-alunite-pyrophyllite-kaolinite/dickite to 

illite-smectite away from the deposit. Mineralogical changes are paralleled by notable variations 

in the whole-rock 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 metal mineralization. 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 from a low-temperature, low-salinity 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 high-sulfidation epithermal gold and silver deposit in the Alto 

Chicama region of north-central Peru represents the largest greenfields discovery made by the 

gold industry in the past decade. Minera Barrick Misquichilca S.A., a wholly-owned 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 reserve estimate for 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 department (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, heap-leaching operation at Lagunas Norte has 

recovered 7.7 Moz Au. The open pit proven and probable reserves are estimated at 205.0 Mt 

grading 0.96 g/t Au and 3.8 g/t Ag, containing a total of 5.8 Moz Au and 23.5 Moz Ag. The 2012 

year-end 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 Ag (Annual Report of Barrick Gold, December 2012). 

Although Lagunas Norte shares many deposit characteristics with other high-sulfidation 

epithermal gold and silver deposits worldwide (for definition of the term ‘high-sulfidation’ see 

White and Hedenquist, 1995), the deposit is unusual 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 Eocene-early 

Oligocene thin-skinned fold and 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 (Montgomery, 2012). The sedimentary strata 

hosting the bulk of the contained 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 high-sulfidation 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 Norte high-sulfidation epithermal deposit in the Alto 

Chicama region of the La Libertad department, north-central Peru. Also shown are the locations 

of the Yanacocha and Pierina deposits for reference. 

 

 

most notable differences is the absence of intense, visible residual quartz alteration within the ore 

zones hosted by the Chimu Formation quartz arenites. The occurrence of so-called vuggy quartz 

represents one of the most important textural criteria for proximity to ore in high-sulfidation 

epithermal deposits hosted by volcanic rocks (Hedenquist et al., 1994; Arribas et al., 1995; 

Simmons et al., 2005). Advanced-argillic, argillic, and propylitic alteration zones that are well 

developed around many volcanic-hosted high-sulfidation epithermal deposits are not extensive 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 rocks hosting the deposit resulted in significant 
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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 hydrothermal alteration 

associated with high-sulfidation epithermal gold mineralization within the siliciclastic rocks of 

the Chimu Formation at Lagunas Norte. Emphasis is placed on the study of the variably 

carbonaceous mudstone as this rock type must have contained minerals susceptible to 

hydrothermal alteration (i.e., clay minerals) whereas the quartz arenite of the Chimu Formation 

was clearly chemically inert to hydrothermal alteration in the high-sulfidation epithermal 

environment. The research will permit the delineation of 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 high-sulfidation epithermal deposits hosted by similar siliciclastic host rock successions. 

The present study addresses five specific questions: 

 

 Have mudstone beds within the Chimu Formation hosting the Lagunas Norte deposit 

been affected by hydrothermal alteration during deposit formation? If so, which textural, 

mineralogical, and geochemical criteria can be used to distinguish different alteration 

styles and intensities in these fine-grained rocks? 

 At what scales can alteration zoning be observed within these relatively impermeable 

host rocks? Are there systematic patterns in alteration style and intensity with respect to 

mineralization allowing the definition of vectors of proximity to ore? 

 Is it possible to delineate a unique set of textural, mineralogical, and geochemical vectors 

to ore for the various types of mudstone present in the Chimu Formation or are primary 

variations in composition more pronounced than alteration-induced changes? Is the 

hydrothermal alteration signature of the mudstone affected by secondary weathering and 

oxidation? Is it necessary to develop separate alteration vectors for samples affected by 

supergene processes? 

 Is the carbonaceous mudstone at Lagunas Norte mineralized? What is the temporal 

relationship between hydrothermal alteration and mineralization? Are carbonaceous 

mudstone samples affected by a certain style of alteration always mineralized? 
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 Can the findings of a detailed alteration study be translated into a set of readily applicable 

guidelines that can be used to determine proximity to ore in variably carbonaceous 

mudstone in an exploration setting? 

 

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

utilized: 

 

 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 

east-northeast cross-section through the center of the ore deposit as well as along a long-

section that continues ~3 km to the north-northwest outside the mine area. In addition, 

sampling at close intervals was undertaken across individual mudstone beds and adjacent 

quartz arenite intervals to test for lithological controls on hydrothermal alteration. 

 Petrographic investigations (Chapters 4 and 5). Detailed petrographic investigations were 

used to determine the textural and mineralogical characteristics of variably altered 

mudstone of the Chimu Formation and their least-altered equivalents. Optical microscopy 

on thin sections was complemented by SEM analyses to better define the textural and 

mineral replacement relationships at small scales. 

 Qualitative and quantitative 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 

quantified through use of the Rietveld 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. 

 Whole-rock geochemical analyses (Chapter 6). 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 alteration-induced chemical changes. Correlation of the lithogeochemistry with 
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the results of the mineralogical investigations was performed to derive geochemical 

vectors of proximity to ore. 

 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 acid-type 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 variably carbonaceous mudstones of the Chimu Formation can be used to guide exploration 

at Lagunas Norte and potentially other high-sulfidation epithermal deposits hosted by similar 

siliciclastic host rocks. The research shows that only the most intense style of alteration can be 

detected in the field without analytical aids; this style of alteration is only developed within the 

ore zones. Outside of the deposit hydrothermal alteration is cryptic. However, this cryptic 

alteration halo is significantly larger than the deposit and displays a mineralogical and 

geochemical zoning pattern that can be used to infer variations in the degree of interaction of the 

mudstone with hydrothermal fluids, and thus potentially point to zones of gold enrichment. 

Zoning of the cryptic 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 distinct stages of the evolution of the 

hydrothermal system, the latter being associated with the mineralizing event. The fluid inclusion 

investigations of the present study demonstrate that gold mineralization was caused by a low-

salinity liquid at relatively low temperatures, consistent with the classical high-sulfidation 

epithermal deposit model, but in contrast to recent findings that challenge this model (cf. 

Mavrogenes et al., 2010; Henley and Berger, 2011; Henley et al., 2012; Tanner et al., 2013).
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CHAPTER 2 

REGIONAL GEOLOGY 

 

2.1 Introduction 

 

The Lagunas Norte high-sulfidation epithermal deposit is localized along a regional 

unconformity between deformed Mesozoic sedimentary basement rocks and overlying Cenozoic 

volcanic rocks in the Cordillera Occidental of northern 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 deformation events, and the timing of volcanism. The tectonic framework of the 

evolution of the Cordillera Occidental is briefly discussed. 

 

2.2 Late Jurassic-Cretaceous Mariana-Type Subduction Regime 

 

The breakup of Pangea and opening of the South Atlantic, initiated 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 Late Cretaceous, the Andean region underwent a major 

phase of extension and crustal attenuation in response to the development of a Mariana-type 

subduction regime (cf. Uyeda and Kanamori, 1979) west of the Brazil-Guiana craton 

(Benavides-Cáceres, 1999). 

Late Jurassic back-arc 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 

Marañon arch which divided the Western and Eastern basins. The location of this arch was more 

or less coincident with the present day location of the Cordillera Oriental. The 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 Cordillera Occidental, which hosts the Lagunas 

Norte high-sulfidation epithermal deposit. 

  



7 

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 carbonate rocks of the Triassic Pucará 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 with 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 ongoing arc-magmatism 

(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 of the pre-Cretaceous unconformity that represents the base of younger Berriasian 

to Albian strata (Benavides-Cáceres, 1999). 

During the Valanginian, the eastern-sourced quartz arenite of the Chimu Formation, 

which forms part of the Goyllarisquizga Group, was deposited onto the pre-Cretaceous 

unconformity above the Chicama Group in the Western basin of northern Peru. The Chimu 

Formation consists of thick, cross-bedded deltaic quartz arenite beds with frequent interlayers of 

black mudstone and anthracitic coal seams (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 700 m. Intercalations of the arc-related Puente de Piedra 

basalt and basaltic-andesite occur within the distal western sections of the Chimu formation 

(Cobbing et al., 1981; Benavides-Cáceres, 1999). 

In northern Peru, the Chimu Formation was conformably overlain by mudstone and thin 

carbonate units of the Valanginian 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 basin. These mudstone and carbonate rocks are 

believed to have been deposited in a shallow-water, near-shore environment, with brackish water  
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Figure 2.1: Regional geology of northern Peru. The inset box indicates the extent of the Alto 

Chicama district shown in Figure 2.3 (based on data from the Instituto Geologico Minero y 

Metalurgico, Lima).  
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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 (Benavides-Cáceres, 1999). 

In the Hauterivian, formation of a major rift trough was initiated along the western 

margin of the Western basin. This so-called Huarmey-Cañete trough is located essentially along 

the present coastal region of northern Peru, along the axis of the Coastal Batholith (Fig. 2.1). 

After the Middle Albian, faults associated with this rift helped control the emplacement of 

magmas of the Albian to Paleocene Coastal Batholith (Benavides-Cáceres, 1999). Along the 

Huarmey-Cañete trough, deposition of the deltaic Chimu Formation and shallow-water 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, quartz-rich 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 with 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 Huarmey-Cañete trough. This volcanic 

pile has a stratigraphic thickness of more than 6,000 m in northern Peru. Geochemical variations 

suggest that the Lower Casma Group was initially formed from a calc-alkaline source that was 

replaced by a more tholeiitic source during continued extension. A compressional event in the 

late-Middle Albian, referred to as the Mochica orogeny in northern Peru, resulted 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 commenced that coincided with extension, 

subsidence, and deposition of the Upper Casma Group. These rocks formed the dominant host 

rocks of the Coastal Batholith (Benavides-Cáceres, 1999). 
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2.2.4 Cretaceous to Tertiary Coastal Batholith 

 

The Coastal Batholith is a 1600 km long continental-scale feature that is strikingly linear 

(Fig. 2.1). Ages for the various granitoid intrusions that make up the Coastal Batholith range 

from 100-55 Ma, beginning with the end of the Mochica orogeny in northern Peru and 

continuing to shortly after the onset of the Incaic orogenic pulses (Cobbing et al., 1981; 

Benavides-Cáceres, 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 remnants only exist around the Coastal Batholith in westernmost Peru. 

 

2.3 Late Cretaceous to Modern Andean-Type Subduction Regime 

 

Following the long period of back-arc extension, a different tectonic regime was initiated 

in the Early Senonian, resulting in the construction of the present Andean Cordillera. At the time, 

the Mariana-type subduction system with its back-arc basin was replaced by the modern Andean-

type subduction regime, which is typified by the recurrence of compressive episodes, extensive 

plutonic and subaerial volcanic activity, crustal thickening, and major uplift (Benavides-Cáceres, 

1999). 

Several major compressional events resulted from the change in subduction-type and are 

broadly grouped into three major orogenies, the Peruvian, Incaic, and Quechuan orogenies, 

which record the advancement of the orogeny in an eastern direction (Mégard, 1984; Benavides-

Cáceres, 1999). The Peruvian orogeny occurred during the Campanian (ca. 84-79 Ma) and 

created the Peruvian fold and thrust belt which dominantly affected rocks 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 Marañon arch (Fig. 2.1). The 

Quechuan orogeny also consists of four pulses, dominantly affecting the rocks of the Sub-

Andean fold and thrust belt between the Marañon arch and the Brazil-Guiana craton (Benavides-

Cáceres, 1999). 
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2.3.1 Tertiary Incaic Thrust and Fold Belt 

 

The Mesozoic basement rocks deposited in the Western basin were affected by 

deformation and crustal shortening during the Early Tertiary Incaic orogeny. The Incaic fold and 

thrust belt is also known as the Marañon thrust and fold belt (Mégard, 1984). The Incaic I pulse 

occurred about 59-55 Ma and resulted in the unroofing the Coastal Batholith and the creation of 

large thrusts and tight, upright folds that are reflected at a regional-scale by the distribution of the 

Chimu Formation (Fig. 2.1). Between the Incaic I and II pulses (Fig. 2.2), a significant basaltic-

andesitic volcanic sequence known as the Llama-Calipuy volcanic sequence was deposited along 

the Cordillera Occidental, and may be related to a string of similarly aged plutons along the 

eastern margin of the Coastal Batholith. The Incaic II pulse (43-42 Ma; Noble et al., 1990) 

resulted in further shortening as well as deformation of the Llama-Calipuy volcanic sequence. 

Subsequent volcanism, referred to as the Tacaza volcanic sequence, persisted until 17 Ma 

through both the Incaic III and Incaic IV orogenic pulses.  

The deformation resulting from the Incaic orogeny within the Mesozoic basement strata 

produced large upright or east-vergent folds that are seen clearly in the Chimu Formation. The 

significantly weaker Chicama Group contains disharmonic folds and plastic-flow deformation 

and hosts the major decollement boundary (Mégard, 1984; Benavides-Cáceres, 1999). 

 

2.3.2 Tertiary Volcanic Rocks of the Calipuy Group 

 

The deformed Mesozoic basement rocks in the Alto Chicama district are unconformably 

overlain by volcanic rocks of the Calipuy Group (Fig. 2.1). These volcanic deposits formed in 

association with at least 13 volcanic centers that range from Eocene to Miocene in age (Cossío, 

1964; Reyes, 1980; Cobbing et al., 1981; Rivera et al., 2005, 2006; Navarro et al., 2008). 

Benavides-Cáceres (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 (54-43 Ma), the Lower and Upper Tacaza volcanic sequences (42-17 

Ma), and the Sillapaca volcanic sequence (16-8 Ma). All of the volcanic sequences are separated 

by compressional orogenic events. Volcanic activity throughout northern Peru generally  
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Figure 2.2: Composite chronostratigraphic diagram for northern Peru compiled from Cobbing et 

al. (1981) and Benavides-Cáceres (1999). The volcanic sequences shown at the top are those of 

Benavides-Cáceres (1999) developed for the whole of Peru. Deformation from the Incaic III 

pulse is not indicated because it has only been identified in southern Peru. Similarly, the 

Quechua II, III, and IV pulses are not shown because deformation was concentrated in the Sub-

Andean thrust and fold belt to the east of the Cordillera Oriental (Benavides-Cáceres, 1999). 
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migrated from west to east over this period of time (Benavides-Cáceres, 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 northeastern edge of outcropping central Calipuy Group volcanic rocks 

(Fig. 2.1). The district has been divided into two domains, separated by a north-northwest spine 

of Mesozoic sedimentary rocks, referred to as the eastern Lagunas Norte domain and the western 

Quiruvilca domain (Figs. 2.3 and 2.4). Recently completed regional mapping and extensive age 

dating of the volcanic cover and hydrothermal systems by Montgomery (2012) has enhanced the 

understanding of the lithostratigraphic framework and volcanic history of the Alto Chicama 

district, building on research done by previous workers (Cossío, 1964; Reyes, 1980; Gaboury, 

2002; Lewis, 2003; Rehrig, 2004). 
40

Ar/
39

Ar geochronology suggests that volcanic rocks in the 

Alto Chicama district range in age from the 26.59 ± 0.29 Ma La Arena sub-volcanic intrusive 

suite to the 12.38 ± 0.09 Ma volcanic deposits of the Cerro Quiruvilca volcanic center (Rivera et 

al., 2005; Montgomery, 2012). These ages 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. 2.2). This suggests that the volcanic rocks in the Alto Chicama district were erupted during 

the span of two orogenic events, namely the Incaic IV pulse, which occurred between the Lower 

and Upper Tacaza volcanic sequences, and the Quechua I pulse, which took place between the 

Upper Tacaza volcanic sequence and the Sillapaca volcanic sequence (Benavides-Cáceres, 

1999). 

Mesozoic basement rocks are exposed at the northern and eastern extents of the Lagunas 

Norte domain. They form large, tight folds, defining the 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 Formations), 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 21.1-16.4 Ma as a dome-flow complex or volcano complex 
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Figure 2.3: District geology of the Alto Chicama area (modified from Montgomery, 2012). The legend is given on the following page. 
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Figure 2.3 (continued)  
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Figure 2.4: Interpreted cross-sections oriented east-northeast across the Alto Chicama district as marked on Figure 2.3 (modified from 

Montgomery, 2012). Deposit locations and major domes shown in Figure 2.3 are indicated. Structural form lines show the anticlinal 

shape of folds within the Chimu Formation as well as horst-like structural blocks related to the distribution of volcanically derived 

material.
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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 the 26.6-23.1 Ma La Arena intrusive 

suite in 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 and Cerro 

Yanahuanca domes. The eruptive center for subsequent, 18.8-17.1 Ma, explosive, andesitic to 

dacitic volcanic and volcaniclastic units lies ~4 km east of Lagunas Norte (‘Sauco vent complex’ 

in Fig. 2.3). The Lagunas Norte and Milagros Formations comprise the units which host Lagunas 

Norte, Milagros, and Alto La Bandera. 
40

Ar/
39

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 dacitic domes and explosive volcaniclastic facies on the 

southern and western margins. The age of emplacement, ca. 17.3-16.4 Ma, is contemporaneous 

with the high-sulfidation style hydrothermal activity and includes the Shulcahuanga dome, Cerro 

Tres Amigos, Cerro 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 is unknown. Hypabyssal coarsely porphyritic, subvolcanic, andesitic stocks are associated 

with the Quiruvilca and Tres Cruces deposits and may represent the remnants of deeply-eroded 

stratovolcanoes which could serve as a local source for the volcaniclastic sequence (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 andesitic flow-dome complex ~1.5 km 

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

stage voluminous magmatism resulting in mostly dacitic domes and pyroclastic horizons 

constrained to ca. 16.3-15.2 Ma. Other volcanic strata in the northwest of the Quiruvilca domain 

are included due to similar age dates 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 center gave a Middle Miocene 
40

Ar/
39

Ar biotite plateau age of 12.38 ± 0.09 Ma 

(Montgomery, 2012). 

  



18 

2.5 Regional Metallogeny 

 

Peru is well endowed with various mineral commodities, including significant resources 

of Au, Ag, Cu, Mo, Zn, Pb, and others. Major high-sulfidation type epithermal Au-(Ag) deposits 

in northern Peru include the Pierina deposit and the giant Yanacocha deposit cluster (Fig. 2.1). In 

the Alto Chicama district, several small high-sulfidation type epithermal occurrences are known 

aside from Lagunas Norte, as well as examples of Cu-Au-(Mo) porphyry, low-sulfidation 

epithermal, and Cordilleran-type polymetallic lode deposits. 

Pierina is located ~180 km to the south-southeast 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 Eocene 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 

Cretaceous Santa and Carhuaz Formations. Pierina is dominantly hosted within the more 

favorable volcaniclastic tuffs and breccias that are typically of dacitic composition. 
40

Ar/
39

Ar 

dating of alunite gave ages from 14.20 ± 0.25 to 14.66 ± 0.13 Ma, indicating that hydrothermal 

activity occurred at the terminal stage of the Huaraz Group volcanism (Rainbow et al., 2005). 

Acid-type alteration produced a zonation from a core of residual silica outward to quartz-alunite 

followed by distal argillic zones. The vuggy-silica alteration zone hosts most of the ore at 

Pierina. 

Yanacocha represents a cluster of high-sulfidation 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 Cajamarca Department, 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 intrusions, dikes, and breccias. These volcanic rocks unconformably overly the 

sedimentary rocks of the Cenozoic basement comprised of limestone and marl of the Pulluicana-

Quillquiñan Group and Cajamarca Formation as well as quartz-rich sandstone and mudstone of 

the Goyllarisquizga Group, which serve as the dominant ore host in Lagunas Norte. 
40

Ar/
39

Ar 

dating of hydrothermal alunite from multiple alteration centers in the Yanacocha deposit cluster 
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shows that hydrothermal activity persisted from 11.5-8.5 Ma, generally progressing across the 

district toward the northeast with time (Teal and Benavides, 2010). Large zones of residual 

silica, the primary ore host, form thick (100-200 m) tabular bodies that roughly dip with 

stratigraphy and sub-vertical cross-cutting structurally controlled zones. Often the structurally 

controlled residual quartz zones are higher grade (>2 g/t Au) than the larger tabular zones (~0.2-

1 g/t Au; Longo et al., 2010). 

Lagunas Norte is the largest gold deposit in the Alto Chicama district. 
40

Ar/
39

Ar dating of 

hydrothermal alunite at Lagunas Norte provides an age range of hydrothermal activity between 

17.4 and 16.5 Ma (Montgomery, 2012). Other smaller high-sulfidation type gold mines and 

occurrences are also present in the district as well as several other 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 high-sulfidation type epithermal Au-(Ag) ores and, with the 

exception of La Capilla, are all hosted at least 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 

resource of epithermal-style Au-(Ag) ores, hosted in brecciated Chimu Formation, and a sulfide 

resource of porphyry-style Cu-Au-(Mo) ores, hosted in dacitic-dioritic porphyries and breccias. 

The measured and indicated resource for the epithermal deposit is 100.7 Mt grading 0.46 g/t Au 

for 1.48 Moz Au and the indicated resource for the porphyry deposit is 312.7 Mt at 0.29% Cu 

and 0.24 g/t Au for 2.42 Moz Au and 0.91 Mt Cu. Inferred resources comprise an additional 2.2 

Moz Au and 0.95 Mt Cu (La Arena Technical Report, September 2011). 

Near Lagunas Norte, the Milagros prospect may represent the upper portion of a sub-

economic porphyry Cu-Au-(Mo) body at depth (Fig. 2.4; Garcia, 2009). An 
40

Ar/
39

Ar age 

collected from sericite puts the formation of the milagros prospect at ca. 17 Ma (Montgomery, 

2012). The low-sulfidation type epithermal Tres Cruces deposit is unusually Au-rich, comprising 

a measured and indicated resources of 66 Mt grading 1.23 g/t for 2.6 Moz Au (Tres Cruces 

Technical Report, September 2012). Typically Peruvian low-sulfidation vein systems are 

dominated by silver (Montgomery, 2012). Abundant quartz-carbonate veining, intermediate-

argillic alteration mineral associations, and sulfide associations dominated by pyrite with lesser 

marcasite, arsenopyrite, and pyrrhotite characterize this deposit, along with chalcedonic and 
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opaline replacement zones, which are dominantly hosted by andesitic volcaniclastic breccias and 

tuffaceous deposits.  

Finally, the Quiruvilca deposit represents a ‘Cordilleran-type’ Ag-base metal lode deposit 

hosted in quartz-carbonate-pyrite veins that are up to 2.5 m thick (Bartos, 1987). 
40

Ar/
39

Ar dating 

of hydrothermal sericite and illite provide an age of mineralization between 15.2 and 15.4 Ma 

and shows that the formation of Quiruvilca post-dated the formation of Lagunas Norte 

(Montgomery, 2012). Regular zoning is observed in both the metal distribution and the alteration 

halos around the veins. The polymetallic veins are zoned from a core of enargite-pyrite (Cu 

zone) outward to sphalerite-pyrite±fahlerz (transition zone), followed by intermediate-Fe 

sphalerite-galena-pyrite±fahlerz-arsenopyrite (Pb-Zn zone) and a zone of stibnite-arsenopyrite 

(As-Sb zone) furthest from the center (Bartos, 1987; Montgomery, 2012). Alteration zoning 

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 kaolinite-quartz outward through intermediate-argillic to distal propylitic 

alteration associations. Pb-Zn and As-Sb zone veins are zoned much the same, except that the 

proximal alteration is represented by phyllic mineral associations grading outward to a zone of 

intermediate-argillic alteration followed by a propylitic alteration zone (Bartos, 1987; 

Montgomery, 2012). The Las Princesas prospect is an example of another ‘Cordilleran-type’ Ag-

base metal deposit.  

When observing the locations of different deposit types (Fig. 2.3), it is noted that all the 

‘Cordilleran-type’ Ag-base metal and low-sulfidation type epithermal Au deposits are wholly 

contained within the Quiruvilca domain, while all of the high-sulfidation type epithermal Au and 

porphyry Cu-Au-(Mo) deposits occur in the Lagunas Norte domain (Montgomery, 2012). This 

indicates a fundamental difference in the type of magmatic-hydrothermal 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 of the Quiruvilca domain volcanic units and deposits are 

generally younger than those measured in the Lagunas Norte domain, suggesting the style of 

mineralization may have changed with time as magmatism migrated to different locations. 
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CHAPTER 3 

DEPOSIT GEOLOGY 

 

3.1 Introduction 

 

The Lagunas Norte high-sulfidation epithermal Au-(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 Formation (Montgomery, 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 Santa-Carhuaz Formation, which form part of the basement in 

the Lagunas Norte area. The basement strata have been weakly metamorphosed and strongly 

deformed due to the Incaic orogeny, while the overlying volcanic rocks of the Calipuy Group 

have not been affected by regional metamorphism and show little deformation in the Alto 

Chicama district. 

The present chapter summarizes the geology of the Lagunas Norte high-sulfidation 

epithermal deposit. Where available, the results of age dating of the host rocks are given. In 

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 black carbonaceous 

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 mudstone. Near 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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Figure 3.1: Geological map of Lagunas Norte showing the distribution of the main lithological 

units (modified from Cerpa et al., 2013). The Dafne and Josefa zones refer to diatreme locations; 

the Alexa zone represents the northernmost erosional remnant of volcaniclastic rocks belonging 

to the Josefa unit. Cross-section A-A’ and long-section C-C’ are discussed in Chapters 5 and 6; 

cross-section B-B’ is discussed in Chapter 4. 
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Surface exposure is limited to the anticlinal core of a large north-northwest trending fold 

on the western flank of the deposit, creating 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 semi-plastic flow of the 

mudstone in outcrop (Fig. 3.2A). 

 

3.3 Chimu Formation 

 

The Chimu Formation, which represents the lowest portion of the Goyllarisquizga Group, 

creates prominent, steeply-dipping north-northwest trending ridges. Quartz arenite beds are 

resistant while interbeds of mudstone, siltstone, and coal are recessive 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 be 450-600 m (Benavides-Cáceres, 1956; 

Cobbing et al., 1981). 

The Chimu Formation consists of thick, cross- and planar-bedded deltaic quartz arenite 

packages with individual beds ranging in size from a few centimeters to 10’s of meters thick. 

Most of the thick quartz arenite beds are fine-grained. However thinner medium- and coarse-  

 

 

 
 

Figure 3.2: Outcrop images of basement sedimentary rocks at Lagunas Norte. (A) Road cut of 

Chicama Group showing deformed bedding in mudstone with intercalated layers of siltstone and 

quartz arenite. Cerro Shulcahuanga can be seen in the background. Outcrop location: 803154 E / 

9121277 N. (B) View from north of the Lagunas Norte mine towards Cerro Shulcahuanga 

located in the south. The hill side shows well-developed planar layering of quartz arenite of the 

Chimu Formation. Carbonaceous mudstone and coal beds weathered recessively and are covered 

in grass. 
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grained beds are commonly observed lower in the stratigraphy. The quartz arenite is mature with 

quartz grains being well-rounded. Regional metamorphism caused the recrystallization of the 

quartz arenite and cementation of the detrital quartz grains by interstitial quartz, resulting in the 

highly weathering-resistant quartz arenite now observed. Interbeds of finer-grained pelitic 

material are more variable and range from siltstone, 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 facies changes occur within the recessive mudstone-siltstone-coal beds, 

making them laterally discontinuous over lengths of greater than several hundreds of meters 

(Lewis, 2003). The sedimentological characteristics of the Chimu Formation are described in 

more detail in Chapter 4. 

The contact between the Chimu Formation and the overlying Santa-Carhuaz 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 gray siltstone 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 the Santa-Carhuaz 

Formation. Regionally, 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 Formation is composed of interbedded mudstone, siltstone, sandstone, and thin 

intercalations of limestone and anhydrite. The Santa-Carhuaz Formation is estimated to have a 

total stratigraphic thickness of up to 1500 m (Cobbing et al., 1981), although it only has 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). The volcanic 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 as logs and other plant material are indicated in the diagram. 

 

 

is irregularly distributed due to erosion and considerable paleo-topographic relief of the 

siliciclastic rocks of the Chimu Formation at the time of deposition. The volcanic pile is several 

hundred 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 belong to the 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 diatreme-related breccias and 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 Norte. (A) Carbonized remnant of a log 

hosted by stratified andesitic volcaniclastic rock. Outcrop location: 804070E / 9121210N. (B) 

Polymict volcaniclastic breccia originating from the Dafne diatreme. The 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 clast of silice parda can be 

seen in the lower left (see Section 3.6). Outcrop location: 803550E / 9121140N. (C) 

Volcaniclastic breccia dominantly composed of quartz arenite fragments of the Chimu Formation 

in a tuffaceous matrix. Outcrop location: 803950E / 9121130N. (D) Contact between andesitic 

lava flow of the Shulcahuanga 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 Group. Field 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 volcanic rocks 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 potentially derived from the Quesquenda eruptive center (Cerpa et al., 2013), 



27 

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 lahar deposits (Rivera et 

al., 2005; Montgomery, 2012; Cerpa et al., 2013). Andesitic strata of the Quesquenda unit some 

500 m east of the mine have been dated using 
40

Ar/
39

Ar on hornblende at 17.11 ± 0.51 Ma 

(Montgomery, 2012). 

The Dafne unit consists of diatreme breccia 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 matrix-supported breccias containing mudstone, quartz arenite, 

and juvenile volcanic 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 core of the diatreme where it is dominantly matrix 

supported (Cerpa et al., 2013). The breccias tend to be more clast-supported nearer the diatreme 

margins (Figs. 3.3 and 3.4B). Related breccias characterized by hydrothermal quartz or pyrite 

cement are also observed, and may represent hydrothermal activity related to mineralization. 

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 clast-supported. 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 overlying volcanic and volcano-

sedimentary stratified facies that formed from the Josefa 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 quartz arenite, quartz crystals, and juvenile clasts in 

an often tuffaceous matrix. Locally, the breccias contain quartz-alunite cement. Overlying these 

breccia facies are pyroclastic flow deposits referred to as the quartz-feldspar-phyric and dacitic 

units, which are thought to have originated from the Josefa diatreme (Fig. 3.3; Cerpa et al., 

2013). An 
40

Ar/
39

Ar hornblende plateau age of 16.72 ± 0.43 Ma obtained on a least-altered 

dacitic pumiceous ash-flow tuff ~150 m east of the deposit provides an age constraint for these 

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 margin of the 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 western margin 

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 flow banding (Macassi, 2005; Cerpa 

et al., 2013). 
40

Ar/
39

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 Formation (Montgomery, 2012). 

The ore body at Lagunas Norte is elongate along the north-northwest trend of the Chimu 

Formation. The ore body has a strike length of ca. 2 km. It is approximately 1 km in width, 

covering nearly the entire east-west extent of the Chimu Formation (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, sulfide minerals, 

dominantly pyrite, have been weathered to goethite and to a lesser extent hematite and jarosite 

(Montgomery, 2012; Cerpa et al., 2013). This liberated the Au present in pyrite, and possibly 

enargite, allowing the use of cyanide heap-leach extraction directly from crushed ore (Annual 

Report of Barrick 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 appear unaltered due to the lack of oxide minerals. 

Mapping of the open pit combined with geochemical assaying has shown that high-grade Au ore 

zones within the quartz arenite of the Chimu Formation are typically confined to monomict 

quartz arenite breccias that are spatially related to fault zones, many of which do not extend into  
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Figure 3.5: Cerro Shulcahuanga as viewed from the eastern edge of the Lagunas Norte pit. Note 

the complex orientations of the flow directions and cooling joints, representing an exhumed 

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 gray-black breccia of the Dafne unit; directly 

above this are the light green-gray benches comprised of andesitic to dacitic flows and domes of 

the Shulcahuanga unit. 

 

 

the overlying 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 mudstone and anthracite beds can also be 

mineralized, especially where these beds intersect the breccia zones. Highly altered and siliceous 

beige or tan colored mudstones are known as silice parda (see Chapter 5) and can be readily 

identified in the field (Montgomery, 2012; Cerpa et al., 2013). However, away from the 



30 

mineralized zones, hydrothermal alteration of the carbonaceous mudstone is not easy to identify 

due to its fine-grained and carbonaceous nature. 

In contrast to the essentially unreactive quartz arenite of the Chimu Formation, acid-type 

alteration within the unconformably overlying volcanic rocks of the Calipuy Group can be easily 

identified in the field. Alteration mineral zoning characteristic of high-sulfidation epithermal 

deposits (cf. Arribas, 1995; Hedenquist et al., 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 propylitic 

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 characteristic 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 unit, though 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 authors agreed that at an early 

hydrothermal alteration created the distinctive silice parda alteration 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 the Dafne diatreme (Fig. 3.4B), implying that the 

alteration began pre- to early syn-deposition of the Lagunas Norte Formation. Emplacement of 

the Dafne and Josefa diatreme facies occurred before the bulk of the acid-type alteration took 

place, enhancing the structural permeability locally for exploitation by later hydrothermal fluids 

(Cerpa et al., 2013). Leaching by 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 have post dated these alteration events and been 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 micro-inclusions, and that 

enargite probably represents the main Ag-bearing 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 barite occurring in  
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Figure 3.6: Distribution of the alteration mineral associations at Lagunas Norte (modified from 

Cerpa et al., 2013). Alteration of the overlying volcanic units consists of every alteration 

association shown except for dickite-kaolinite-pyrophyllite, which occurs only in the underlying 

Chimu Formation, apparently extending northward from the deposit. 
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the volcanic units and barite in the siliciclastic rocks of the Chimu Formation are considered to 

be post-mineralization.  

Finally, intense supergene oxidation occurred up to depths of 80m as meteoric waters 

penetrated the deposit. Supergene oxidation liberated the gold from the sulfide host minerals into 

dominantly goethite and lesser hematite and jarosite (Montgomery, 2012; Cerpa et al., 2013). No 

significant steam-heated environment has been recognized at Lagunas Norte; however a thin 

zone of quartz and alunite in the uppermost units preserved at the Alexa zone at the northern 

edge of the deposit area has been noted to be potentially of steam-heated origin (Montgomery, 

2012). 
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CHAPTER 4 

SEDIMENTOLOGY OF THE CHIMU FORMATION 

 

4.1 Introduction 

 

At Lagunas Norte, siliciclastic rocks of the Chimu Formation represent the principal host 

for gold. The present chapter describes the sedimentological characteristics 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 mappable units. 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 

cross-section through the Chimu Formation at Lagunas Norte to test for lateral facies variations 

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. Three drill holes along 

cross-section B-B’ (Fig. 3.1; mine section 5000) were logged at a scale of 1:500 totaling 741 m, 

of which 201 m were logged at 1:200 scale, to produce a stratigraphic column across the entire 

Chimu Formation and define the lithological facies present. Complete drill hole coverage of the 

Chimu Formation was possible along this section, from the contact with the Chicama Group in 

the west to the contact with the Santa-Carhuaz Formation in the east, and offered the lowest 

amount of disruption from faulting and intrusions, based on mine maps provided by Minera 

Barrick Misquichilca S.A. The low structural complexity of this section compared to mine 

section 4200 (A-A’ in Fig. 3.1) allowed a better correlation of key stratigraphic units between 

drill holes, which is required to build a continuous stratigraphic column. The down-hole depth of 

the core logs used to create this stratigraphic column has been recalculated to represent true 

stratigraphic thickness because the drill holes used did not intercept bedding orthogonally; 
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instead the bedding was consistently ~55° to the core axis. Along cross-section A-A’ (Fig 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 variations where 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 and western parts of the deposit; notably along the Chimu 

Formation-Dafne unit and Dafne unit-Shulcahuanga unit contacts in the west and the Chimu 

Formation-Josefa unit and Chimu Formation-Quesquenda unit contacts in the east. Additionally, 

outcrop sketches were made for some of the surface sample areas within the open pit, showing 

larger scale facies relationships. Two measured sections were taken along road cuts to the north 

of the deposit; one showing relationships between quartz arenite, variably carbonaceous 

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 and locations. Core logging around 

sampled intervals totaled 445 m at a scale of 1:200 from nine drill holes along cross-section A-

A’, and 257 m at a scale of 1:100 from seven drill holes extending to the north along cross-

section C-C’. 

 

 

Table 4.1: Location and description of mapped, measured, or sampled outcrops. 

# Type Easting Northing Description 

1 Measured 803034 9122414 Road cut of carbonaceous mudstone and coal 

 

2 Measured 802150 9123794 Road cut of interbedded quartz arenite and thin mudstone 

 

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 Formation 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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Figure 4.1: Graphic core logs and measured sections showing the different facies defined in the Chimu Formation.
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4.3 Lithofacies 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 open pit, and while logging 

drill core along cross-section B-B’. Lithofacies for the sedimentary sequence have been defined 

as follows (from coarse to fine grained): interbedded quartz arenite; massive quartz arenite; 

interbedded quartz arenite and thin mudstone; thinly bedded mudstone and siltstone; 

noncarbonaceous mudstone; carbonaceous 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 from 10 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 has consistently rounded and well-sorted quartz grains with a low compositional variety. 

Thin, 1-5 cm thick 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 quartz grains typically 

represent greater than 95 modal% of the detrital grains, with the remaining grains consisting of 

clay aggregates (thought to be detrital feldspar grains replaced by clay minerals and quartz), 

detrital mica, zircon, and rare hornblende. Quartz grains in the quartz arenite facies are rounded 

but commonly overgrown by secondary quartz (Fig. 4.2B). The quartz overgrowth is interpreted 

to be metamorphic in origin, based on CL microscopy and fluid inclusion characteristics, and 

probably formed during 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, well-sorted, quartz arenite. The mostly continuous sections of this 

facies consist of fine to medium quartz arenite with beds ranging from 3-15 m 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 coarse quartz arenite 

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 than 95 modal% of the detrital grains of the facies. The 

remaining grains are 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 Norte. (A) Interbedded quartz arenite with coarse 

and medium quartz arenite beds. Gray zones contain fine-grained sulfide minerals while the 

sulfide minerals have been oxidized in orange zones. Drill hole DDH-482 at 130 m. The core is 

47.6 mm in diameter (NQ). (B) Microphotograph of well-rounded detrital quartz grains with 

subhedral quartz overgrowths interpreted to have formed during metamorphism. Sample LN-97. 

CPL. (C) Outcrop of massive fine-grained quartz arenite with cross-bedding. The outcrop is 

located to the northwest of the deposit at 802370E / 9123680N. (D) Road cut of interbedded 

quartz arenite and thin mudstone, representing a gradational contact from quartz arenite to 

progressively more carbonaceous mudstone from left to right. Stratigraphic distance between 

marked beds is 1 m. The outcrop is located to the northwest of the deposit at 802150E / 

9123794N. 
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latter being caused by quartz overgrowth (Fig. 4.2B) that probably formed during the Incaic 

orogeny. The metamorphic quartz overgrowth has apparently reduced the porosity of the massive 

quartz 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 

quartz arenite beds that range from 15-50 cm in thickness and contain regular interbeds of 5 mm 

to 4 cm thick mudstone. Both the mudstone and sandstone component of this interbedded 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 to mudstone (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 are 3-30 mm thick (Fig. 4.3A). Periodically fine to 

very fine quartz arenite beds occur. The quartz arenite beds can be massive or thinly 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 or quartz arenite, but is not common. The 

rocks range from noncarbonaceous to containing approximately 1.5% carbonaceous matter, 

higher carbon contents are consistently observed in finer-grained beds. Normal grading from silt-

rich to mud-rich beds can be identified periodically. Petrographic investigations show that 

rounded quartz grains are the dominant clastic mineral in coarser beds, ranging from 60 modal% 

in siltstone beds up to 95 modal% in quartz arenite beds. Mudstone typically has around 30 

modal% rounded quartz grains, the rest of the rock being comprised of clays. Detrital 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 feldspar fragments, 

representing ~20 modal% of most siltstone beds and upwards of ~50 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 mudstone is typically 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 fine-grained quartz and interstitial clay minerals being present, the latter possibly 

formed after detrital feldspars. 

 

 

 

Figure 4.3: Mudstone facies at Lagunas Norte. (A) Drill core of thinly bedded carbonaceous 

mudstone (black) and siltstone (gray). Drill hole DDH-073 at 158 m. The 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 deposit at 803779E / 9121184N. (C) Carbonaceous 

mudstone in contact with massive quartz arenite. The carbon content increases down-hole where 

anthracitic coal seams can be observed near the bottom of the photo. Drill hole DDH-781 at 38 

m. The core is 47.6 mm in diameter (NQ). (D) Anthracitic coal from a mine bench near the 

center of the deposit at 803769E / 9121100N.  
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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 typified by its ability to easily leave 

black streaks of carbon on paper. The carbon content of the carbonaceous mudstone typically 

ranges from 0.5% to 3%. Highly carbonaceous mudstone containing over 3% carbon is dark 

black and very soft, almost transitional to coal (Fig. 4.3C). 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 graphite can 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 grade upward 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 2 to 15 mm in thickness (Fig. 4.3C). 

 

4.4 Stratigraphic Relationships 

 

Using drill holes DDH-097, DDH-482, and DDH-352, a stratigraphic column was 

measured (Fig. 4.4) that crosses the Chimu Formation along the mine section 5000 (B-B’ in Fig. 

3.1). Rocks of the Chicama Group make up the base of the section, comprised dominantly of 

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 Group. Several andesitic intrusions 

occur along the contact with the Chimu Formation at 89 m from the base of the section, 

exploiting structural weakness associated with the faulting that controlled the emplacement of 

the Dafne diatreme and younger Shulcahuanga flows and domes further to the south near cross-

section A-A’. The lower portion of the Chimu Formation is composed of ~35 m of thick   
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Figure 4.4: Stratigraphic column through the Chimu Formation at Lagunas Norte. Scale indicates 

true stratigraphic thickness, corrected from the down-hole depths. Four parts of the stratigraphic 

column are given at larger scale to highlight facies relationships. 
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quartz arenite beds that individually range from 3-5 m in thickness. The quartz arenite is overlain 

by ~20 m of carbonaceous thinly bedded mudstone and siltstone. A total of 45 m of interbedded 

quartz arenite dominates the section until the first coal bed is reached at 200 m from the base of 

the section. Most coal beds, including this one (111 m above the contact with the Chicama 

Group), are bound by thin carbonaceous mudstone beds, indicating 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 representative for the complex 

relationships between the different fine-grained sedimentary facies. A thick interval of 

interbedded quartz arenite is overlain by thinly bedded mudstone which transitions into 

carbonaceous mudstone, with intervals of fine-grained quartz arenite, 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 typically between 20-50 m thick, however individual units can 

vary from only a few 10’s of centimeters to over 70 m thick. The mudstone and siltstone units 

are generally thinner, ranging from a few centimeters to over 20 m in thickness. They 

periodically contain thin layers of fine-grained quartz arenite. 

Around 310 m above the base of the measured section, the finer-grained massive quartz 

arenite facies becomes prevalent. Fractured and brecciated rocks are more abundant up section as 

well, referred to as monomict tectonic 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 secondary fold-hinge which 

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 ~450 m above the 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 thin (0.5-2 m thick), 

andesitic intrusions are observed in this part of the Chimu 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 Santa-Carhuaz Formation at 561 m. Only 

locally, beds of interbedded quartz arenite and very thin carbonaceous mudstone facies can be 

observed.  
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The Santa-Carhuaz Formation is in sharp contact with interbedded quartz arenite facies of 

the Chimu Formation. The Santa-Carhuaz 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 stratigraphically lower portion 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 the Chimu Formation. Up-section, 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 m, from 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 mudstone and siltstone, 7% carbonaceous mudstone, 4% coal, 3% interbedded quartz 

arenite and thin mudstone, and 2% noncarbonaceous mudstone. 

 

4.5 Lateral Facies Variations 

 

Lateral facies variations along cross-section A-A’ are shown in Figure 4.5. A total of nine 

holes were logged along this section. These new logs were compared with company-internal 

interpretations of lithology and structure, and the cross-section was redrawn to reflect the 

distribution of the lithofacies as described above. Volcanic unit distribution 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 continuity 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 cross-section. Similarly, the interbedded quartz arenite is laterally very 

continuous, but tends to be concentrated in the lowest portion of the Chimu Formation within the 

western half of the cross-section. The interbedded quartz arenite and thin mudstone facies is not 

laterally extensive, existing in relatively small areas which represent transition zones between  
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Figure 4.5: Generalized lithological cross-section along section A-A’ showing the lithofacies of the Chimu Formation. 



45 

quartz arenite 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 may give way to 

another, changing from noncarbonaceous mudstone to carbonaceous mudstone to coal, or to 

thinly bedded mudstone and siltstone through an increase in silt-sized clastic material. Lateral 

continuity typically ranges from 100-200 m for relatively thin (1-10 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 beds, but are more abundant. Coal beds, however, tend to 

grade up-section into progressively less carbon-rich facies and are only prevalent in the western 

half of the cross-section (Fig. 4.5). 

 

4.6 Facies Interpretation 

 

The observed facies relationships allow a reconstruction of the paleoenvironment of 

deposition. The well-sorted mature quartz arenite of the Chimu Formation overlies the thick off-

shore marine sequence of the Chicama Group. This is indicative of a near-shore marine 

sequence. These characteristics combined with regular carbonaceous mudstone and coal facies 

lends to the interpretation that the Chimu Formation was deposited in an organic-rich deltaic 

depositional setting with the sediments being derived from a mature clastic source. When 

considering the depositional 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 

basement at Lagunas Norte (cf. Cobbing et al., 1981; Benavides-Cáceres, 1999). 
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CHAPTER 5 

ALTERATION MINERALOGY 

 

5.1 Introduction 

 

Although the siliciclastic rocks of the Chimu Formation have been pervasively altered, 

mineral associations indicative of hydrothermal alteration are only well-developed in mudstone. 

Due to its initially high quartz content, the quartz arenite was largely inert 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 on whole-rock 

XRD investigations, mudstone samples have been classified into different mineral associations. 

These different mineral associations record different intensities of fluid-rock interaction. The 

present chapter demonstrates that the whole-rock mineralogy of the mudstone changes 

systematically with distance 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 

quartz arenite samples were taken near the contact with mudstone units. No coal samples were 

collected. 

The samples were initially crushed using a Rocklabs Boyd Crusher, which is a double-

acting fine jaw crusher that reduced grain size in a single pass to about 2 mm, and subsequently 

split. A split of approximately 100 g was further milled 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 µm was removed. The 

remainder of the material was further milled for geochemical analysis. A total of 4 g of the 

samples having a grain size of approximately 200 µm was milled to a grain size below 20 µm in 

a vibratory McCrone micronizing mill under ethanol. The use of this mill for fine grinding 
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minimizes the structural damage introduced during milling. After drying, the fine powders were 

homogenized in a vibratory mixer mill.  

The homogenized powders were then filled into conventional top-loading sample holders. 

Step-scan XRD data (5 to 80° 2Θ, 0.03° 2Θ step width, 8 s/step) on the randomly oriented 

powder mounts were collected with an URD 6 (Seifert-FPM, Germany) diffractometer equipped 

with a diffracted-beam graphite monochromator and a variable divergence slit. A Co tube was 

used and operated at 40 kV and 30 mA. Qualitative phase analysis of the raw diffraction patterns 

was carried out by conventional search/match procedures. Subsequent quantitative phase 

analysis was performed by the Rietveld method (cf. Rietveld, 1969) using the fundamental-

parameter program AutoQuan (Bergmann et al., 1998). In this way, complex mineralogy can be 

assessed in fully automatic mode without user-defined refinement strategy (Bergmann et al. 

2001; Monecke et al., 2001). 

Detection limits of the XRD analysis are mineral dependent and range 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 contents. 

For these samples, only qualitative XRD data could be obtained. 

 

5.3 Alteration Facies Developed in Mudstone 

 

XRD analysis of the mudstone samples has shown that three alteration facies, comprising 

five distinct mineral associations can be distinguished. The most intense alteration is manifested 

by the residual quartz alteration facies (quartz mineral associations), followed by advanced 

argillic alteration (quartz-alunite-pyrophyllite and quartz-alunite-pyrophyllite-kaolinite mineral 

associations). Less intensely altered mudstone belongs to the intermediate argillic alteration 

facies (quartz-alunite-pyrophyllite-kaolinite-illite and quartz-pyrophyllite-kaolinite-illite mineral 

associations). Truly unaltered mudstone was not identified within the mine area. 

At the deposit scale, there is no correlation between alteration 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 to be affected by more intense alteration. This is likely due to the  
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Table 5.1: Number of analyzed mudstone samples of each mudstone facies belonging to the 

different alteration facies and respective alteration mineral associations. 

 ms lms lmst 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 

 

 

relatively higher permeability associated with siltstone-bearing facies over massive fine-grained 

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 

 

Mudstone samples from the residual quartz alteration facies display evidence of having 

intensely interacted with acidic hydrothermal fluids. These samples often display a distinct 

beige-tan color and siliceous appearance caused by silicification and frequently contain small 

elongate vugs. Rocks of this alteration facies have been previously referred to as silice parda 

(Montgomery, 2012; Cerpa et al., 2013). Residual quartz alteration is the only alteration style 

that can be easily identified in hand specimen 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 facies mudstones are comprised almost entirely of quartz (Q mineral 

association) and 1-2 wt.% rutile. Pyrite is commonly present in this alteration facies as well as 

goethite which is 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 distribution. However, some of the highest silver concentrations 

measured in this study, from 13.7-41.1 g/t Ag, are contained in mudstone samples 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 of silice parda which contains clasts of laminated silicified mudstone. Sample 

LN-113. (B) Weathered sample of silice parda with remnant unoxidized fine-grained gray pyrite 

in the upper left piece. Sample LN-27. (C) Pyrite near a vug that has not been affected by 

weathering. Sample LN-26. RL. (D) Similar vug in the same thin section that has been weathered 

and oxidized. Sample LN-26. RL. (E) Thin section scan showing the typical elongate or planar 

shape of the vugs which are present in intensely leached and silicified mudstones. Sample LN-

27. (F) Detail of a vug developed in residual quartz. The vug is lined by small euhedral quartz 

crystals. Sample LN-27. CPL. All core samples are 47.6 mm in diameter (NQ). 
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Figure 5.2: Mudstone of the residual quartz alteration facies that is composed of quartz and 

alunite. Sample LN-38. (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 of pyrite. 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 quartz, residual quartz and euhedral quartz (Fig. 5.1E and F), are 

apparent in most of the samples from the residual quartz alteration facies. The majority of the 

samples are composed of residual quartz, which tends to be cloudy due to 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 type of quartz is clear and largely devoid of mineral and fluid inclusions. The crystals show 

distinct oscillatory growth zones (see 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 characteristics (LN-38; Fig. 5.2A and B) was not oxidized and 

contained 9 wt.% pyrite and 14 wt.% alunite. The rock is composed of quartz and alunite without 

any clay minerals present. This sample may represent an intermediate level of alteration between 

the quartz mineral association and the quartz-alunite-pyrophyllite mineral association described 
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below. Quartz-alunite is a common alteration mineral association in most acid-altered epithermal 

deposits hosted by volcanic rocks and also present in quartz arenites at 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 whole-rock mineralogy, 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 association). Most samples 

belonging to this alteration mineral association are not carbonaceous. Carbonaceous material 

present in these samples often shows zones of gray bleaching where carbon has been partially 

removed (Fig. 5.3A and B). This suggests that significant carbon could have been removed 

during alteration. Some samples of this mineral association contain minor diaspore. When 

observed, diaspore replaces pyrophyllite and overgrows quartz and alunite (Fig. 5.3C and D). 

Most quartz grains associated with diaspore have embayed grain boundaries which suggest that 

they are not stable under the conditions where diaspore is formed. Curiously, all of the samples 

containing diaspore were collected at the surface along mine benches in the open pit. 

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 1-9 wt.% and kaolinite at concentrations between 3 and 20 wt.%. The 

pyrophyllite abundance is low at 1-3 wt.%. Rutile is common phase (<1%) although some 

samples also contain low amounts of anatase (<1%). SEM investigations showed that 

pyrophyllite and kaolinite commonly occur together. Textures suggest that pyrophyllite was 

replaced by kaolinite (Fig. 5.4C and D). Noncarbonaceous mudstones with Fe-oxide/hydroxide 

staining are common as well (Fig. 5.4A and B). The grain size heterogeneity between 

laminations may contribute to the large fluctuations in the amount of kaolinite detected by 

quantitative 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 represent an important 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 associated with carbon 

removal. Sample LN-12. (B) Highly carbonaceous mudstone sampled near a coal bed. No alunite 

was detected by XRD analysis. Sample LN-19. (C) Backscatter electron image of diaspore 

replacing pyrophyllite and overgrowing quartz and alunite. Sample LN-09. (D) Backscatter 

electron image of diaspore with remnant inclusions of pyrophyllite and overgrowing quartz and 

alunite. Sample LN-09. 

 

 

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

contain more alterable material. 

Sample LN-11 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 association, but not intense enough 

to have leached all of the kaolinite. The diaspore in this sample is dominantly located along thin, 

carbon-rich veinlets. 



53 

 
 

Figure 5.4: Mudstone of the advanced argillic alteration facies (QAPK mineral associations). (A) 

Non-carbonaceous mudstone with light orange Fe-oxide/hydroxide staining. Sample LN-14. (B) 

Soft non-carbonaceous mudstone. Sample LN-34. The core is 47.6 mm in diameter (NQ). (C) 

Backscatter electron image of an altered detrital illite grain that has been replaced by kaolinite 

and pyrophyllite. Sample LN-35. (D) Backscatter electron image of a clay-rich matrix 

surrounding detrital quartz grains. Sample LN-35. 

 

 

Two samples are included in the QAP mineral association without alunite, LN-03 and 

LN-19, because they both contain 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 

stratigraphically related to coal occurrences. Sample LN-19 was 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 sulfides like pyrite. 
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5.3.3 Intermediate Argillic Alteration in Mudstone 

 

Intermediate argillic alteration is characteristic of mudstone affected by less intense 

interaction with the acidic fluids. Mudstone of this alteration facies is typified by the presence of 

an acid-stable clay mineral such as pyrophyllite or kaolinite in addition to illite. 

The more intensely altered samples of the intermediate argillic alteration facies are 

primarily composed of quartz, alunite, pyrophyllite, kaolinite, and illite (QAPKI mineral 

association; Fig. 5.5A and B). All samples contain detectable amounts of alunite, suggesting that 

rocks of this mineral association were still intensely leached. Some samples may contain chlorite 

and smectite (Fig. 5.5C). All of these clays have been partially replaced by pyrophyllite or 

kaolinite (Fig. 5.5D-F). Samples of this mineral association have typically been collected from 

the interior of larger mudstone intervals, up to 15 m from the contact with continuous quartz 

arenite. One of the two samples collected from the Chicama Formation is composed of this 

mineral association. 

Slightly less intense alteration of mudstone resulted in the formation of a mineral association of 

quartz, pyrophyllite, kaolinite, and illite (QPKI mineral association) without alunite. XRD 

analysis showed that pyrophyllite, kaolinite, and illite commonly occur in the same samples. 

However, textural relationships indicate that they have not formed at the same time (Fig. 5.6). 

The detrital illite has been partially replaced by pyrophyllite or kaolinite. The relationships 

between pyrophyllite and kaolinite are typically inconclusive. 

Most of the samples characterized by this mineral association have been collected from 

outside of the deposit, in drill holes from located ~1.5-3 km away from the center of the deposit. 

Samples collected from within the mine having this mineral association occur outside the 

mineralized zones. The dominant mudstone facies affected by weak intermediate argillic 

alteration is carbonaceous (Fig. 5.9; Table 5.1).  

A few samples collected lack illite and/or kaolinite. There is no alunite present in these 

samples. All of these samples were collected within a couple hundred meters of the deposit 

center along cross section A-A’. Two samples along the eastern extent of this section, from the 

Santa-Carhuaz Formation, are 15-20 m from the nearest quartz arenite contact. The remaining 

samples, however, are spatially related to coal occurrences in the western half of cross section A-   
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Figure 5.5: Mudstone of the intermediate argillic alteration facies (QAPKI mineral associations). 

(A) Orange colored Fe-oxide/hydroxide stained non-carbonaceous mudstone. Sample LN-16. (B) 

Carbonaceous mudstone containing chlorite. Sample LN-48. The core is 47.6 mm in diameter 

(NQ). (C) Chlorite aggregate in a carbonaceous mudstone. Sample LN-48. CPL. (D) Partial 

alteration of a detrital mica grain by kaolinite. Sample LN-98. CPL. (E) Backscatter electron 

image of an illite grain that is partially replaced by kaolinite. Sample LN-98. (F) Backscatter 

electron image of an alunite crystal surrounded by rutile. The alunite is surrounded by a finer-

grained matrix composed of pyrophyllite and minor illite. Sample LN-98.  
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Figure 5.6: Mudstone of the intermediate argillic alteration facies (QPKI mineral associations). 

(A) Thin section of a laminated carbonaceous mudstone and siltstone. Sample LN-60. (B) Thin 

section of a carbonaceous mudstone. Sample LN-101. (C) Framboidal pyrite in a carbonaceous 

mudstone. Sample LN-99. RL. (D) Backscatter electron image of textural relationships between 

different clay minerals. Sample LN-75. (E) Backscatter electron image of an illite grain that has 

been partially altered to pyrophyllite and kaolinite. Sample LN-97. (F) Backscatter electron 

image of a large illite grain that is partially replaced by kaolinite. Sample LN-97. 
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A’. The lack of alunite in these samples may be related to local reduction of the hydrothermal 

fluids by the coal, likely resulting in sulfide formation instead of sulfate precipitation. 

 

5.4 Alteration Facies Developed in Quartz Arenite 

 

The quartz arenite samples investigated as part of the present study have been affected by 

residual quartz alteration and advanced argillic alteration. No truly unaltered quartz arenite has 

been sampled. Only limited sampling of the quartz arenite was conducted to allow a basic 

characterization of quartz arenite occurring in contact with the more extensively sampled 

mudstone intervals. The low abundance of clay minerals present in quartz arenite of the Chimu 

Formation limits the ability of this rock to record alteration intensity. In hand specimen, quartz 

arenite affected by residual quartz alteration is indistinguishable from quartz arenite affected by 

advanced argillic alteration. 

 

5.4.1 Residual Quartz Alteration Facies in Quartz Arenite 

 

Quartz arenite of the residual quartz alteration facies is comprised primarily of quartz and 

alunite and typically contains pyrite, or goethite when oxidized (QA mineral association). Low 

amounts of rutile have been detected in some samples, possibly as a residual product of acidic 

alteration as is the case with acid-altered volcanic rocks (Arribas et al., 1995; Simmons et al., 

2005). Quartz arenite of the residual quartz alteration facies has the highest alunite and pyrite 

concentrations measured for quartz arenite. Alunite occurs as elongate laths or platy crystals in 

pore spaces and in veins (Fig. 5.7). Alunite abundance within this association may range from 

1.5-10 wt.%, pyrite is observed at concentration of up to 14 wt.%, and rutile occurs from 0-0.4 

wt.%. None of the quartz arenite samples in this study contained measurable gold and silver 

concentrations despite the presence of abundant pyrite, suggesting that these may belong to the 

early sulfide mineral stage as described by Cerpa et al. (2013). The quartz arenite of this facies is 

strongly fractured and brecciated (Fig. 5.7A and B), which created enhanced permeability for 

hydrothermal fluid. 
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Figure 5.7: Quartz arenite of the residual quartz alteration facies. (A) Quartered core showing 

brecciated quartz arenite with dark gray pyrite occurring along the fractures. Sample LN-49. (B) 

Highly fractured quartz arenite with abundant pyrite and alunite veining. Sample LN-80. (C) 

Interstitial alunite and pyrite in quartz arenite. Sample LN-49. PPL. (D) Same image in crossed-

polarized light. Sample LN-49. CPL. (E) Alunite and pyrite vein in quartz arenite. Sample LN-

80. PPL. (F) Same image in reflected light Sample LN-80. RL. All core samples are 47.6 mm in 

diameter (NQ).  
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5.4.2 Advanced Argillic Alteration Facies in Quartz Arenite 

 

Advanced argillic alteration of quartz arenite is characterized by the presence of acid-

stable clay minerals, typically kaolinite. Rocks affected by intense advanced argillic alteration 

are composed of quartz, alunite, and kaolinite and may contain trace amounts of pyrophyllite 

(QAK mineral association). The alunite abundance is usually significantly lower than in quartz 

arenite affected by residual quartz alteration, typically comprising <1 wt.% of the rocks. 

However, if pyrophyllite is present alunite abundance increases, up to ~4 wt.% in one sample. 

Kaolinite is present in concentrations from <1 to 3.6 wt.%. Several of the samples collected 

contain small quartz veins (Fig. 5.8A and B). Rutile or anatase are below detection limit of the 

XRD analysis. The pyrite abundance is typically low (<1 wt.%). 

Only one quartz arenite sample was found to contain no detectable alunite (sample LN-

59). It contains only small amounts of kaolinite (1.2 wt.% kaolinite). The sample has a 

granoblastic quartz texture and a very low porosity (Fig. 5.8C and D). No fracture or breccia 

development is present in the sample to provide enhanced permeability and allow hydrothermal 

fluids to more intensely alter the rock. 

 

5.5 Distribution of Alteration Facies Across Mudstone Beds 

 

The alteration of individual mudstone units is influenced by proximity to nearby 

hydrothermal fluid pathways. Fluid conduits through the Chimu Formation are primarily 

structurally controlled and enhanced permeability can be found where the siliciclastic rocks have 

been affected by faulting or fracturing. The most intense fluid flow at Lagunas Norte clearly 

occurred along faults, breccia zones, and diatremes crosscutting the sedimentary strata 

(Montgomery, 2012; Cerpa et al., 2013). As a consequence, the alteration intensity of the 

mudstone samples collected from Lagunas Norte generally decreases laterally away from the 

core of the structurally controlled location of the deposit (Fig. 5.9). 

In addition, fluid flow within the Chimu Formation was influenced by the permeability of 

the different rock types. Thick and laterally continuous quartz arenite beds are likely to have 

focused fluid flow while lower permeability mudstone beds within the Chimu Formation formed 

local aquacludes. For this reason, mudstone close to contacts with major quartz arenite units is  
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Figure 5.8: Quartz arenite of the advanced argillic alteration facies. (A) Fractured quartz arenite 

which has detectable pyrophyllite with the XRD analysis. Sample LN-95. (B) Fractured quartz 

arenite with goethite on fractures and white quartz veins cutting it. Sample LN-96. (C) Least-

altered quartz arenite sampled. Sample LN-59. (D) Quartz arenite with granoblastic texture and 

very low porosity. Sample LN-59. PPL. All core samples are 47.6 mm in diameter (NQ). 

 

 

typically most intensely altered. The alteration intensity generally decreases away from the 

contact towards the centre of the mudstone beds (Fig. 5.10). Exceptions to this observation exist, 

particularly where faults intersect mudstone beds. The effects of structural controls on the 

distribution of alteration patterns within the Chimu Formation are more pronounced that the 

stratigraphic controls. 

The occurrence of multiple mudstone facies within a given stratigraphic interval 

dominated by mudstones can also affect the alteration pattern. Some of the mudstone facies are 

more permeable than others due to higher concentrations of silt-sized particles. When multiple  
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Figure 5.9: Diagram showing the distribution of alteration facies and corresponding mineral 

associations as function of the distance from the deposit and the proximity to the nearest major 

quartz arenite bed. 

 

 

mudstone facies are interbedded, the units with higher silt contents are typically more intensely 

altered. The overall permeability of a mudstone interval appears to have been reduced due to the 

presence of frequent interbeds of fine-grained and comparably impermeable mudstone. In such 

cases, the alteration intensity of the mudstone unit can be comparably low, even if the mudstone 

interval occurs adjacent to a thick interval of permeable quartz arenite (Fig. 5.10). 

 

5.6 Distribution of Alteration Facies Across the Deposit 

 

All of the mudstone alteration facies discussed in this chapter are present within the mine 

(Fig. 5.11). In general, mudstone samples collected from the Chicama Group and Santa Carhuaz 

Formation are less intensely altered and lack alunite relative to mudstone samples from the 

Chimu Formation. The Chicama Group and the Santa Carhuaz Formation are especially rich in 

mudstone near the contacts with the Chimu Formation, which likely inhibited hydrothermal fluid 

flow into the surrounding strata. Within the Chimu Formation, there is a broad trend of 

increasing alteration intensity upward towards the unconformity between the Chimu Formation 

and the overlying volcanic rocks of the Calipuy Group. Residual quartz alteration generally only  
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Figure 5.10: Distribution of mudstone alteration facies and corresponding mineral associations 

across two selected mudstone intervals intersected in drill core. Drill hole DDH-288 is located at 

the edge of the deposit and DEN-03 is located ~3 km to the northwest of the deposit. Samples 

LN-055 and LN-057 are both carbonaceous mudstones that include a contact with a ‘bleached’ 

zone where carbon has been removed from the rock. These zones were analyzed separately with 

the subsamples LN-055b and LN-057b corresponding to the bleached portions of the samples. 

Sample LN-098 was probably more intensely altered than sample LN-097 because it contained 

more silt-sized particles.
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Figure 5.11: Cross-section through the Lagunas Note deposit (section A-A’), highlighting the location of mudstone samples belonging 

to different alteration facies and corresponding mineral associations.
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occurs within 100 m of the unconformity. Less intensely altered mudstone is more prevalent with 

depth. The deepest sample (~300 m below the surface) shows intermediate argillic alteration 

(QAPKI mineral association). 

An interpreted alteration zonation based on the XRD investigations performed on the 

mudstone samples identified in Figure 5.11 reveals a regular pattern around the highest intensity 

alteration facies (Fig. 5.12). Also shown is the spatial distribution of gold concentration within 

the deposit. Comparison of the grade contours for gold (0.2 and 1.0 g/t Au) with the distribution 

of the alteration facies shows that zones of residual quartz alteration and most intense advanced 

argillic alteration (Q and QAP mineral associations) broadly coincide with gold grades in the 

mine blocks exceeding 1.0 g/t. Mudstone samples that shows less intense advanced argillic 

alteration (QAPK mineral association) have been collected from mine blocks that have Au 

concentrations between 0.2 and 1.0 g/t Au and samples only being affected by intermediate 

argillic alteration (QAPKI mineral association) come from blocks grading less than 0.2 g/t. 

In addition to the zone of high alteration intensity following the location of the 

unconformity between the Chimu Formation and the overlying Calipuy Group, a smaller zone of 

intense alteration that broadly follows the dip of the Chimu Formation can be recognized in the 

east. This eastern zone of alteration and mineralization is aparrently controlled by stratigraphy 

given its orientation, but the possibility of bedding parallel structures in the area causing 

enhanced permeability are likely. Both zones of intense alteration are separated by an area of 

lower Au grades and the presence of mudstone beds that have only been affected by intermediate 

argillic alteration (QAPKI mineral association). This area has numerous mudstone beds which 

appear to have inhibited cross-formation hydrothermal fluid flow, and resulted in 

compartmentalized alteration and mineralization. In the western half of the deposit stratigraphic 

controls are apparent as well, with the more intense alteration occurring parallel to bedding. The 

location of major faults are indicated in cross-section A-A’ (Fig. 5.12) and appear to be a major 

control on the distribution of the alteration facies in addition to the stratigraphy. Structures are 

regularly identified as the primary controls for the distribution and intensity of alteration and 

mineralization throughout the deposit (Montgomery, 2012; Cerpa et al., 2013), however it is 

apparent that stratigraphy also plays a major role in their distribution. Two major upflow zones 

may be inferred from the geometry visible in cross-section A-A’, one to the east along the  
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Figure 5.12: Cross-section through the Lagunas Note deposit (section A-A’) and interpreted distribution of the different alteration 

facies and corresponding mineral associations.
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contact with the Santa Carhuaz Formation and the other along the major structures mapped near 

the center of the deposit. 

 

5.7 Distribution of Alteration Facies Away From the Deposit 

 

In addition to the immediate deposit area, samples were collected northwest of the 

deposit, along the strike of the Chimu Formation. Sampling of drill core was conducted at a 

distance of up to ~3 km away from the center of the deposit along two mudstone horizons in the 

eastern half of the formation at a depth of ~50-175 m to assure lithological homogeneity. The 

distribution of alteration facies and corresponding mineral associations to the northwest of 

Lagunas Norte is illustrated in Fig. 5.13. An interpreted distribution along section C-C’ is shown 

in Fig. 5.14.  

The results of the XRD investigations on the mudstone samples shows that intensely 

altered mudstone of the residual quartz and advanced argillic alteration facies (Q and QAP 

mineral associations) does not occur in the sampled drill holes to the northwest of the deposit. 

Mudstone in which all illite has been converted to acid stable sheet silicates is only present at a 

distance of up to 1 km northwest of Lagunas Norte. All samples collected at a larger distance 

from the core of the deposit belong to the immediate argillic alteration assemblage (QAPKI or 

QPKI mineral associations). Alunite-bearing samples are no longer present in mudstone at a 

distance of more than 3 km from the core of the deposit (QPKI mineral association). The results 

of this study indicate that alteration of the mudstone units is laterally extensive. Alteration 

vectoring within the large alteration halo surrounding the deposit is, therefore, possible using the 

established mineralogical criteria.  
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Figure 5.13: Geologic map of Lagunas Norte showing distribution of the different alteration 

facies and corresponding mineral associations to the northwest of the deposit. The samples 

shown are limited to those that are within one meter from the contact with a major quartz arenite 

unit and along two mudstone horizons.
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Figure 5.14: Long-section through the Lagunas Norte deposit (section C-C’) showing the sample locations and the interpreted 

distribution of alteration facies and corresponding mineral associations to the northwest of the deposit.
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CHAPTER 6 

ALTERATION GEOCHEMISTRY 

 

6.1 Introduction 

 

The mineralogical investigations showed that the siliciclastic host rocks of the Lagunas 

Norte deposit have been variably affected by hydrothermal alteration by acidic fluids. 

Hydrothermal alteration of the quartz arenite did not result in pronounced mineralogical or 

textural changes as these rocks are primarily composed of quartz and behaved largely inert to 

acid attack. In contrast, the mudstone of the Chimu Formation was more susceptible to 

hydrothermal alteration due to its higher initial clay content. The intensity of the alteration is 

reflected by the mineralogy of the sedimentary rocks. 

The present chapter examines the whole-rock geochemistry of the sedimentary rocks of 

the Chimu Formation to fingerprint the effects of hydrothermal alteration on the composition of 

the rocks. In the case of the mudstone, it is shown that the mineralogical gradients formed during 

alteration are paralleled by systematic changes in the whole-rock major and trace element 

geochemistry. The establishment of such systematic geochemical trends permitted the 

delineation of a set of geochemical vectors of proximity towards ore. 

 

6.2 Methodology 

 

Whole-rock geochemical analysis was performed on sample spits of the 117 rock samples 

from the Chimu Formation that were also studied for their mineralogical compositions as 

described in the previous chapter. After splitting of the samples, one split of the sample material 

was further milled to a grain size below 63 µm in a RockLab ring mill using a soft iron head. The 

pulps obtained this way were used for geochemical analysis. 

Major element analysis of the pulps was conducted at Actlabs in Ancaster, Ontario, 

through XRF analysis. To minimize matrix effects, the heavy absorber fusion technique 

described by Norrish and Hutton (1969) was used. Fusion disks were made by mixing 0.5 g of 

the sample with 6.5 g of a combination of lithium metaborate and lithium tetraborate with 

lithium bromide as a releasing agent. Samples were then fused in Pt crucibles using an automated 
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crucible fluxer and automatically poured into Pt molds for casting. X-ray fluorescence analyses 

were performed using a Panalytical Axios advanced wavelength dispersive XRF analyzer. The 

detection limits are 0.01 wt.% for all major elements, except for MnO, which has a detection 

limit of 0.001 wt.% and V2O5, which can be detected at 0.003 wt.%. In addition to the XRF 

analyses, the loss of ignition of the samples was determined by gravimetry following roasting of 

the samples at 1050°C for 2 hours. Repeated analyses of sample materials and in-house and 

international georeference materials showed that the precision of the analysis was typically better 

than 5% RSD for all major elements occurring at concentrations significantly above the detection 

limit. The measured major element abundances of the georeference materials were in close 

agreement with the certified values (below ±5% deviation), indicating that the XRD analyses 

were also highly accurate.  

Additional geochemical analyses of the pulped samples were performed at Geoscience 

Laboratories in Sudbury, Ontario. The gold and silver content of the samples was determined 

using the classical lead fire assay method, which involves dissolution of the precious metals and 

extraction with a lead-based flux. The lead and precious metals are then separated by cupellation, 

followed by the determination of the gold and silver content through a gravimetric finish. 

Repeated analysis showed that the precious metal determinations were typically performed at a 

precision of 10%RSD or better. 

The carbon and sulfur content of the samples was determined by the Leco method, which 

involves combustion of the samples in an oxygen-rich environment, followed by measurement of 

the carbon dioxide and total sulfur content by infrared absorption. The precision of the carbon 

and sulfur analyses was typically better than 2% RSD for analytical results significantly above 

the detection limit. 

Trace element analysis was conducted by ICP-MS following closed vessel digestion of 

the samples using a combination of hydrofluoric, hydrochloric, nitric, and perchloric acids.. 

Repeated analysis of samples as well as in-house and international georeference materials proved 

that the precision of the trace element analysis was typically better than 5% RSD. The deviations 

of the analytical results from the recommended values were found to be in the order of ±10% or 

below for elements at concentration levels significantly above the detection limit.   
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6.3 Major Element Geochemistry 

 

The major element composition of the samples correlates with the mineralogy of the 

siliciclastic rocks. As a consequence, the concentrations of the major elements will depend on 

primary variations in the abundance of detrital phases and the style and intensity of hydrothermal 

alteration. 

Variations in the whole-rock SiO2 and CO2 contents are strongly controlled by primary 

differences between rock types (Fig. 6.1). In general, coarse-grained siliciclastic rocks tend to 

have a higher SiO2 content than the finer-grained samples due to the higher abundance of detrital 

quartz in these rocks and the lower proportion of clay particles. As no carbonate minerals have 

been observed microscopically in the samples collected, the measured CO2 values are interpreted 

to directly represent the amount of organic carbon present in the mudstone. Carbonaceous 

mudstone samples have consistently higher CO2 concentrations than the non-carbonaceous 

mudstone samples and the coarser quartz arenite samples. Carbonaceous mudstone samples that 

are visibly black in hand-specimen typically contain between 0.2 and 2 wt.% organic carbon, but 

one sample has a carbon content that is as high as 5.9 wt.%. 

Lithological controls on other major elements exist as well and can be attributed to 

variations in the relative proportions of detrital phases. Most notably, samples containing a 

higher proportion of clay minerals are characterized by increased Al2O3 concentrations while 

quartz-rich siliciclastic rocks such as the mature quartz arenite samples have lower Al2O3 

abundances. The values of Al2O3 and K2O are also elevated in carbonaceous mudstone samples, 

which may be related to an increased amount of clay-sized particles in these slowly deposited 

suspension sediments (Fig. 6.1). 

The major element composition of the siliciclastic rocks is clearly also influenced by the 

intensity of hydrothermal alteration. Given the fact that the main alteration minerals recognized 

in altered mudstone samples are alunite, goethite, pyrite, quartz, and clay minerals such as 

kaolinite, pyrophyllite, and illite, alteration-induced major element variations are likely to 

primarily involve the elements SiO2, Al2O3, K2O, FeO, and S.  

To visualize variations in the major element concentrations, ternary diagrams displaying 

the relative abundances of SiO2, Al2O3, and K2O were constructed. Figure 6.2 shows these  
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Figure 6.1: Box-and-whisker plots of selected major elements contained in different mudstone 

facies. Data for quartz arenite are given for comparison. The laminated noncarbonaceous 

mudstone may be anomalous primarily due to the low number of samples and the fact that some 

have been affected by intense alteration. The boxes enclose the interquartile range with the 

median displayed as a line. The vertical lines extending outside the boxes mark the first and 

fourth quartiles. The dot represents the mean value. 

 

 

ternary diagrams for mudstone samples composed of the different alteration facies and respective 

mineral associations. 

Mudstone samples from the intermediate argillic alteration facies (QPKI and QAPKI 

mineral associations), which reflect the lowest intensity of acid attack recognized within the 

mine area, tend to have the highest K2O contents. This is related to the abundant occurrence of 

detrital illite and the incomplete replacement of this sheet silicate by pyrophyllite or kaolinite. 

Samples plotting closer to the SiO2 corner of the ternary diagram are typically coarser grained 

and are likely to have contained a higher content of detrital quartz. Alunite-bearing samples 

(QAPKI, QAPK, or QAP mineral associations) typically plot further away from the SiO2 corner 

of the ternary diagram than samples containing no detectable alunite, although primary variations 

in the rock composition may mask this effect. Increasing alteration intensity is reflected by 

progressive increases in the Al2O3 content of the samples. Some of the more intensely altered 

samples from the intermediate argillic alteration facies (QPKI and QAPKI mineral associations) 
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plot closer to the Al2O3 corner of the ternary diagram as detrital illite in these samples is partially 

replaced by kaolinite or pyrophyllite. 

Mudstone samples collected from the advanced argillic alteration facies (QAPK and QAP 

mineral associations) plot comparably close to the Al2O3 corner of the ternary diagram due to the 

abundant presence of pyrophyllite and kaolinite. Only some of the samples of this alteration 

facies have elevated K2O concentrations, which are related to the presence of alunite as the only 

K-bearing phase. Samples which are plotting between the Al2O3 and SiO2 corner of the ternary 

diagram have an increased abundance of detrital quartz due to their coarser-grained nature. A 

second reason for the shift toward the SiO2 corner is mass loss associated with the acidic attack 

of the rock and the decrease in the abundance of other elements. Several of the samples of the 

advanced argillic alteration facies (QAP mineral association) plot close to the Al2O3 corner due 

to the presence of diaspore. 

The most intensely altered mudstone samples from the residual quartz alteration facies (Q 

mineral association) tightly clustered into the SiO2 corner of the ternary diagram as nearly all 

other major elements, in particular K2O and Al2O3, have been lost as a result of the acid attack.  

Based on the chemical signatures of the different alteration facies, a general alteration 

trend for the alteration of mudstone from the Chimu Formation can be derived (Fig. 6.3). The 

data indicate an initial decrease in the whole-rock content of K2O, followed by a dramatic shift 

towards the SiO2 corner of the ternary diagram as Al2O3 is mobilized during more intense 

alteration. In addition, most of the samples in the residual quartz alteration facies (Q mineral 

association) are not only affected by intense acid attack and associated element leaching, but are 

also silicified due to formation of secondary quartz (see Chapter 7). The formation of the 

secondary quartz contributes to the shift towards the SiO2 corner of the ternary diagram. 

The major element concentrations of MgO, MnO, and Na2O are mostly at or below the detection 

limit, except for low concentrations of MgO present in samples from the intermediate argillic 

alteration facies (QPKI and QAPKI mineral associations) that contain some smectite or chlorite. 

CaO is below or close to detection in many mudstone samples. The lowest CaO concentrations 

are observed in the residual quartz alteration facies (Q mineral association). A similar trend can 

be observed for P2O5. The concentration of this element is also distinctly low in the most 

intensely altered mudstone samples, suggesting that minerals such as apatite may have been 

affected by alteration and partially removed during fluid-rock interaction.  
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Figure 6.2: Ternary diagrams comparing the relative abundances of K2O, Al2O3, and SiO2 in 

mudstone samples of different alteration facies and corresponding mineral associations. The plot 

on the lower right shows the analyzed quartz arenite samples for comparison. Note that the 

concentrations of K2O and SiO2 have been rescaled to obtain optimal data distribution in the 

ternary plots. 
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Figure 6.3: Ternary diagram comparing the relative abundances of K2O, Al2O3, and SiO2 in 

mudstone samples of different alteration facies and corresponding mineral associations. The 

trendline illustrates how the whole-rock geochemistry changes with increasing alteration 

intensity. As alteration intensity increases, the whole-rock concentration of K2O decreases while 

only little changes occur to the SiO2 content, resulting in a relative increase in Al2O3. Only rocks 

of the residual quartz alteration facies show a dramatic reduction in the whole-rock Al2O3 

content. Note that the concentrations of K2O and SiO2 have been rescaled to obtain optimal data 

distribution in the ternary plots. 

 

 

TiO2 is the only major element that is not affected by the acidic leaching besides SiO2, 

which is related to the stability of rutile and/or anatase in the acidic environment. Fe2O3 shows a 

slight increase in the more intensely altered mudstone samples, likely related to the presence of 

pyrite in the intensely altered rocks or Fe oxides/hydroxides formed through supergene 

weathering of the pyrite. The total sulfur content also shows a distinct increase with increased 

alteration intensity. Increases in the sulfur concentrations may be related to a combination of the 

abundance of sulfide minerals such as pyrite and the sulfate mineral alunite. 

In addition to the mudstone samples, a smaller number of quartz arenite samples were 

analyzed from Lagunas Norte. In the ternary diagram, these samples plot near a mixing line 
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between quartz and alunite (Fig. 6.2) because those are the dominant minerals present. 

Pyrophyllite and kaolinite are also present in low amounts in some of the quartz arenite samples, 

causing the samples to shift slightly off of the mixing line toward the Al2O3 corner of the ternary 

diagram. However, overall it is difficult to relate the geochemistry of the quartz arenite samples 

to alteration intensity as quartz is essentially the only mineral present in least-altered quartz 

arenite and its intensely altered equivalents. 

 

6.4 Trace Element Geochemistry 

 

The major element variations in the mudstone samples of different alteration intensity are 

paralleled by systematic changes in the trace element abundances. 

A number of trace elements show increases in their relative abundances with increasing 

alteration intensity of the siliciclastic rocks. These elements include Ag, Au, Bi, Sb, Mo, and Sn. 

Au and Ag are only significantly enriched in the most intensely altered samples of the advanced 

argillic and residual quartz alteration facies (QAP and Q mineral associations), and are at or 

below the detection limit for most of the other alteration facies (Fig. 6.4). The Ag concentrations 

in the mudstone samples range up to 41 g/t while the highest Au grade recorded is 12 g/t. Bi and 

Sb show consistent increases with increasing alteration intensity. The Bi concentrations increase 

steadily from the intermediate argillic to the residual quartz alteration facies. Sb shows a 

similarly pronounced increase across these alteration facies. Nearly all samples from the residual 

quartz alteration facies (Q mineral association) and many of the advanced argillic alteration 

facies (QAPK and QAP mineral associations) have Sb concentrations above the upper detection 

limit of the ICP-MS analysis (28 ppm). Sn is also above the upper detection limit of 14 ppm for 

several of the intensely altered samples (QAP and Q mineral associations). The increased 

abundance of these elements in mudstone samples is likely related to the presence of sulfide 

minerals. Mo and Sn show the greatest increases in the residual quartz facies (Q mineral 

association) and lesser increases in intensely altered mudstone of the advanced argillic facies 

(QAP mineral association).  

The trace elements Cu, Pb, and Zn, show less well defined trends. Alteration of the 

intermediate argillic and advanced argillic alteration facies appear to be related to an initial 

increase in abundance of these trace elements (Fig. 6.5). However, only few samples of the  
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Figure 6.4: Box-and-whisker plots of the trace element abundances of Au, Ag, Bi, Sb, Sn, and 

Mo in mudstone samples of the different alteration facies and corresponding mineral 

associations. Note that the concentrations of these elements broadly increase with increasing 

alteration intensity. The boxes enclose the interquartile range with the median displayed as a line. 

The vertical lines extending outside the boxes mark the first and fourth quartiles. The dot 

represents the mean value. 

 

 

residual quartz facies show elevated Cu concentrations. Lower Pb and Zn concentrations are also 

recorded in the most intensely altered mudstone samples of the advanced argillic and residual 

quartz alteration facies (QAP and Q mineral associations).  

Several trace elements decrease in abundance with increasing alteration intensity, 

implying that these elements have been removed during the acid attack of the siliciclastic rocks. 

The elements that show the clearest depletion trends mirror decreases in the whole-rock K2O 
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Figure 6.5: Box-and-whisker plots of the trace element abundances of Cu, Pb, and Zn in 

mudstone samples of the different alteration facies and corresponding mineral associations. Note 

that the concentrations of these elements broadly increase with increasing alteration intensity. 

The boxes enclose the interquartile range with the median displayed as a line. The vertical lines 

extending outside the boxes mark the first and fourth quartiles. The dot represents the mean 

value. 

 

 

contents, which can be related to the alteration of detrital illite and progressive decreases 

in alunite abundance in the most intensely altered rocks. Elements showing this behavior include 

Cs and Rb and to a lesser extent Tl (Fig. 6.6). Tl shows a significant decrease in its whole-rock 

abundances in relation to the destruction of illite, but there is no significant difference between 

samples of the most advanced argillic alteration facies (QAP mineral association) and the 

residual quartz alteration facies (Q mineral association). Cs also displays large decrease in its 

abundance associated with illite destruction. However, the concentrations of Cs further decrease 

towards the most strongly altered rocks. The behavior of Cs is similar to the pattern exhibited by 

Rb. 

Some trace elements are only strongly depleted in samples belonging to the residual 

quartz alteration facies, suggesting that they were only mobile during the most intense alteration. 

These elements include Ga, Sc, and V (Fig. 6.7). A broadly similar trend can be observed for Ba, 
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Figure 6.6: Box-and-whisker plots of the trace element abundances of Cs, Rb, and Tl in 

mudstone samples of the different alteration facies and corresponding mineral associations. Note 

that the concentrations of these elements decrease with increasing alteration intensity. The boxes 

enclose the interquartile range with the median displayed as a line. The vertical lines extending 

outside the boxes mark the first and fourth quartiles. The dot represents the mean value. Also 

shown are scatter plots of Cs and Rb versus K2O, illustrating that decreases in these elements can 

be linked to the depletion of K2O. 

 

 

Sr, Th, U, and many of the REEs although the concentrations of these elements are more variable 

in general. U and Th show a modest increase with increasing alteration intensity. However, the 

abundances of these elements are notably lower in samples of the residual quartz alteration facies 

(Q mineral association). The U/Th ratio shows a consistent ratio of 0.31 (standard deviation of 

0.069). However, samples of the residual quartz alteration facies have a higher ratio of 0.82 

(standard deviation of 0.17) due to preferential mobilization of Th (Fig. 6.7). Ba and Sr are 

strongly depleted in the samples of the residual quartz alteration facies. However, at lower   
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Figure 6.7: Box-and-whisker plots of the trace element abundances of Ga, Sc, V, U, and Th in 

mudstone samples of the different alteration facies and corresponding mineral associations. Note 

that the concentrations of these elements are comparably low in samples of the residual quartz 

facies (Q mineral association). The boxes enclose the interquartile range with the median 

displayed as a line. The vertical lines extending outside the boxes mark the first and fourth 

quartiles. The dot represents the mean value. Also shown is a scatter plot highlighting that the 

U/Th ratio is essentially constant in the variably altered samples. However, Th is depleted in 

samples of the residual quartz facies, which results in higher U/Th ratios. 
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Figure 6.8: Box-and-whisker plots of the trace element abundances of Ba, Sr, Co, and Ni in 

mudstone samples of the different alteration facies and corresponding mineral associations. Note 

that the concentration of Ba and Sr decrease sharply only in the residual quartz facies (Q mineral 

association). The concentrations of Co and Ni broadly decrease with increasing alteration 

intensity, but high concentrations can be observed in samples of the residual quartz facies. The 

boxes enclose the interquartile range with the median displayed as a line. The vertical lines 

extending outside the boxes mark the first and fourth quartiles. The dot represents the mean 

value. Also shown are scatter plots of Ba and Sr plotted against K2O. 

 

 

alteration intensity, a slight increase in the abundances of these elements with increasing 

alteration intensity is noted (Fig. 6.8). Co and Ni, elements commonly enriched in carbonaceous 

rocks, also decrease in abundance with increased alteration intensity and Ni is mostly at or below 

the detection limit in the intensely altered rocks of the advanced argillic alteration facies (QAP 

mineral association). However, both elements show elevated concentrations in samples of the the 

residual quartz alteration facies (Q mineral association; Fig. 6.8). 
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Figure 6.9: Scatter plot of Rb and Sr abundances in mudstone samples of different alteration 

intensities. A clear distinction can be made between illite-bearing samples, samples containing 

alunite and pyrophyllite or kaolinite, and the most intensely altered samples of the residual 

quartz alteration facies. 

 

 

Rb and Sr appear to be sensitive indicators of alteration intensity. A scatter plot of these elements 

shows that samples from the different alteration facies and corresponding mineral associations 

plot into distinctly different areas of the diagram (Fig. 6.9). Illite-bearing samples of the 

intermediate argillic alteration facies (QPKI and QAPKI mineral associations) show high Rb and 

comparably high Sr concentrations while mudstone samples from the advanced argillic alteration 

facies have distinctly lower Rb abundances (QAP and QAPK mineral associations) at similar or 

slightly higher Sr contents. The residual quartz alteration facies (Q mineral association) is 

separated from the other alteration facies as samples from this facies have low overall Rb and Sr 

concentrations. 

Trace elements that do not change significantly with alteration intensity include Hf, Ti, 

Zr and to lesser extent Nb and Ta (Fig. 6.10). These elements are generally contained in zircon 

and rutile or anatase, all minerals that are apparently not affected by acidic alteration. The Nb 

and Ta concentrations across the variably altered mudstone samples are slightly variable, but the   
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Figure 6.10: Box-and-whisker plots of the trace element abundances of Hf, Nb, Ta, and Zr in 

mudstone samples of the different alteration facies and corresponding mineral associations. Note 

that the concentrations of these elements do not change significantly as function of alteration 

intensity. The boxes enclose the interquartile range with the median displayed as a line. The 

vertical lines extending outside the boxes mark the first and fourth quartiles. The dot represents 

the mean value. Plots of the Hf/Zr and Nb/Ta ratios are also shown, illustrating that these ratios 

do not change as function of alteration intensity. 
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mean values remain nearly identical to each other or only slightly increase in abundance with 

increasing alteration intensity. The Nb/Ta ratio is nearly constant at 14.71 (standard deviation of 

0.48). Similarly, the Zr/Hf ratio of the samples does not vary (average 38.04 and standard 

deviation of 1.10) and is close to the range of values expected for typical igneous rocks (Bau, 

1996). A slight overall increase in the abundances of Hf and Zr is only observed in the residual 

quartz alteration facies, which is likely related to mass changes caused by the intense leaching of 

other elements. 

 

6.5 Rare Earth Element Geochemistry 

 

The abundances of the REEs in variably altered mudstone are controlled by the stability 

of REE-bearing accessory minerals such as zircon, xenotime, monazite, and apatite. As alteration 

intensity increases, the average REE patterns of mudstone samples from the different alteration 

facies change systematically (Fig. 6.11). As Y behaves very similar to Ho and no fractionation of 

both elements occurs (Y/Ho ratio of 25.87, standard deviation of 1.74; Fig. 6.12), this 

pseudolanthanide is not further discussed here. 

The REE signature of the least intensely altered samples of the intermediate argillic 

alteration facies (QPKI mineral association) is thought to represent the nearest approximation of 

the REE pattern of unaltered mudstone in the Chimu Formation. The pattern is similar in 

magnitude and shape to the REE profiles of typical clastic sedimentary rocks (e.g., McLennan, 

1989). There is a slight enrichment of the LREEs over the HREEs. The pattern has a shallow 

slope with a Lan/Lun ratio of 6.04 (chondrite data from Anders and Grevesse, 1989). The pattern 

exhibits a slight negative Eu anomaly with a Eu/Eu* value of ~0.69, which is typical for 

sedimentary rocks derived from the erosion of felsic igneous rocks. The more intensely altered 

mudstone samples of the intermediate argillic alteration facies (QAPKI mineral association) and 

advanced argillic facies (QAPK mineral association) show very similar REE patterns, suggesting 

that the REEs have not been mobilized at these alteration intensities. 

However, intensely-altered samples from the advanced argillic alteration facies (QAP 

mineral association) display REE patterns that are characterized by a relative depletion of the 

HREEs. The HREE pattern is slightly downward curved with the overall Lan/Lun ratio being 

15.56. Samples from the residual quartz alteration facies (Q mineral association) show a 
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noticeable ‘V’-shaped REE pattern with the concentrations of the LREEs decreasing from La to 

Sm and the normalized HREE abundances increasing from Gd through to Lu. This yields a much 

lower overall Lan/Lun ratio of 1.42 (Fig. 6.12). 

The observed changes of the REE patterns suggest that REE mobility occurred as a result 

of the most intense acid attack of the siliciclastic rocks. The microscopic investigations suggest 

that apatite and zircon are the most common REE-bearing accessory minerals in the sedimentary 

rocks of the Chimu Formation, although other phosphate minerals such as monazite and 

xenotime may be present as well. Inspection of the whole-rock Zr and P2O5 values showed that 

Zr does not vary as function of alteration intensity (Fig. 6.10). The P2O5 abundance increases 

initially (QPKI and QAPK mineral associations), but are already significantly lowered in the 

intensely altered samples of the advanced argillic alteration facies (QAP mineral association). 

P2O5 concentrations are distinctly low in the residual quartz alteration facies (Q mineral 

association). This behavior is exactly matched by the REEs (Fig. 6.13). 

 

 

 
 

Figure 6.11: Average REE patterns of mudstone samples of the different alteration facies and 

corresponding mineral associations. There are some pronounced changes associated with the 

progressive alteration of the mudstone. Samples from the residual quartz alteration facies are 

typified by a ‘V’-shaped REE pattern, which is likely related to the destruction of apatite. The 

patterns of quartz arenite samples of different alteration intensity are given for comparison. 

Chondrite data are from Anders and Grevesse (1989). 
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Figure 6.12: Plots of Y/Ho and Lan/Lun ratios of mudstone samples of the different alteration 

facies and corresponding mineral associations. The Y/Ho ratio is nearly constant, suggesting that 

hydrothermal alteration does not cause fractionation between the two elements. The plot of the 

Lan/Lun ratio shows prominent variations with alteration intensity, especially intensely altered 

samples of the advanced argillic alteration facies and the residual quartz alteration facies (QAP 

and Q mineral associations) show deviating ratios. 

 

 

The changes in the shape of the REE patterns associated with intense alteration are 

consistent with accessory phases such as apatite, zircon, or monazite and xenotime controlling 

the whole-rock REE patterns. Monazite derived from felsic igneous sources typically shows 

enrichment in the LREEs while apatite is enriched in the MREEs. Both zircon and xenotime are 

strongly enriched in the HREES (Fig. 6.14). As acid-type alteration appears to strongly affect 

phosphate minerals, the change in REE patterns in the mudstone samples can probably be largely 

attributed to the alteration of apatite. The strongly ‘V’-shaped REE pattern of the most intensely 

altered mudstone of the residual quartz alteration facies (Q mineral association) could be 

explained by the combination of monazite and zircon or xenotime, with essentially no apatite 

being present (Fig. 6.14). 

The average REE patterns for variably altered quartz arenite samples are generally 

similar to the least-altered mudstone samples although the total concentrations of the REEs are 

distinctly lower (Fig. 6.11). The patterns have an average Lan/Lun ratio of 6.46. The average 

Eu/Eu* ratio is 0.62 for the quartz arenite samples. The pronounced change in the shape of the 

REE patterns as function of alteration intensity cannot be observed for the quartz arenite 

samples, presumably due to the much lower overall REE abundances. 
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Figure 6.13: Box-and-whisker plots comparing the abundances of P2O5 in mudstone samples of 

the different alteration facies and corresponding mineral associations with the concentrations of 

selected REEs. The behavior of P2O5 indicates that apatite underwent partial dissolution during 

the most intense alteration. The LREEs mimic the behavior of the P2O5 whereas the HREEs 

behave more similarly to Zr (see Fig. 6.10). The boxes enclose the interquartile range with the 

median displayed as a line. The vertical lines extending outside the boxes mark the first and 

fourth quartiles. The dot represents the mean value. 

 

 

6.6 Alteration Vectors 

 

Geochemical analysis of variably altered mudstone samples from the Chimu Formation 

allowed the identification of several geochemical indicators of proximity to the Lagunas Norte 

deposit despite the fact that the fluids causing acid-type alteration of the siliciclastic rocks and  
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Figure 6.14: Comparison between the chondrite-normalized REE plots of accessory phases 

contained in felsic igneous rocks and the REE patterns of mudstone samples of different 

alteration intensities. The plot illustrates that apatite, monazite, xenotime, and zircon have 

distinct REE patterns (data from Bea, 1996). Combinations of these REE patterns likely explain 

the whole-rock geochemistry of the least-altered mudstone (QPKI mineral association). In 

contrast, the ‘V’-shaped pattern of mudstone of the residual quartz facies (Q mineral association) 

may be best explained by alteration of selected accessory minerals, in particular apatite. The 

shape of the pattern of the intensely altered mudstone could be best explained by a combination 

of the REE patterns of monazite and zircon (or xenotime). Note that alteration of the mudstone 

also causes a decrease of the overall abundance of the REEs. Chondrite data are from Anders and 

Grevesse (1989). 
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the fluids responsible for mineralization are distinct. In terms of major element geochemistry, the 

abundances of SiO2, Al2O3, and K2O vary systematically with alteration intensity, allowing these 

elements to be used to distinguish differently altered mudstones (Fig. 6.3). 

Some of the trace elements measured represent similarly effective discriminators of 

alteration intensity. Major element variations are, for instance, mimict by the trace element 

behavior of Rb and Sr (Fig. 6.9). Least-altered mudstone and mudstone of the intermediate 

argillic alteration facies (QPKI and QAPKI mineral associations) tends to have the highest K2O 

values. The Rb and Sr concentrations are relatively high in the least-altered rocks and maintain a 

Rb/Sr ratio between 0.1 and 1.0. As alteration intensity increases, the whole-rock K2O values 

decrease and the major element geochemistry is dominated by SiO2 and Al2O3. This occurs as a 

result of advanced argillic alteration (QAPK and QAP mineral associations). Rb/Sr ratios are 

decreased by an order of magnitude and will be near 0.01 due to the preferential removal of Rb 

at this alteration intensity. Mudstone of the residual quartz alteration facies is characterized by an 

overwhelming dominance of SiO2 due to removal of essentially all major elements, except for 

TiO2. The Rb/Sr ratio returns to ~0.1 as Sr is removed from the rocks, but the whole-rock 

concentrations of Rb and Sr are two orders of magnitude below least-altered mudstones of the 

Chimu Formation. 

Residual quartz alteration of mudstone can also be readily identified geochemically 

through pronounced increases and decreases in certain elements. The elements with increase 

with increasing alteration intensity are Bi, Cu, Fe, S, Sb, Si, Sn, Mo, as well as Au and Ag, if 

detected. Although enrichment patterns of most of these elements are related to the formation of 

sulfide minerals and not the alteration of the siliciclastic rocks as such, there is a spatial 

coincidence between the occurrence of the most intensely altered rocks and the rocks that are 

mineralized. Trace elements, which decrease in concentration with increasing alteration 

intensity, include Ba, Co, Cs, Ni, Rb, Sc, Sr, Th, Tl, U, and V. In addition, the chondrite-

normalized REE patterns of the mudstone samples change. In combination with the major 

element geochemistry, all of these elements can be used as geochemical vectors and as tools to 

identify alteration of siliciclastic rocks that is not necessarily apparent in hand specimen. 

  



90 

CHAPTER 7 

CONSTRAINTS ON THE NATURE OF THE MINERALIZING FLUIDS 

 

7.1 Introduction 

 

At Lagunas Norte, gold is finely disseminated throughout the sedimentary host rocks of 

the Chimu Formation and the unconformably overlying volcanic rocks of the Lagunas Norte 

Formation. Approximately 80% of the total gold endowment is hosted by the quartz arenites of 

the Chimu Formation (Montgomery, 2012). Gold grades in these sedimentary rocks tend to 

increase in areas of high fracture density, commonly within breccia zones. Grades exceeding 10 

g/t Au can occur in areas of intense brecciation, especially when silice parda is present 

(Montgomery, 2012; Cerpa et al., 2013). Although elevated gold grades occur in areas of intense 

hydrothermal alteration, there is no direct correlation between alteration intensity and grade. 

The present chapter summarizes observations made on selected samples from Lagunas 

Norte, constraining the temporal relationship between acid-type alteration and gold 

mineralization. It is shown that two distinct types of quartz can be identified in the variably 

altered rocks based on crystal habit, mineral and fluid inclusion types and abundances, and CL 

properties. An early type of quartz represents residual quartz formed during intense acid leaching 

while a younger generation of quartz, forming characteristic euhedral grains that show distinct 

oscillatory growth zoning, formed after the intense acid alteration in close association with the 

gold mineralization. Reconnaissance fluid inclusion microthermometry has been carried out on 

the euhedral quartz as well as sphalerite and stibnite that are late in the paragenesis. The 

microthermometric investigations on primary fluid inclusions hosted by quartz, sphalerite, and 

stibnite provide important constraints on the nature of the mineralizing fluids and the 

temperatures of gold deposition. 

 

7.2 Materials and Methods 

 

Selected samples were studied in detail to constrain the relationships between acid-type 

alteration and mineralization and to conduct reconnaissance fluid inclusion investigations (Table 

7.1). Sample selection was guided by textural evidence on the hand specimen and thin section 
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scales. The best textural evidence was found in intensely altered mudstone of the Chimu 

Formation and volcaniclastic rocks of the Lagunas Norte Formation.  

Optical petrography and fluid inclusion investigations were carried out on an Olympus 

BX51 microscope equipped with an Optronics Microfire A/R camera for imaging. Fluid 

inclusions in stibnite were observed by infrared microscopy. Polished thick sections (thickness of 

60 µm) were used for the fluid inclusion investigations. Microthermometric data on selected 

fluid inclusion assemblages were collected using a Fluid Inc.-adapted U.S. Geological Survey 

gas-flow heating and freezing stage (Werre et al., 1979). Heating and freezing temperatures were 

calibrated using synthetic fluid inclusions, resulting in heating measurement accuracy from 

approximately ±2°C at 200°C to approximately ±10°C at temperatures above 600°C and freezing 

temperatures that were accurate to ±0.1°C. Fluid inclusion identification followed methods 

outlined in Bodnar et al. (1985) for distinguishing fluid inclusion generations and selecting 

primary fluid inclusions for the microthermometric investigations. 

CL microscopy was conducted on the same samples as the fluid inclusions. An HC5-LM 

hot cathode CL microscope from Lumic Special Microscopes was used, which represents a 

 

 

Table 7.1: List of samples used for the study of paragenetic relationships and fluid inclusion 

properties. 

Sample Location Description 

LN-26 DDH-072 at 30.9 m Chimu Fm, mudstone altered to quartz-rutile, partially 

oxidized, preserving some pyrite 

LN-27 DDH-072 at 52.7 m Chimu Fm, mudstone altered to quartz-rutile, completely 

oxidized to goethite, no sulfide minerals 

LN-29 DDH-072 at 203.2 m Chimu Fm, laminated carbonaceous mudstone altered to 

quartz-alunite-pyrophyllite-kaolinite-illite 

LN-49 DDH-073 at 153.1 m Chimu Fm, brecciated quartz arenite with abundant 

pyrite and intergrown alunite 

LNHS-7 804145E / 9121374N Lagunas Norte Fm, vuggy quartz altered volcaniclastic 

rock hosting a sulfide vein with sphalerite 

LNHS-9 804145E / 9121374N Lagunas Norte Fm, vuggy quartz altered volcaniclastic 

rock hosting a sulfide vein with enargite and stibnite 

LNHS-12 DDH-781 at 74.5 m Chimu Fm, brecciated quartz arenite with abundant 

pyrite 
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modified Olympus BXFM-S optical microscope. The thick sections were carbon coated prior to 

CL microscopy. The CL images were captured using a high sensitivity, double-stage Peltier 

cooled Kappa DX40C CCD camera, with acquisition times ranging from 8 to 10 seconds. The 

microscope was operated at 14 kV with a current density of ca. 10 mA mm
-2

 (Neuser, 1995). 

SEM microscopy on the same sections was conducted using an FEI Quanta 600i 

environmental SEM equipped with an EDAX Genesis energy dispersive X-ray spectrometer. The 

SEM was operated under standard conditions of 20 kV and 35 nA at a working distance of 10 

mm. Backscatter electron imaging was used to identify elemental zoning within sulfide minerals 

and to study small-scale textural relationships at high magnification. 

 

7.3 Paragenetic Relationships 

 

Thin section petrography allowed the establishment of a paragenetic sequence for the 

variably altered mudstone and quartz arenite samples of the Chimu Formation as well as altered 

volcanic rocks of the Lagunas Norte Formation (Table 7.1). The observations made on these 

selected samples are supplemental to previous, extensive studies on the volcanic host rocks at 

Lagunas Norte (Montgomery, 2012; Cerpa et al., 2013). 

Diagenesis and regional metamorphism are the earliest post-depositional events recorded 

by the Mesozoic sedimentary strata. Quartz overgrowths around detrital quartz grains can be 

identified in some samples of quartz arenite and silty mudstone (Chapter 4). These overgrowths 

partially fill the intergranular pore space, reducing the overall porosity. Further porosity 

reduction was related to the formation of quartz cement and recrystallization of the quartz grains, 

resulting in a highly compacted rock with a distinct ‘sugary’ texture in hand sample. These 

textural features are likely related to low-grade metamorphism associated with the Early Tertiary 

Incaic orogeny. 

In the deposit area and its immediate vicinity, the sedimentary rocks of the Chimu 

Formation and the overlying volcanic rocks of the Lagunas Norte Formation were affected by 

intense leaching by highly acidic fluids.  

Intense acid leaching in the quartz arenite cannot be readily identified in hand specimen 

as the rocks are largely made up of detrital quartz grains that were inert to acid-type alteration. 

There is no development of significant amounts of residual quartz in these rocks as redistribution 
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Figure 7.1: Microphotographs and CL images of quartz arenite of the Chimu Formation. Sample 

LNHS-12. (A) Quartz framework grains of quartz arenite. The quartz arenite is mature as 

indicated by the rounded nature of the grains. The quartz grains are crosscut by small vapor-rich 

fluid inclusions. PPL. (B) Same image illustrating that the detrital quartz grains have CL colors 

of varying shades of blue. CL. (C) Image taken after ca. 30 s of electron bombardment. The blue 

CL of some quartz grains changed to dark blue-purple. CL. (D) Image of the same location after 

ca. 60 s of exposure. The short-lived blue CL has transformed into a red-purple. This color 

change is particularly pronounced along fractures and grain boundaries, and can also be noted for 

interstitial quartz. CL. 

 

 

of silica has not occurred. Quartz arenite affected by intense acid leaching is texturally similar to 

least-altered quartz arenite. CL imaging, however, reveals that different types of quartz can be 

distinguished based on their CL properties (Fig. 7.1). Many rounded detrital quartz grains change 

from short-lived dark blue CL to dark blue-purple to bright red-purple during electron 

bombardment (Fig. 7.1). The color change from dark blue to bright red-purple is most prominent 

for interstitial quartz as well as quartz adjacent to grain boundaries and fractures. The areas with 
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the strongest color change appear to delineate fluid pathways of the hydrothermal fluids, and are 

thought to be the result of acidic alteration. Some of the detrital quartz grains do not have a 

short-lived CL signal and remain bright blue during electron bombardment, suggesting that they 

have not been affected by hydrothermal alteration. 

Small secondary vapor fluid inclusion trails (Fig. 7.1A), marking the location of annealed 

microfractures, are common throughout altered quartz. These fluid inclusion trails regularly cut 

across quartz grains, quartz overgrowths, and grain boundaries. Secondary fluid inclusions such 

as these are interpreted to be related to the hydrothermal overprint of the samples, primarily 

because the inclusion trails crosscut most metamorphic textures. 

In contrast to quartz arenite, acid-type alteration can be easily recognized in mudstone. 

Residual quartz-rutile alteration in mudstone, known as silice parda, resulted in irregularly 

shaped, fine-grained quartz grains that contain rutile mineral inclusions (Fig. 7.2A). Alunite 

crystals are often observed where the intensity of acid leaching is lower. The alunite appears to 

have formed as part of the residual quartz-rutile alteration (Fig. 7.2B). Optical microscopy 

showed that fractures through intensely altered mudstone are lined by small euhedral quartz 

crystals that show oscillatory growth zoning. The quartz crystals have a distinct yellow CL color 

(Fig. 7.2B). Quartz of similar CL color can be detected throughout the fine-grained rock, which 

contains detrital grains that are brown and blue under CL. The euhedral quartz crystals generally 

do not contain mineral or fluid inclusions and post-date alunite, but may be intergrown with 

pyrite (Fig. 7.2C and D). 

Similar to the residual quartz-rutile alteration in mudstone, volcanic rocks affected by 

residual quartz alteration consist of quartz grains that have irregular or subrounded grain shapes 

and are distinctly ‘cloudy’ due to the abundance of rutile inclusions and small secondary two-

phase liquid and vapor fluid inclusions (Fig. 7.3). CL imaging revealed that the residual quartz 

consists of darker blue-purple cores that are surrounded by brown-purple rims (Fig. 7.3). The 

residual quartz is overgrown by the same type of euhedral quartz observed in the mudstone 

samples. The quartz shows well-developed oscillatory zoning, which are yellow and black under 

CL. The euhedral quartz is generally devoid of mineral and fluid inclusions. 

Fine-grained sulfide minerals, dominated by pyrite, are common within the quartz arenite 

of the Chimu Formation and occur either as disseminated sulfide grains (Fig. 7.4A) or as 

intergrown grains along fracture networks (Fig. 7.4B). Within highly fractured or brecciated  
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Figure 7.2: Microphotographs of euhedral quartz crystals overgrowing residual quartz-rutile in 

mudstone samples from the Chimu Formation. (A) Euhedral quartz overgrowth along a fracture 

crosscutting silicified mudstone, silice parda. The quartz exhibits oscillatory growth zoning that 

can be seen in plane-polarized light. Sample LN-27. PPL. (B) Same image, illustrating that the 

euhedral quartz has a bright yellow CL signature. Quartz with a yellow CL signature can also be 

seen in parts of the fine-grained brown and blue residual quartz-rutile groundmass in the lower 

right, a characteristic feature of silice parda. Crystals with strong oscillatory growth zoning show 

alternating black and yellow bands. Sample LN-27. CL. (C) Euhedral quartz intergrown with 

pyrite and lining a fracture in a rock comprised of the quartz-rutile-alunite mineral association. 

The rock contains disseminated pyrite. Sample LN-38. PPL. (D) Same image, highlighting platy 

alunite crystals in the wall rock. There is no alunite present with the euhedral quartz and pyrite in 

the fracture. Sample LN-38. CPL. 
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Figure 7.3: Microphotographs and corresponding CL images of euhedral quartz overgrowing 

residual vuggy quartz in an intensely altered volcaniclastic rock of the Lagunas Norte Formation. 

Sample LNHS-9a. (A) Euhedral quartz overgrowth along the edge of a fracture. The overgrown 

quartz is rich in mineral inclusions and is interpreted to be the product of residual quartz 

alteration. PPL. (B) CL image of the same area showing early residual quartz with a dark blue 

CL that is surrounded by purple-brown quartz. Both types of quartz are overgrown by the 

euhedral quartz showing oscillatory growth zoning defined by yellow and black growth zones. 

CL. (C) Euhedral quartz crystal overgrowing residual quartz. PPL. (D) CL image of the same 

area. The euhedral quartz shows oscillatory growth zones that are black and yellow. The 

euhedral quartz overgrows a fuzzy brown zone of residual quartz with a core of dark blue quartz 

that is rich in mineral inclusions. CL. 
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Figure 7.4: Photographs and microphotographs illustrating different types of pyrite occurrences 

in quartz arenite of the Chimu Formation. (A) Dark gray fine-grained disseminated sulfide 

minerals in massive quartz arenite. The sulfide minerals have been oxidized to Fe 

oxides/hydroxides along a fracture. DDH-482 at 161 m. The core is 47.6 mm in diameter (NQ). 

(B) Dark gray fine-grained pyrite concentrated along abundant fractures and veinlets in quartz 

arenite. Sample LN-80. The core is 47.6 mm in diameter (NQ). (C) Pyrite-alunite vein in quartz 

arenite. The pyrite postdates the massive alunite and filled the open space along the vein. Sample 

LN-80. PPL. (D) Reflected light image of the same location illustrating the fine-grained nature of 

the pyrite. Note the small amount of available pore space in the quartz arenite. Sample LN-80. 

RL. 
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Figure 7.5: Microphotographs of an intensely altered mudstone sample from the oxide ore. 

Sample LN-27. (A) Massive Fe oxide/hydroxide and rutile infill a vug that is lined with euhedral 

quartz crystals. A small grain of native gold is contained in the vug, suggesting that gold 

mineralization postdates the formation of the euhedral quartz. It is likely that the gold was 

initially contained in, or intergrown with, sulfide minerals such as pyrite. Sulfide minerals have 

been converted to Fe oxide/hydroxide by supergene processes. RL. (B) Backscatter electron 

image highlighting the gold grain as a small bright spot. 

 

 

quartz arenite, clasts of the sedimentary rock can be cemented by a fine-grained sulfide matrix. 

In some cases, small zones of massive pyrite can occur. The pyrite often fills empty space within 

fractures and vugs as well as pore spaces available between the detrital grains. Based on 

petrographic observations, pyrite appears to be the first sulfide mineral formed, precipitated at 

about the same time as the euhedral quartz (Fig. 7.2). On the small scale, the pyrite could be pre-, 

syn-, or even post-formation of euhedral quartz. Massive alunite crystals, a product of the acid-

type alteration, are commonly overgrown by pyrite in open spaces, along fractures, and in veins 

(Fig. 7.4C and D). 

Sulfide minerals such as pyrite have been affected by supergene weathering within 80 m of the 

surface. Surficial oxidation has caused the replacement of sulfide minerals by Fe 

oxides/hydroxides. Massive goethite and hematite formed where abundant sulfide minerals were 

present along fractures or veins. Fe oxide/hydroxide staining is pervasive throughout the quartz 

arenite and is thought to represent the oxidation of previously present disseminated fine-grained 

pyrite (Fig. 7.4A). Quartz arenite lacking this distinct Fe oxide/hydroxide staining was likely   
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Figure 7.6: Microphotographs of a vug filled with sphalerite in a sample from the Lagunas Norte 

Formation. Sample LNHS-7. (A) Thin section image of light brown sphalerite that shows 

pronounced growth zoning. The fracture wall is lined by euhedral quartz crystals and pyrite. (B) 

Overgrowth of irregularly shaped pyrite on euhedral quartz. The void space is filled with very 

low-Fe sphalerite. BSE. (C) Euhedral quartz overgrown by irregular massive pyrite along a 

fracture which is filled with sphalerite. PPL. (D) CL image of the same area shows well 

developed oscillatory yellow and black growth zones in the euhedral quartz and a bright red CL 

signature for the low-Fe sphalerite. CL. 

 

 

unmineralized. Native gold is intergrown with the Fe oxide/hydroxide in vugs that are lined by 

the euhedral quartz (Fig. 7.5), which indicates that the euhedral quartz predated mineralization. It 

is likely that the native gold observed was initially hosted by the sulfide minerals and liberated 

during surface oxidation. The bulk-tonnage heap-leach operation at Lagunas Norte is likely only 

possible due to this process of surface oxidation. 
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Abundant sulfide minerals were only preserved in one vertically-oriented fracture 

discovered in the open pit that occurred within the Lagunas Norte Formation near the contact 

with the underlying Chimu Formation. Along this fracture, sulfide minerals including enargite, 

sphalerite, galena, and stibnite could be observed (Figs. 7.6, 7.7) as open space fillings. Several 

thin sections were obtained to study the textural relationships. 

Thin section investigations showed that the sphalerite and galena postdate the euhedral 

quartz along the fracture. The euhedral quartz displays oscillatory growth zones of alternating 

black and yellow under CL. Distinct growth zones can be seen in the sphalerite that are 0.5 to 5 

mm in width. SEM-EDX analysis revealed that the sphalerite contains Fe concentrations below 

the detection limit (Fig. 7.6). When viewed under the CL microscope, the sphalerite displays a 

bright red emission.  

In a different thin section from the same location, enargite and stibnite were recognized 

during petrographic investigations. Both sulfide minerals postdate the euhedral quartz, and the  

 

 

 
 

Figure 7.7: Backscatter electron images of sulfide minerals at Lagunas Norte. Sample LNHS-9. 

(A) Small columnar euhedral enargite crystal that is partially replaced by an irregularly shaped 

stibnite crystal (sb1). Bi-rich zones in stibnite (sb2) occur around edges of small crystals and 

have a distinctly higher contrast. (B) Stibnite crystals have a core of low Bi concentration (sb1, 

5.5 wt.% Bi) which increases outward to a relatively Bi-rich zone (sb2, 24.0 wt.% Bi) in a lighter 

shade of gray. The outermost stibnite zone (sb3, 6.1 wt.% Bi) has a low Bi concentration. 

Remnant enargite is present. The enargite grains are encapsulated and embayed by the larger 

stibnite crystals. 
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textural evidence further suggests that the stibnite postdates the enargite. The enargite contains 

small amounts of Sb (approximately 2.8-4.9 wt.% Sb) and is largely replaced by stibnite (Fig. 

7.7A). The stibnite crystals have variable Bi contents. They typically show a core that has low to 

moderate Bi concentrations, which is surrounded by a Bi-rich zone. The outermost growth zones 

are typically depleted in Bi (Fig. 7.7B). Fluid inclusion analysis showed that sphalerite described 

above formed at higher temperatures than the stibnite, suggesting that stibnite is the latest sulfide 

mineral identified in this study. 

 

7.4 Fluid Inclusions Hosted by Quartz 

 

Despite the fact that a large number of samples have been inspected petrographically, 

undisputable primary fluid inclusions in quartz have only been identified in a single sample. 

Sample LNHS-9, a highly altered volcaniclastic rock, contains abundant small euhedral quartz 

crystals along fractures. The quartz deposition predated the formation of sulfide minerals, 

including rare enargite and abundant stibnite. As the euhedral quartz at Lagunas Norte formed 

immediately prior to gold mineralization, microthermometric investigations on fluid inclusions 

in the euhedral quartz should provide important constraints on the nature of the hydrothermal 

fluids closely associated with mineralization in both time and space. 

The euhedral quartz in sample LNHS-9 was found to contain at least one primary fluid 

inclusion assemblage that consists of three primary two-phase fluid inclusions showing 

consistent liquid to vapor ratios (Table 7.2; Fig. 7.8). Heating measurements of this assemblage, 

referred to as FIAq-1, gave homogenization temperatures between 220 and 227°C. The melting 

temperature of the last ice ranged from -2.5 to -2.4°C, indicating a fluid salinity of 4.18 to 4.03 

wt.% NaCl equivalent (cf. Goldstein and Reynolds, 1994). A second fluid inclusion assemblage 

FIAq-2 was analyzed, forming a secondary fluid inclusion trail across the same euhedral quartz 

grain (Fig. 7.8). Three inclusions in FIAq-2 homogenized between 235 and 245°C. The melting 

temperature of the last ice was determined to be between -2.5 and -1.9°C, which corresponds to a 

salinity of 4.18 to 3.23 wt.% NaCl equivalent. Two more secondary inclusions make up FIAq-3, 

measured near the base of the same grain (Fig. 7.8), and had homogenization temperatures of 

197 to 215°C which is slightly inconsistent. The melting temperature of the last ice was between 
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Figure 7.8: Euhedral quartz grain with primary and secondary fluid inclusion assemblages. The 

assemblages are labeled as FIAq-1, FIAq-2, and FIAq-3. Sample LNHS-9. (A) Overview of 

quartz crystal showing where close-up images are located. PPL. (B) Same overview but viewed 

under CL. CL. (C) Close-up image showing the locations of FIAq1 and FIAq-2. PPL. (D) Same 

image with CL pattern shown, indicating that fluid inclusions are dominantly located in the dark 

growth zones. CL. (E) Close-up image showing the location of FIAq-3. PPL. (F) Same image in 

CL, noting the dark area associated with the presence of fluid inclusions. CL. 
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Figure 7.9: Euhedral quartz with primary fluid inclusions. The inclusions belong to assemblage 

FIAq-4. Sample LNHS-9. (A) Overview image indicating the location of the close-up image. 

PPL. (B) Same image viewed with CL showing location of close-up image and the extent of 

euhedral quartz with oscillatory yellow and black growth zones. CL. (C) Detail image of FIAq-4 

and the fluid inclusions measured. PPL. (D) Same image viewed with CL showing that fluid 

inclusions are dominantly located in the darker growth zones. CL. 

 

 

-2.3 and -2.0°C on the higher temperature inclusion, which corresponds to 3.87 to 3.39 wt.% 

NaCl equivalent. Three additional primary inclusions were measured as FIAq-4 (Fig. 7.9). The 

homogenization temperatures recorded were 202, 200, and 218°C, which are not consistent, 

suggesting that the inclusions may have been affected by necking. The melting temperature of 

the last ice was -2.0 to -1.5°C, which corresponds to a salinity of 3.39 to 2.57 wt.% NaCl 

equivalent.  
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Table 7.2: Microthermometric data obtained on fluid inclusion assemblages hosted in quartz, 

sphalerite, and stibnite. 

Mineral Assemblage Type # FIs Homogenization 

Temperature 

Melting 

Temperature 

Quartz FIAq-1 Primary 3 220-227°C -2.5 to -2.4°C 

Quartz FIAq-2 Secondary 3 235-245°C -2.5 to -1.9°C 

Quartz FIAq-3 Necked primary 2 197-215°C -2.3 to -2.0°C 

Quartz FIAq-4 Necked primary 3 200-218°C -2.0 to -1.5°C 

Sphalerite FIAsp-1 Primary 3 175-180°C near 0°C 

Sphalerite FIAsp-2 Primary 4 175-180°C near 0°C 

Sphalerite FIAsp-3 Primary 3 170-175°C near 0°C 

Sphalerite FIAsp-4 Primary 4 175-180°C near 0°C 

Sphalerite FIAsp-5 Primary 3 190-195°C near 0°C 

Sphalerite FIAsp-6 Primary 6 165-170°C near 0°C 

Stibnite FIAsb-1 Primary 3 150-155°C near 0°C 

Stibnite FIAsb-2 Primary 3 145-155°C near 0°C 

 

 

7.5 Fluid Inclusions Hosted by Sphalerite 

 

Sphalerite contained in sample LNHS-7, a highly altered volcaniclastic rock, was found 

to contain a large number of primary inclusions. The primary inclusions tend to be elongate 

parallel to cleavage with an asymmetrical taper to a point on one end of the fluid inclusion (Fig. 

7.10). Secondary fluid inclusions are present and are especially concentrated in zones with 

fractures. SEM-EDX analysis showed that the Fe content of the sphalerite is below detection, 

and compositional zoning does not appear to occur (Fig. 7.7). 

Six fluid inclusion assemblages were measured in the sphalerite (Table 7.2). The fluid 

inclusions in three assemblages (assemblages FIAsp-1, FIAsp-2, and FIAsp-4 in Table 7.2) have 

homogenization temperatures between 175-180°C. Three primary inclusions in FIAsp-3 

homogenized at slightly lower temperatures of 170-175°C and six inclusions in FIAsp-6 

homogenized at temperatures between 165-170°C. Three primary inclusions in FIAsp-5 showed 

higher homogenization temperatures of 190-195°C. The melting point of the last ice could not be 

determined reliably as melting of the ice was not clearly observable. However during several 

attempts it appeared as if melting occurred at around 0°C, which would indicate that the salinity 

of the entrapped fluid is essentially zero (cf. Goldstein and Reynolds, 1994).  
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Figure 7.10: Microphotographs of fluid inclusions in very low-Fe sphalerite. Sample LNHS-7. 

PPL. (A) Representative growth zone in sphalerite which hosts primary fluid inclusions. White 

box in lower right outlines location of close-up image. (B) Close-up showing primary fluid 

inclusions. The black arrows point to the vapor bubbles in the primary two-phase liquid and 

vapor fluid inclusions. 

 

 

The obtained fluid inclusion data suggest that sphalerite formed from a hydrothermal 

fluid with a temperature between 165 and 195°C (no pressure correction applied as it would 

likely be small due to the shallow depth of ore formation). This indicates that sphalerite formed 

at temperatures that were about 25 to 60°C lower than the precipitation temperature of the 

euhedral quartz. 

 

7.6 Fluid Inclusions Hosted by Stibnite 

 

In sample LNHS-9, the euhedral quartz crystals are overgrown by relatively large (0.5 to 

3.0 mm) subhedral stibnite crystals, which replace earlier enargite (Fig. 7.6). Infrared 

microscopy allowed the recognition of fluid inclusion assemblages in the stibnite (Fig. 7.11), but 

only in zones that are relatively enriched in Bi (up to 24 wt.% Bi, see Fig. 7.6B). Zones of lower 

Bi content are opaque under the infrared microscope. 

The transparent portions of the stibnite crystals were found to contain abundant primary 

two-phase liquid and vapor fluid inclusions. These are often elongated parallel to the crystal 

faces and range from 5 to 35 µm in length. Primary fluid inclusion assemblages are identified 

based on their location along growth zones and similar fluid to vapor ratios. Additionally,   
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Figure 7.11: Fluid inclusion assemblages hosted by stibnite. The melting temperature of the last 

ice could not be exactly determined due to difficulties in observing this change during the 

freezing experiment. Sample LNHS-9. IR. (A) Homogenization temperatures for three fluid 

inclusions of assemblage FIAsb-1. (B) Homogenization temperatures for three fluid inclusions of 

assemblage FIAsb-2. The inclusions are hosted in a triangular growth zone characterized by 

elevated Bi concentrations as determined by SEM-EDX measurements. 

 

 

primary inclusions located directly adjacent to secondary fluid inclusions were not considered for 

analysis. Secondary two-phase liquid and vapor inclusions are very abundant and tend to be 

variable in shape and liquid to vapor ratio. Shapes may vary from elongate to spherical and many 

different size fluid inclusions are present in secondary trails, all with widely different ratios of 

liquid to vapor. In many cases, the secondary fluid inclusion trails crosscut crystal growth zones. 

Following fluid inclusion petrography, two primary fluid inclusion assemblages were 

selected for fluid inclusion microthermometry (Table 7.2; Fig. 7.11). The first assemblage, 

referred to as FIAsb-1, consisted of three individual fluid inclusions that consistently 

homogenized at temperatures between 150 and 155°C. The second fluid inclusion assemblage 

FIAsb-2 also consisted of three primary fluid inclusions, and homogenized within the 

temperature range of 145 to 155°C. The melting point of the last ice could not be measured 

accurately because the phase change could not be readily identified. However, repeated heating 

and cooling cycles revealed that the melting temperature of the last ice is likely close to 0°C. 

This suggests that the liquid entrapped is of very low salinity (cf. Goldstein and Reynolds, 1994). 
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Figure 7.12: Histogram showing the homogenization temperatures of fluid inclusion assemblages 

in quartz, sphalerite, and stibnite. 

 

 

The microthermometric investigations suggest that the stibnite also formed from a 

hydrothermal fluid that was a liquid. Based on the fact that pressure correction is likely minimal 

due to the shallow depth of formation, and the assumption that pressure conditions did not vary 

significantly throughout the paragenetic sequence, stibnite formed at temperatures that were 

approximately 65 to 80°C lower than during the formation of the earlier euhedral quartz. Stibnite 

precipitation occurred at about 10 to 50°C lower temperatures than sphalerite formation (Fig. 

7.12). 
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CHAPTER 8 

DISCUSSION 

 

8.1 Characteristics of the Hydrothermal Alteration Halo 

 

The Lagunas Norte high-sulfidation epithermal deposit formed as part of a larger 

magmatic-hydrothermal system. Within the shallow epithermal environment, the evolving 

magmatic-hydrothermal fluids interacted with various rock types, including deformed 

siliciclastic basement rocks and unconformably overlying undeformed volcanic deposits. 

However, classic acid-type alteration facies and related textures (cf. Arribas, 1995; Hedenquist et 

al., 2000; Simmons et al., 2005) only developed in the volcanic rocks which hosts the smaller 

part of the deposit. The alteration characteristics of the siliciclastic rocks, which host the bulk of 

the ore body, differ significantly from the volcanic rocks due to primary differences in 

mineralogical composition as well as porosity and permeability. 

The majority of the siliciclastic sedimentary rocks show little macroscopic evidence for 

hydrothermal alteration despite intense fluid-rock interaction. The cryptic nature of the alteration 

of the sedimentary rocks is related to the fact that these lithologies contain fewer minerals that 

are reactive when compared to volcanic rocks. The reactive minerals, primarily detrital sheet 

silicates, are only present in abundance in fine-grained sedimentary rocks such as mudstones 

while the coarser grained and more abundant quartz arenite is well sorted and only contains a 

very low proportion of clay-sized particles. Quartz, which is the main detrital mineral present, 

was inert to alteration in the high-sulfidation environment. This is in contrast with volcanic rocks 

that are largely glassy and may contain phenocrysts that are susceptible to alteration such as 

ferromagnesian phases and feldspars. In addition, the volcanic units typically have a high 

permeability due to the presence of volcaniclastic units and the occurrence of abundant breccia 

zones crosscutting the volcanic strata. 

At the scale of hand samples, altered and unaltered siliciclastic rocks are commonly 

difficult to distinguish. Mineralized mudstone affected by residual quartz alteration represents 

the only exception as intense alteration and subsequent silicification sometimes gives the 

mudstone a beige to tan color. The quartz rich beige to tan mudstone is referred to as silice 

parda. Although rocks in the residual quartz alteration facies are intensely leached and many, if 
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not most, chemical components besides SiO2 and TiO2 have been removed, the development of 

vugs is far less apparent than in altered volcanic rocks. Where present, only small and elongate 

open spaces occur (Fig. 8.1A and B). Carbonaceous mudstones can show a color change, often 

from black to gray, near fractures or contacts in mudstone affected by intense advanced argillic 

alteration (QAP mineral association) or even more rarely in less intensely altered mudstone of 

the advanced argillic alteration facies (QAPK alteration facies; Fig. 8.1C and D). 

 

 

 
 

Figure 8.1: Photographs of mudstone samples from near the center of the Lagunas Norte deposit. 

(A) Mudstone affected by residual quartz alteration (Q mineral association). The sample shows 

some planar vugs. Sample LN-018. (B) Drill core of mudstone affected by residual quartz 

alteration (Q mineral association). The mudstone shows some planar vugs. Some fine-grained 

pyrite is present in the upper left drill core piece. Sample LN-027. The core is 47.6 mm in 

diameter (NQ). (C) Discolored carbonaceous mudstone affected by advanced argillic alteration 

(QAP mineral association). Sample LN-007. (D) Very dark and carbonaceous mudstone from the 

advanced argillic alteration facies (QAP mineral association). The sample illustrates that 

alteration is not necessarily associated with the discoloration of the rocks. Sample LN-004.  
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The alteration mineralogy of mudstone is, in general, not unlike volcanic rocks affected 

by alteration in the high-sulfidation epithermal environment (cf. Stoffregen, 1987; Simmons et 

al., 2005; Hedenquist and Taran, 2013). In the most intensely altered rocks, only residual quartz 

occurs that is intergrown with rutile or anatase. Advanced argillic alteration is typified by the 

presence of the acid-stable alteration minerals pyrophyllite and kaolinite, with varying amounts 

of alunite. Altered mudstone of the intermediate argillic alteration facies is characterized by the 

presence of detrital illite, suggesting that acid attack has been less intense. Variable amounts of 

alunite occur in this alteration facies. 

Pyrophyllite is ubiquitous in the mudstone at Lagunas Norte, occurring throughout all of 

the alteration facies except the most intensely altered rocks of the residual quartz alteration 

facies. This includes the furthest mudstone samples away from the mine in the Chimu Formation 

(~3 km) as well as samples from the neighboring Chicama Group and Santa-Carhuaz 

Formations. Pyrophyllite is found in mudstone at all sampled depths within the deposit, covering 

the entire stratigraphic thickness of the Chimu Formation in mine section 4200 (cross-section A-

A’).  

The abundant occurrence of pyrophyllite in close proximity to ore is not typical for high-

sulfidation type epithermal deposits. The presence of pyrophyllite is typically assumed to be an 

indicator of alteration at higher temperatures, which most commonly occurs in hydrothermal 

upflow zones beneath the ore body (cf. Hemley and Hunt, 1992; Hedenquist et al., 1998; Sillitoe, 

1999). Hedenquist et al. (1998) noted, however, that paragenetically late pyrophyllite occurs in a 

narrow halo around quartz-alunite alteration zones at the volcanic rock-hosted Lepanto high-

sulfidation epithermal deposit, where it could have formed from a cooling, slightly less acidic 

fluid that was responsible for sericite formation in the superjacent porphyry environment (Fig. 

8.2). However, at Lagunas Norte, the footprint of the alteration facies containing pyrophyllite is 

very large and pyrophyllite seems to be related to the paragenetically early acid attack of the host 

rocks. 

The occurrence of pyrophyllite at Lagunas Norte is lithologically controlled. Pyrophyllite 

is common in altered mudstone units and infrequently occurs in the quartz arenite units. It is a 

rare alteration mineral in the overlying volcanic units both inside and outside of the immediate 

deposit area (Montgomery, 2012; Cerpa et al., 2013; this study). A hydrothermal origin is 

assumed for the pyrophyllite as it most commonly occurs in rocks also containing alunite. In  
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Figure 8.2: Diagram showing mineral stability of aluminum silicates as function of temperature 

and acidity of hydrothermal fluids. Arrows signify the potential fluid pathways from an 

exsolving magmatic intrusion, the potential effect of increased silica activity on the pyrophyllite-

kaolinite phase boundary, and the approximate zone of the acidic alteration associated with high-

sulfidation type epithermal deposits. Also shown are possible pathways of fluid evolution for the 

late mineralizing fluids, which cause silicification of the previously acid-leached rocks. Modified 

from Sverjensky et al. (1991), Giggenbach (1997), and Hedenquist et al. (1998). 

 

 

addition, the SEM investigations have shown that the pyrophyllite replaces illite and cannot be of 

detrital origin. The metamorphic overprint of the quartz arenite may have result in a partial 

replacement of illite by muscovite or adjustment of the illite polytypes, but not the formation of 

pyrophyllite. 
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During acidic alteration in the high-sulfidation epithermal environment, pyrophyllite is 

often constrained to form at temperatures between 250 and 325°C, which is where the quartz 

saturation curve intersects the stability field of pyrophyllite (Fig. 8.3; Haas and Holdaway, 1973; 

Hemley et al., 1980; Hedenquist et al., 1998). Pyrophyllite can occur together with diaspore at 

temperatures of ca. 300°C, which is the case in some samples collected from the center of the 

deposit where high temperatures may have prevailed. However, in most mudstone samples the 

pyrophyllite occurs in association with kaolinite. This mineral association has been observed up 

to at least several kilometers away from the deposit. A lower temperature for pyrophyllite 

formation, possibly below 200 °C, would more conveniently explain distal pyrophyllite 

development. Expansion of the stability field of pyrophyllite towards lower temperatures is only 

possible if the fluids attained a high silica activity.  

In studies constraining the stability fields of clay minerals in the SiO2-Al2O3-H2O system 

(Hemley et al., 1980; Hurst and Kunkle, 1985), it has been shown that pyrophyllite stability is 

dependent on silica activity, especially relative to kaolinite at temperatures below ca. 270°C. 

Pyrophyllite formation at lower temperatures would provide a means for producing the 

widespread pyrophyllite footprint observed. Higher silica activities than typically associated with 

high-sulfidation epithermal deposits are possible, and probable, at Lagunas Norte due to the 

dominance of quartz arenite in the structural conduits that focused the flow of fluids from the 

magmatic-hydrothermal system and the abundance of quartz in the altered host rocks. Due to the 

lower capacity for quartz arenite to react with the hydrothermal fluid, the acidity of the fluid 

remains high as the temperature decreases and the silica activity may have stayed high from 

metastable silica supersaturation (Hemley et al., 1980), allowing a wider range of temperatures 

for pyrophyllite formation (Fig. 8.3). It is suggested here that significant lateral flow along strike 

of the Chimu Formation coupled with the wider temperature range for pyrophyllite stability can 

account for the widespread distribution of pyrophyllite in the sedimentary rocks.  

In contrast to the mudstone, pyrophyllite has only been recognized in a single quartz 

arenite sample. Alteration patterns in the quartz arenite do not seem to mimic the mudstone 

patterns, most likely due to differences in detrital mineralogy and the low abundance of detrital 

clay minerals susceptible to alteration. This resulted in an irregular distribution of alteration 

minerals formed at the expense of detrital phases such as illite and often no measurable clay  
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Figure 8.3: Diagram showing mineral stability fields in the SiO2-Al2O3-H2O system as function 

of temperature and the SiO2 content of the hydrothermal fluids. Light gray lines illustrate the 

limits of formation of the different silica phases, the lowermost and most common one being 

quartz saturation. The arrows show possible fluid evolution pathways. The lower arrow 

encounters the quartz saturation boundary and begins to precipitate quartz, forcing the fluid 

evolution to traverse the pyrophyllite stability field for only a limited time. The upper arrow 

shows a potential pathway where fluids have a higher silica activity, which greatly increases the 

pyrophyllite stability towards lower temperatures. Modified from Hurst and Kunkle (1985). 
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content in the quartz arenite samples. When advanced argillic alteration is present in the quartz 

arenite, it is typified by the occurrence of kaolinite instead of pyrophyllite. 

It is also important to note that the low reactivity of the quartz arenite limited 

neutralization of the acidic hydrothermal fluids. The presence of a veneer of volcanic rocks 

overlying the deformed basement rocks represented a relatively impermeable barrier, forcing the 

hydrothermal fluids to plume out along the unconformity. As the highly acidic fluids could travel 

far away from the upflow zone undergoing only limited neutralization, a large alteration footprint 

was created within the basement rocks. For this reason, acid-stable clay minerals can be found 

within the Chimu Formation at a significant distance from the upflow zone of the hydrothermal 

fluids. 

The pyrophyllite formed in siliciclastic rocks distal from the upflow zones may have 

undergone some degree of retrogression during the waning of the hydrothermal activity. 

Retrogression could have converted previously formed pyrophyllite into kaolinite during cooling 

of the hydrothermal fluids. This process would have been more prevalent in quartz arenite than 

mudstone because of the higher permeability, allowing more fluid flow to persist during the 

waning staged of hydrothermal activity. Late clay development related to supergene weathering 

can cause kaolinite formation as well, which would be better developed within the more 

permeable and fractured quartz arenite rocks. A combination of these processes may explain the 

observation that pyrophyllite is most abundant in the analyzed mudstone. 

 

8.2 Comparison to other High-sulfidation Deposits Hosted by Sedimentary Rocks 

 

Although the vast majority of high-sulfidation epithermal deposits are hosted by volcanic 

rocks, deposits hosted by sedimentary rocks are also known (Sillitoe, 1999). Examples include 

Pueblo Viejo in the Dominican Republic, Chinkuashih in Taiwan, and parts of the La Coipa 

deposit in Chile. Besides Lagunas Norte, several other smaller deposits and occurrences in the 

Alto Chicama region of Peru are also hosted by quartz arenite. 

Pueblo Viejo in the Dominican Republic is hosted by ~200 m of carbonaceous 

sedimentary rocks of the Early Cretaceous Los Ranchos Formation. This formation is made up of 

a thick package of spilitized basaltic andesite in the lower part and a top of spilite-derived 

conglomerate and carbonaceous sandstone, and an upper most unit of carbonaceous mudstone. 
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The Los Ranchos Formation is capped by a thick limestone of the Hatillo Formation, which 

either acted as an aquitard during hydrothermal alteration (Sillitoe et al., 2006) or was deposited 

after the deposit formed (Muntean et al., 1990; Kesler et al., 2005). A recent study by Kirk et al. 

(2014) provides Re-Os age dates from pyrite which support U-Pb age dates from zircon (ca. 111 

Ma) measured by Kesler et al. (2005). This makes the deposit coeval with the Los Ranchos 

Formation and only slightly older than more refined paleontological age data for the Hatillo 

Formation, making hydrothermal alteration of the limestone permissive. Advanced argillic 

alteration at Pueblo Viejo is dominated by the presence of pyrophyllite, which is similar to 

Lagunas Norte, but the alunite is restricted to deeper levels in the andesite and the sedimentary 

rocks tend to be silicified where they host ore. Pyrophyllite is observed to overprint and replace 

most other minerals including the secondary quartz (Kesler et al., 1981; Muntean et al., 1990). In 

the limestone aquitard model (Sillitoe et al., 2006) the abundant pyrophyllite formation is 

suggested to represent suppressed vertical hydrothermal fluid flow at temperatures high enough 

to make pyrophyllite the dominant clay mineral instead of kaolinite. An alternative explanation 

for the abundant pyrophyllite is the formation of a more typical advanced argillic alteration 

mineral association, ranging from quartz-alunite-pyrite at depth to quartz-kaolinite-pyrite at 

higher levels, which was later buried to ~12 km and experienced peak metamorphic conditions 

of 300°C and 3 kbar resulting in abundant pyrophyllite formation from quartz-kaolinite (Mueller 

et al., 2008). None of these models considered the potential effects of high silica activity in the 

hydrothermal fluids as a reason for the formation of pyrophyllite over kaolinite as suggested in 

this present study. 

The Chinkuashih gold deposits in Taiwan are hosted within Pleistocene andesite and 

Miocene sedimentary rocks. Several of these deposits have been classified as high-sulfidation 

type epithermal deposits (Huang, 1955; Hedenquist, 1987). Wang (2010) outlined differences in 

the characteristics for the Penshan and Shumei deposits, which occur along the same fault 

system, but are hosted by andesite and sandstone, respectively. Of particular note is the lower Au 

grade present in the silicified sandstones than in the andesite that was affected by vuggy residual 

quartz alteration. The acidic hydrothermal alteration was thought to have had contrasting effects 

on the different host rocks, namely a reduction in porosity in the sandstone and increase in 

porosity in the andesite. Additionally, it was pointed out that there is more Fe available in the 

andesite than in the sandstone, which could have contributed to higher sulfide abundance in the 
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former rock type. A reduction of the acidity of the hydrothermal fluids percolating through a 

more reactive host rock could also have been an important factor promoting sulfide deposition 

(Heinrich, 2005). These concepts correlate well with Lagunas Norte, where generally higher Au 

grades are encountered in the altered volcanic rocks than the sedimentary rocks (Montgomery, 

2012; Cerpa et al., 2013). However, the occurrence of pyrophyllite has not been reported from 

Chinkuashih. Microthermometric data obtained on secondary fluid inclusions hosted by euhedral 

quartz lining fractures in the silicified sedimentary rocks indicated that ore formation at 

Chinkuashih took place at 190-280°C from a fluid having a salinity of 0.5-5.0 wt.% NaCl equiv. 

(Wang et al., 1999). The fluid inclusion characteristics are similar to those observed for primary 

and secondary inclusions in texturally similar hydrothermal quartz at Lagunas Norte. 

At La Coipa in northern Chile the highest gold grades are found within carbonaceous 

shales of the La Ternera Formation below an overlying succession of Tertiary volcanic rocks 

(Oviedo et al., 1991). Acid-type leaching has taken place at La Coipa, resulting in vuggy quartz 

textures in the volcanic rocks and narrow silicified zones in the sedimentary rocks. The ore zones 

are hosted by advanced argillic alteration comprised of alunite-kaolinite±dickite-quartz. The 

occurrence of pyrophyllite has not been reported. The distribution of ore zones has been reported 

to be highly fracture controlled in the sedimentary rocks, which is similar to Lagunas Norte. In 

particular, elevated Au grades found in the carbonaceous shales at La Coipa have been attributed 

to the relatively lower elevation and structural control as a potential feeder zone to the deposit. 

Alternatively, the high gold grades could be related to the relatively high organic carbon content 

of the carbonaceous shale, enhancing Au precipitation from the hydrothermal fluid. It is possible 

that a similar mechanism may have led to precious metal enrichment in the coal beds at Lagunas 

Norte that are also known to have elevated gold grades. 

Besides Lagunas Norte, several other high-sulfidation type epithermal Au deposits are 

located in the Alto Chicama district of Peru that are hosted by the Chimu Formation or similar 

quartz arenite packages. The most significant deposits are La Virgen, Lagunas Sur, Santa Rosa, 

and La Arena (see Chapter 2). Lagunas Sur (an ~2 Moz Au resource) is hosted by the Chimu 

Formation that makes up the western limb of the anticline which hosts Lagunas Norte ~3 km to 

the north. It has a similar age and style of mineralization to Lagunas Norte. However, the 

overlying volcanic units of the Calipuy Group are only present along the eastern margin of the 

deposit (Montgomery, 2012). Santa Rosa and La Virgen are also hosted entirely within the 
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Chimu Formation. La Arena, however, is an example of an epithermal deposit that overprints a 

mineralized dacite/diorite porphyry intrusion. La Arena, like Lagunas Norte and Lagunas Sur, is 

hosted within or very near an anticline in the Chimu Formation. 

 

8.3 Relationships between Hydrothermal Alteration and Mineralization 

 

Detailed previous investigations have established that alteration and mineralization in the 

high-sulfidation environment do not form at the same time, despite the close spatial correlation 

between zones of intense alteration and mineralization (e.g., Stoffregen, 1987). The temporal 

difference between acid type alteration in the shallow subvolcanic environment and the 

formation of the precious metal ore bodies is related to changes in the character and composition 

of the hydrothermal fluids over time and can be related to the evolution of the hydrothermal 

system developing in association with porphyritic intrusions that are emplaced at a depth of 2-6 

km below surface and may often be associated with the formation of porphyry deposits (e.g., 

Hemley and Hunt, 1992; Hedenquist and Lowenstern, 1994; Hedenquist et al., 1998; Sillitoe, 

1999; Heinrich, 2005). 

The early fluid that causes intense alteration in the epithermal environment is a low 

salinity magmatic vapor that rises from depth into the subvolcanic environment where it 

condenses into groundwater (Stoffregen, 1987; Hedenquist et al., 1994; Hedenquist and Taran, 

2013). Vapor condensation produces highly acidic surface water as the fumarolic vapor is rich in 

magmatic volatiles such as CO2, SO2, HCl, and HF. The strongly acidic surface waters produced 

this way cause acid attack of the host rocks. Residual quartz represents the most intense 

alteration type, often producing vuggy textures in volcanic rocks. Outward, away from the 

upflow zones of the magmatic vapors, alteration grades from advanced argillic through 

intermediate argillic to argillic alteration. Propylitic alteration typically occurs distal to the 

deposits (Sillitoe, 2000). Evidence for this process of vapor streaming as a reason for the 

formation of highly acidic surface waters is provided by observations on modern volcanoes (e.g., 

Giggenbach, 1997) and the occurrence of very small vapor-rich inclusions in residual quartz at 

many high-sulfidation epithermal deposits (Hedenquist and Lowenstern, 1994; Arribas et al, 

1995; Heinrich, 2005; Henley and Berger, 2011). 
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The fumarolic vapors causing acid-type alteration in the epithermal environment 

originate from active degassing of the magma chamber at depth (Giggenbach, 1997). Depending 

on the exact depth of the magma chamber, different fluid pathways could result in the generation 

of such a fumarolic vapor. This could include the generation of a single-phase magmatic-

hydrothermal fluid through magma degassing, followed by the phase separation of this single-

phase fluid into a vapor phase and a coexisting hypersaline liquid as documented for Bingham 

Canyon in Utah (Redmond and Einaudi, 2010) or direct unmixing of a vapor phase and a 

coexisting hypersaline liquid from a magma as inferred for Far Southeast in the Philippines 

(Hedenquist et al., 1998). In the case of shallow intrusions, the vapor phase could also be directly 

generated through unmixing from a magmatic intrusion as suggested for the deposits of the 

Maricunga belt (Muntean and Einaudi, 2000, 2001). 

Continued evolution of the magmatic hydrothermal system causes the precipitation of 

sulfide minerals such as pyrite, enargite, and tennantite into the zones of previously altered 

volcanic rocks. Spatial coincidence is probably related to the fact that the mineralizing 

hydrothermal fluids exploited the same structural pathways as the fumarolic vapor causing the 

acid-type alteration and the fact that intense acid attack of the host rocks has created a zone of 

enhanced permeability that can be easily exploited by the mineralizing hydrothermal fluids.  

Different models exist explaining the reasons for the change in the nature of the 

magmatic-hydrothermal system and the reasons that acid-type alteration related to vapor 

streaming is followed by mineralization. The currently most widely accepted model is based on a 

study at Far Southeast-Lepanto in the Philippines by Hedenquist et al. (1998) that established 

that the mineralizing fluids in the high-sulfidation environment were probably the same as the 

mineralizing fluids in the associated porphyry environment. At Far Southeast-Lepanto, 

mineralization in the porphyry environment was caused by a low-salinity liquid at temperatures 

below approximately 350°C. Hedenquist et al. (1998) suggested that this liquid would rise into 

the shallower epithermal system, causing mineralization at the Lepanto epithermal deposit. Fluid 

inclusion evidence presented by Mancano and Campbell (1995) is consistent with this model. 

These authors found that secondary inclusions in enargite are liquid inclusions and that the 

homogenization temperatures of these inclusions decreased with increasing distance from Far 

Southeast, suggesting a cooling trend. At the same time, dilution of the hydrothermal liquid 
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could explain the observed decrease in salinity away from the upflow zone of the hydrothermal 

fluids. 

The formation of the liquid phase causing mineralization in the porphyry and associated 

epithermal environment could occur through different processes, which depend on the ambient 

pressures during fluid evolution. If the source magma cooled and solidified over time, the source 

of the degassing fluids would retract towards greater depths (Fig. 8.4; Hedenquist et al., 1998; 

Heinrich et al., 2004). As a consequence, fluid exsolution from the magma would occur at higher 

pressure conditions, resulting in degassing within the single-phase field of the H2O-NaCl model 

system. The fluids generated this way would be low- to medium-salinity (2-7 wt.% NaCl equiv.) 

vapor-like single-phase fluids. These fluids could rise through the previously formed porphyry 

stocks and would isochemically contract to form a liquid at temperatures below the critical point 

of pure water, assuming they do not intersect their solvus during cooling due to comparably high 

ambient pressures (Heinrich, 2007). More complicated models of fluid evolution involving 

condensation of a hypersaline liquid could be invoked to explain the generation of a mineralizing 

liquid having a salinity lower than the original vapor-like single-phase fluid degassing at depth  

 

 

  
 

Figure 8.4: Cartoon illustrating the evolution of a magmatic-hydrothermal system associated 

with an intrusion emplaced at moderate depth. Over time, the intrusion solidifies, causing 
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retraction of the source of the hydrothermal fluids towards greater depth. Arrow represents the 

ascent of the hydrothermal fluids (modified from Hedenquist et al., 1998, and Heinrich et al., 

2004). 

(cf. Heinrich, 2007; Pudack et al., 2009). Epithermal mineral precipitation may have been 

initiated by mixing the metal-rich magmatic liquid produced by one of these pathways with 

meteoric water in the shallow subsurface as described by Pudack et al. (2009). 

To the knowledge of the author, the present study provides the first published conclusive 

evidence that the mineralizing fluids in the high-sulfidation epithermal environment are indeed 

liquids that precipitate sulfide minerals at temperatures below 300°C as predicted by Hedenquist 

et al. (1998). The inclusions entrapped in the euhedral quartz forming in close textural 

association with sulfide minerals at Lagunas Norte are without any doubt primary inclusions that 

entrapped a liquid at a temperature below the critical point of pure water (the pressure correction 

of the homogenization temperatures would only need to be small due to the shallow formation 

depth of the deposit). The salinity of the entrapped fluid inclusions is low. Following the model 

by Hedenquist et al. (1998) and Pudack et al. (2009), the low salinity could be simply a result of 

near-surface dilution of the magmatic-hydrothermal liquid by meteoric water. 

The results of the present study conclusively demonstrate that the model recently 

suggested by Mavrogenes et al. (2010), Henley and Berger (2011), Henley et al. (2012), and 

Tanner et al. (2013) as an alternative to the model by Hedenquist et al. (1998) is not correct, at 

least not at Lagunas Norte. This model proposes that mineralization in the high-sulfidation 

environment forms from a decompressing vapor phase at temperatures between 500 and 600°C. 

As neither the euhedral quartz associated with the sulfide minerals nor the sulfide minerals 

(sphalerite and stibnite) themselves contain vapor inclusions entrapped at such temperatures, the 

mineralization at Lagunas Norte could not have formed from a vapor phase. 

The last event occurring at Lagunas Norte was the extensive supergene overprint of the 

ore body and the surrounding host rocks. The supergene overprint could have occurred during 

the waning of the hydrothermal activity (cf. Stoffregen, 1987) or at a subsequent time and could 

then be unrelated to the deposit formation. The supergene overprint of the deposit converted the 

sulfide minerals into Fe-oxides/hydroxides and probably liberated gold initially contained as 

invisible gold in sulfide minerals such as pyrite. Formation of native gold in the oxidized zone of 

the deposit during supergene oxidation represents one of the key factors allowing heap leaching 

of the ores at Lagunas Norte.  
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8.4 Exploration Implications 

 

It was one of the primary goals of this research to provide new information on the nature 

of hydrothermal alteration of siliciclastic rocks forming part of the host-rock successions of high-

sulfidation epithermal deposits. The mineralogical investigations of the present study (Chapter 5) 

have shown that mudstone is sensitive to hydrothermal alteration as detrital clays contained in 

these fine-grained rocks can be easily altered by acidic hydrothermal fluids. As a consequence, 

the bulk rock mineralogy of mudstone varies systematically as function of the distance to high-

sulfidation deposits. Changes in the mudstone mineralogy were found to be paralleled by 

systematic variations in the whole-rock major and trace element geochemistry (Chapter 6). 

Mudstone samples collected in the core of the deposit have been affected by intense 

residual quartz alteration and are now almost entirely composed of quartz. This style of alteration 

is not widespread and is primarily only found in structurally controlled upflow zones within the 

deposit itself and along the unconformity between the deformed Chimu Formation and the 

overlying volcanic rocks of the Calipuy Group. Mudstone samples affected by residual quartz 

alteration have the highest gold contents recorded in the present study. Progressively less 

interaction with the acidic hydrothermal fluids is recorded by rocks affected by advanced argillic 

alteration, which contain pyrophyllite and kaolinite (QAP and QAPK mineral association). 

Mudstone samples recording even weaker interaction with the hydrothermal fluid contain illite 

and are part of the intermediate argillic alteration facies (QAPKI and QPKI mineral 

associations). Spatially, the alteration intensity of the mudstone samples as defined by their 

mineralogy decreases away from the deposit laterally although the alteration footprint of the 

deposit is large (> 3 km). Changes in alteration intensity were also noted across individual 

mudstone beds, with the inner portions of relatively impermeable mudstone beds typically 

having lower alteration intensity unless fluid flow across mudstone beds was controlled by 

faulting and fracturing. 

 

To use the mudstone mineralogy in mineral exploration, advanced mineral analysis 

would need to be implemented into exploration programs for high-sulfidation deposits hosted by 

siliciclastic host rocks. This is possible as mudstone intervals could be readily sampled in surface 

or drill core, although the sampling strategy to be employed would need to take stratigraphic 
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controls on alteration into account. XRD investigations on the mudstone samples could then be 

performed on regular sample pulps used for geochemical analysis to reduce sample preparation 

costs and to allow correlation between mineralogical and geochemical data. However, as done in 

the present study, it would need to be ensured that over-milling of the pulps is voided to 

minimize structural damage to the minerals during milling. XRD experiments could then be 

performed on small amounts of the pulped samples (< 1 g). To minimize instrumentation time, 

XRD data acquisition should be restricted to the 8 to 18° range of the diffraction pattern using 

Co radiation (8 to 36° if alunite detection is required). With modern state-of-the art 

semiconductor X-ray detectors, ultrafast data acquisition can be conducted within this restricted 

2 range to identify the presence of key minerals such as smectite, chlorite, illite, pyrophyllite, 

and kaolinite group minerals. In contrast to conventional instruments equipped with scintillation 

or proportional counters, data acquisition per sample could be completed within minutes as 

opposed to hours, reducing the overall cost for analysis to a level where routine qualitative XRD 

investigations could be performed. Qualitative data interpretation, permitting classification of the 

mudstones into mineral associations as done in the present study could be performed quite 

readily. The application of these techniques would produce fast and reliable mineralogical data at 

comparably low cost. It is proposed here that routine XRD analysis of mudstone could be 

implemented into mineral exploration, which would yield results comparable to short wavelength 

infrared analysis of volcanic rocks. The latter technique is not regarded to be practical for the 

identification of key alteration minerals in mudstone as the high carbon content and the dark 

nature of these rocks makes the acquisition of absorption spectra on these materials nearly 

impossible. 

In addition to mineralogical vectors measuring alteration intensity of the mudstone, a 

range of major and trace elements show systematic variations in their abundances. Major and 

trace elements including Bi, Cu, Fe2O3, S, Sb, Si, Sn, Mo, and, if above detection limit, Au and 

Ag increase in concentration towards the Lagunas Norte deposit. Enrichment of these elements is 

likely related to the presence of hypogene sulfides. As a consequence, these elements can be 

used as vectors to sulfide ores and not only as measures of alteration intensity. Due to the intense 

alteration in the high-sulfidation environment, compositional trends related to leaching of the 

rocks can also be used for vectoring. Elements which decrease in their respective concentrations 

towards the deposit include Al2O3, Ba, C, Co, Cs, K2O, MgO, Ni, P2O5, Rb, Sc, Sr, Th, Tl, U, V, 
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Y, and the REEs. Some of the elements that decrease in concentration toward the deposit already 

show changes in their abundances in less intensely altered rocks, allowing their use for distal 

vectoring. These elements include Co, Cs, Ni, Rb, Tl, and the HREEs. 

Performing routine mineralogical and geochemical analysis on mudstone samples in the 

exploration for high-sulfidation deposits in areas dominated by the occurrence of siliciclastic 

rocks, such as the Alto Chicama district of Peru can be beneficial for several reasons. Firstly, 

quartz arenite, which is the most common rock type present in the Chimu Formation, contains 

minerals that are largely not reactive to acid alteration. As a consequence, this rock type is not 

suitable for alteration vectoring. Secondly, the volcanic rocks overlying the deformed siliciclastic 

rocks have been eroded away in large parts of the area, limiting the ability of vectoring tools that 

rely on the presence of volcanic rocks (e.g., occurrence of vuggy quartz alteration). An example 

is the nearby ~2 Moz Lagunas Sur deposit, where no altered volcanic units occur in the 

immediate deposit area that could be used to identify favorable alteration. Additionally, due to 

the potential for long distance lateral fluid flow within the Chimu Formation, mudstones beds 

within this formation represent a suitable indicator to identify far-field alteration. 

The paragenetic studies of the present study resulted in the discovery of a distinct quartz 

type that is genetically closely associated with mineralization. Silicification of the host rocks 

following acid type alteration resulted in the formation of euhedral quartz that lines fractures and 

vugs. This quartz is petrographically distinct due to its general lack of mineral and fluid 

inclusions, the oscillatory growth zoning, and its characteristic CL properties. Recognition of this 

quartz type may be critical in distinguishing intensely altered rocks occurring in barren lithocaps 

from intensely altered rocks in lithocaps that have been mineralized. As the euhedral quartz can 

be seen with a hand lens in rock samples and drill core, it appears possible that identification of 

this quartz type could be used as a quick and reliable guide to distinguish both environments. 

As quartz is a stable mineral, erosion of mineralized zones would result in the 

incorporation of the euhedral quartz into stream sediments. Petrographic analysis of quartz grains 

present in stream sediment samples should allow identification of this type of quartz and 

distinction from other types of quartz potentially present in stream sediments. Future research 

should be conducted to test whether the euhedral quartz can be used as a pathfinder mineral 

towards high sulfidation epithermal deposits in regional stream sediment samples. 
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CHAPTER 9 

CONCLUSIONS 

 

9.1 Introduction 

 

The research at Lagunas Norte was conducted to better understand the effects of 

hydrothermal alteration associated with high-sulfidation epithermal gold mineralization on the 

siliciclastic host rocks, in particular carbonaceous mudstones. The mineralogy and geochemistry 

of mudstone was analyzed using samples collected from within the deposit and spatially away 

from the mineralized zones to determine which characteristics of the mudstone change with 

proximity to ore. The present chapter summarizes the main findings of this study, which have 

both scientific as well as exploration implications. In addition, recommendations for future work 

are presented. 

 

9.2 Main Research Findings 

 

The key findings of the research are: 

 

1) The present study demonstrates that acid-type alteration associated with high-sulfidation 

epithermal deposits strongly affects the mineralogy and geochemistry of mudstone. The 

XRD investigations allowed the mudstone samples from the Chimu Formation to be 

grouped into alteration facies and corresponding mineral associations. Mudstone samples 

collected distal to the ore bodies have been affected by intermediate argillic alteration 

while more intensely altered mudstone has been affected by advanced argillic alteration. 

The most intensely altered mudstone samples belong to the residual quartz facies and are 

essentially only composed of quartz and minor rutile or anatase. Distal from the deposit, 

the presence of alunite in the mudstone is a good indicator for hydrothermal alteration. 

Closer to the hydrothermal center, increasing alteration intensity is reflected by the 

disappearance of illite and then kaolinite. Pyrophyllite is stable in more intensely altered 

rocks and often occurs in association with alunite. At Lagunas Norte, the occurrence of 

the residual quartz alteration facies and the advanced argillic alteration facies is restricted 
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to the immediate deposit area. Although the mudstone is not necessarily mineralized, 

adjacent quartz arenite beds that have a higher permeability typically contain ore grades. 

Systematic changes in mudstone mineralogy are mimicked by the major and trace 

element geochemisty of the rocks. 

 

2) The abundant occurrence of pyrophyllite in the host rocks of the Lagunas Norte deposit is 

unusual as this alteration mineral typically occurs within the deeper and higher 

temperature roots of high-sulfidation deposits hosted by volcanic rocks. It appears 

possible that the fluids altering the mudstone at Lagunas Norte could have been typified 

by an elevated silica activity due to their interaction with the abundant quartz contained 

in the mudstone and adjacent quartz arenite beds. At high silica activity, the stability of 

pyrophyllite extends towards lower temperatures, allowing this alteration phase to form at 

temperature below 200ºC. This highlights the importance of recognizing lithological and 

bulk rock compositional controls on alteration mineralogy. 

 

3) The present study contributed significantly to a better understanding of the ore-forming 

processes in the high-sulfidation environment. It is shown that hydrothermal alteration of 

the mudstone predated mineralization. Alteration involved acid attack of the rocks, 

causing the formation of residual quartz while mineralization was accompanied by a 

process of silicification. Fluid inclusion evidence provided in the present study indicates 

that silicification occurred at temperatures of approximately 225ºC. The fluids 

responsible for silicification and possibly mineralization were low-salinity liquids that 

had a salinity of below 3-4 wt.% NaCl equivalent. The results at Lagunas Norte correlate 

well with the temperature and salinity range proposed to be responsible for epithermal 

mineralization in other high-sulfidation deposits (e.g., Hedenquist et al., 1998). However, 

the evidence contradicts more recent models proposing that high-sulfidation deposits 

form from an expanding vapor phase at temperatures of 500-600ºC (Mavrogenes et al., 

2010; Henley and Berger, 2011; Henley et al., 2012; Tanner et al., 2013). Temperatures 

for sphalerite (ca. 175ºC) and stibnite (ca. 150ºC) were also constrained. Textural 

evidence suggests that these minerals formed after silicification and possibly even after 

precious metal deposition.  
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The research has the following potential exploration implications: 

 

1) The systematic variations in mudstone mineralogy identified can be translated into 

mineralogical vectors of proximity to high-sulfidation epithermal deposits hosted by 

siliciclastic rocks. Implementation of mineralogical studies on mudstone in mineral 

exploration for this deposit type could be particularly useful in the Alto Chicama region 

of Peru. Routine investigations on mudstone intervals intersected in exploration drill core 

could prove to be particularly useful in the search for deposits covered by thick 

successions of unconformably overlying volcanic rocks. 

 

2) The geochemical vectors developed as part of the present research are similarly robust 

indicators of the alteration intensity of the mudstone from the Chimu Formation and can 

also be used to measure proximity to areas of more intense alteration or potential 

mineralization. Most geochemical alteration vectors identified are related to the 

progressive leaching of the mudstone during acid attack, causing pronounced element 

depletion trends. A range of trace elements have been identified that are only strongly 

depleted in the most intensely altered rocks, while others show a depletion already in less 

intensely altered rocks, which could be beneficial for distal vectoring. Sulfide formation 

associated with the precious metal mineralization caused increases in many chalcophile 

elements in mudstone collected proximal or within the ore bodies. A particularly useful 

method for determining proximity to the deposit was developed by using a ternary 

diagram of K2O, Al2O3, and SiO2 to measure alteration intensity. Similarly, the whole-

rock Rb and Sr concentrations proved to be reliable alteration indicators at Lagunas 

Norte. 

 

3) The alteration footprint in the Chimu Formation, though cryptic, is laterally extensive and 

altered mudstones occur up to ~3 km away from the deposit. The fact that the alteration 

halo extends for such a large distance was somewhat unexpected as alteration could not 

be macroscopically recognized in the siliciclastic rocks of the Chimu Formation. It is 

important to stress the fact that the cryptic alteration can only be reliably identified with 

the help of the advanced analytical tools used in the present study. 
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4) Samples taken across a single mudstone bed show that the alteration mineralogy and 

geochemistry can vary at small scales. The most intensely altered samples often occur 

close to the contact of the mudstone beds with more permeable units such as the quartz 

arenite. If a structure cuts the mudstone bed, then the most intense alteration is often 

associated with this structure acting as a pathway for the fluids. Recognizing these 

patterns is important in mineral exploration to correctly sample mudstone units for 

mineralogical and geochemical surveys. 

 

5) The research demonstrates that recognizing lithological controls on alteration style and 

intensity is important in an exploration context. Alteration in volcanic units such as those 

of the Calipuy Group is obvious. However, at Lagunas Norte the outcrop areas of 

volcanic rocks are limited in size and the ore zones are largely hosted in the basement 

rocks. The quartz arenite of the Chimu Formation represents the dominant host of the ore 

zones, but lacks the consistent alteration patterns observed within the intercalated 

mudstone beds as the quartz arenite is largely inert to alteration. Other mudstones in the 

area, such as those of the Chicama Group and Santa Carhuaz Formation, are typically 

much less altered as these mudstone units are thicker and have not been affected by the 

same degree of faulting and brecciation, creating secondary permeability. 

 

6) The present study demonstrates that gold mineralization is closely associated in space and 

time with the silicification of rocks that have been previously affected by intense acid 

leaching. Silicification resulted in the formation of euhedral quartz crystals along fracture 

networks and within vugs. The euhedral quartz is petrographically distinct and shows a 

unique CL behavior (oscillatory growth zoning with yellow and black growth zones). 

Future research should concentrate on testing whether the same type of quartz can also be 

found in other high-sulfidation deposits and if it is feasible to distinguish barren alteration 

zones from mineralized lithocaps based on the presence of this type of quartz formed 

from the ore-forming hydrothermal fluids. It should also be tested whether this type of 

hydrothermal quartz can be successfully identified in stream sediment samples collected 

downstream of outcropping high-sulfidation deposits. If this would be the case, new 
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protocols for regional stream sediment surveys could be developed that make use of 

quartz as a pathfinder mineral towards high-sulfidation epithermal deposits. 

 

9.3 Recommendations for Future Work 

 

Based on the research at Lagunas Norte, the following recommendations for future work 

are made: 

 

1) Future research should concentrate on the study of mudstone samples from the Chimu 

Formation that have not been affected by hydrothermal alteration. Based on outcrop 

observations and hand specimen inspection, mudstone units sampled at a distance of ~3 

km northeast of the deposit were considered to be unaltered during sampling at the start 

of the project. However, the XRD investigations showed that the samples in fact 

interacted with acidic fluids and were affected by intermediate argillic alteration. The 

study of truly unaltered mudstone would significantly add to the mineralogical and 

geochemical investigations of the present study and provide critical information on how 

far away alteration from high-sulfidation deposit hosted by siliciclastic rocks may reach. 

 

2) A more detailed clay mineralogical study could be conducted to better characterize the 

clay minerals formed by acid-type alteration. The XRD investigations of the present 

study have shown that kaolinite and pyrophyllite are the dominant clay minerals. 

However, as only bulk samples were investigated, it is difficult to rule out that other 

minerals with many overlapping peak positions such as dickite do not occur in the same 

samples. It would also be of interest to study the mineralogy of the illite in more detail to 

better constrain polytypes present and to test for the occurrence of mixed-layered 

illite/smectite in the samples. These investigations should be conducted on samples 

enriched in clay minerals (<2 µm). More detailed electron microscopic investigations 

(scanning electron microscopy and transmission electron microscopy) could be 

conducted to better constrain the mechanisms of illite alteration and kaolinite and 

pyrophyllite formation. 
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3) The detailed gold deportment study should be conducted on mineralized mudstone from 

the Chimu Formation at Lagunas Norte. Although previous research has shown that gold 

mineralization was related to sulfide precipitation at Lagunas Norte (Montgomery, 2012; 

Cerpa et al., 2013), the detailed paragenesis and mineralogical association of gold is not 

well understood. In the present study, native gold was only identified in association with 

Fe-oxide/hydroxides in oxidized samples affected by supergene weathering. The host of 

gold in hypogene sulfide ores has not been identified. From a genetic point of view, it 

would be critical to identify the gold host and how it relates paragenetically with sulfide 

minerals and the euhedral quartz identified in the present study. 

 

4) Coal seams are present throughout the lower Chimu Formation at Lagunas Norte, both 

inside and outside of the deposit. It is recommended that future research focuses on the 

alteration of the coal within the high-sulfidation environment. It is possible that not only 

mudstone, but also coal is not inert to alteration. Alteration-induced changes could range 

from changes to the geochemistry of the coal to the modification of coal characteristics 

such as the vitrinte reflectance. The study of coal seams certainly represents a logical 

extension of the present study, especially as some of the coal seams are known to have 

ore-grade gold concentrations. 
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APPENDIX A 

SUPPLEMENTAL ELECTRONIC FILES 

 

 The supplemental files provided with this thesis include a sample list containing sample 

location information and a brief description of the sample as well as the geochemical data 

measured for major and trace elements in each sample. Also included are scanned images of the 

core logs made at Lagunas Norte. 

 

Sample List.xlsx List of samples collected with their location 

data and a brief description. 

Sample Geochemistry.xlsx Geochemical data collected for each sample. 

Organized by major and trace elemental 

analysis. 

Scanned Logs.pdf Collection of the core logs created while at 

Lagunas Norte. 

 


