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View looking southwest of the Shulcahuanga dacite dome at Lagunas Norte

Out of intense complexities emerge intense simplicities
-Winston Churchill
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Abstract
The Alto Chicama district, Central Andean Cordillera Occidental, La Libertad,
northern Perú, hosts the 14 M oz, Miocene Lagunas Norte high-sulphidation epithermal
Au-(Ag) deposit (Latitude 7° 56ʹ30ʺ S; Longitude 78°14ʹ50ʺ W), in addition to several
important, epithermal and mesothermal precious ± base-metal vein systems and porphyry
Cu-Au-(Mo) deposits and prospects. The district is underlain by lower Oligocene-toMiddle Miocene, subaerial, Calipuy Supergroup volcanic rocks, unconformably
overlying Upper Jurassic – Lower Cretaceous marine sedimentary strata affected by late
Eocene-early Oligocene thin-skinned fold and thrust deformation. Mineralization at
Lagunas Norte is largely hosted by intensely-folded Valanginian Chimú Formation quartz
arenite, but extends into overlying, weakly-deformed, Lower Miocene dacitic
volcaniclastic deposits. Fold- and thrust-related deformation at the deposit, and
subsequent magmatic and hydrothermal activity, were localized along a long-lived,
crustal-scale cross-strike discontinuity. Hydrothermal activity at Lagunas Norte was
associated with local extension within an overall regional compressive regime. Ore
formation occurred during the terminal stages of andesitic-to-dacitic magmatism in the
deposit area, immediately following the sector collapse of an adjacent volcanic centre,
and during eruption of late-stage peripheral dacitic domes. Intense advanced-argillic
alteration occurred in at least two major pulses over a ~ 0.9 m.y. period, implying
repeated magma influx in a shallow subjacent chamber. The ensuing Au-(Ag)-pyriteenargite deposition resulted from mixing of magmatic vapour with oxidized
groundwaters, a process stimulated by the contiguous incision of a steep-walled valleypediment. The local volcanic rocks record a transition from “normal arc” to higheriii

pressure “adakitic” magmatism, initiated during ore deposition at Lagunas Norte, but
exhibited by the entire Calipuy arc in northern Perú, and interpreted to reflect the
destabilization of plagioclase and stabilization of garnet in inferred lower-crustal
magmas. The progressive depletion of 18O and D in meteoric water recorded in late
Oligocene-to-Late Miocene hypogene and supergene minerals is in permissive agreement
with major uplift from ~ 1000 m to over 3000 m a.s.l. during hydrothermal activity.
Hydrothermal activity and related ore deposition at Lagunas Norte unambiguously
predated, by at least 2 m.y., the impingement of the aseismic Nazca Ridge at the Perú
Trench and the ensuing flattening of the subducting slab.
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Chapter 1
INTRODUCTION
High-sulphidation epithermal gold-silver deposits, including some of the world’s
major precious-metal repositories, are the product of supra-subduction zone magmatichydrothermal processes initiated below the mantle-crust interface and culminating in the
near-surface subvolcanic environment. The active ensialic Central Andean orogen hosts
six of the ten largest-known examples of this clan (Simmons et al., 2005), restricted to
two widely separated sub-provinces, viz., the Yanacocha - Pierina belt of northern and
north-central Perú (Latitudes 7°-9°30' South) and the El Indio - Pascua-Lama - Veladero
belt in central Chile and contiguous Argentina (Latitudes 29°15'-30° South; Fig. 1-1A).
Both occur within extensive transects underlain by sub-horizontal, “flat”, subduction
zones and which have been essentially amagmatic since the Late Miocene (Sillitoe,
2008). The focus of the present study, the Lagunas Norte deposit, a world-class centre
with a pre-mining resource of ~ 14 M oz Au, is located (Latitude 7° 56ʹ30ʺ S; Longitude
78°14ʹ50ʺ W: Fig. 1-1B) in the Alto Chicama district of La Libertad Department,
northern Perú, midway between the supergiant, ~ 55 M oz Au, Yanacocha deposit cluster
in Cajamarca Department and the apparently isolated ~ 8 M oz Pierina Au-(Ag) deposit
in Ancash Department. Open pit operations at Lagunas Norte began in 2005, following
its greenfields discovery through a regional rock and stream sediment geochemistry
program in 2002 by Barrick Gold Corporation. By December, 2010, the mine had
2

Figure 1-1: A. Location of the Miocene Yanacocha - Pierina and El Indio - Pascua-Lama Veladero precious-metal belts relative to present-day flat-slab regions and subducting oceanic
ridges. Black stars represent major high-sulphidation epithermal Au-Ag deposits, and white stars
other important high-sulphidation epithermal systems. Flat-subduction zones and ridge locations
from James and Sacks (1999). B. Major (black) and less important (white) high-sulphidation
epithermal Au-Ag deposits, north-central and northern Perú. The locations of the Eocene –
Miocene Calipuy Supergroup arc and Albian – Turonian Casma Group submarine volcanic and
sedimentary deposits are shown.
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produced ~ 6 M oz Au. Lagunas Norte is Barrick’s lowest-cost producer, and in 2010 the
mine produced 808,000 oz Au at a total cash cost of US $182 per ounce
(www.barrick.com). Total proven and probable reserves at Lagunas Norte at the end of
2011 were 250 Mt @ 0.92g/t Au (6.656 M oz), with 3.8g/t Ag. The other productive
deposits in the Alto Chicama district are the Quiruvilca polymetallic vein system, 9 km
SW of Lagunas Norte, where, after over 70 years of continuous production, reserves and
resources in 2010 stood at 1.85 Mt @ 124 g/t Ag, 2.88 % Zn, 0.97 % Pb and 1.22 % Cu
(www.panamericansilver.com), and including 1801 oz Au and, since mid-2011, the La
Arena porphyry Cu-Au-(Mo) deposit, with an inferred and indicated resource of 4.0 M oz
Au and 2.9 G lb (> 1 M t) Cu (www.rioaltomining.com). In addition, the district hosts the
~ 1.7 M oz (www.oroperu.com) Tres Cruces low-sulphidation Au-Ag centre, and
numerous high-sulphidation epithermal prospects and mines, although all of the latter
containing much less gold than Lagunas Norte, a feature shared with the Pierina area but
contrasting starkly with the multi-deposit Yanacocha district.
Economic high-sulphidation epithermal mineralization has been shown to be
largely restricted to subaerial volcanic arcs at convergent continental or island-arc plate
margins, occurring in association with intermediate, medium- to high-K, calc-alkaline,
magmatic activity (e.g., Hedenquist et al., 2000), typically in the terminal stages of
andesitic-dacitic eruptive cycles (e.g., Hedenquist et al., 1994; Arribas et al., 1995) and
during major regional uplift and erosion (e.g., Bissig et al., 2002; Sillitoe, 2008). Ore
formation at shallow depths (< 1 km) and at low temperatures (typically 150 to 250°C)
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was, in some areas, spatially and temporally related to deeper porphyry Cu-Au
mineralization (e.g., Hedenquist et al., 1998; Gustafson et al., 2004; Chambefort et al.,
2007; Longo et al., 2010) or to contiguous intermediate-sulphidation epithermal vein
systems (Hedenquist et al., 2000; Simmons et al., 2005; Rainbow et al., 2005; Rainbow,
2009). Hypogene gold, dominantly submicroscopic, occurs in association with pyriteand enargite-dominated assemblages emplaced during (e.g., Pascua-Lama and Tambo:
Deyell et al., 2004; Chouinard et al., 2005) or following (e.g., Pierina: Rainbow et al.,
2005; Rainbow, 2009) intense localized silicification and alunitic advanced-argillic
alteration or, rarely, with superimposed intermediate- or, rarely, low-sulphidation
assemblages (e.g., El Indio, Chile: Jannas et al., 1999; Heather and Diaz, 2000; Heather
et al., 2003). Intense supergene oxidation, commonly immediately following hypogene
activity and microbially mediated (e.g., Rainbow et al., 2006; Rainbow, 2009), has been
essential for economic Au recovery in many centres and is directly responsible for the
status of Lagunas Norte as a low-cost producer.
Although the deposit-scale characteristics of many high-sulphidation epithermal
systems have been widely documented (e.g., Jannas et al., 1999; Rainbow et al., 2005;
Bethke et al., 2005; Chouinard et al., 2005; Deyell et al., 2005a), the district- to regionalscale settings of, and controls on, high-sulphidation systems have generally received less
attention, although specific metallogenetic relationships at these larger scales may be
prerequisites for the formation of world-class deposits (e.g., Kay et al., 1999; Bissig et
al., 2003; Davies and Williams, 2003; Chiaradia et al., 2009). In the present study, the
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district-scale stratigraphic, tectonic, geomorphological and petrogenetic relationships of
the Lagunas Norte deposit are established through detailed (1:20,000) geological and
landform mapping of a ~ 400 km2 area centred on the deposit, supported by 40Ar/39Ar
dating of sixty-three igneous and twenty-five hydrothermal minerals, and by whole-rock
geochemical analysis of a representative suite of volcanic and hypabyssal rocks of known
age. A reconnaissance examination of paragenetic and geological relationships at
Lagunas Norte was carried out as a basis for clarification of the age and duration of
hydrothermal activity and for the selection of hypogene and supergene minerals suitable
for a light stable-isotope - based study of the changes in paleoelevation, and hence in
crustal thickness, during the critical mid-Miocene metallogenetic episode.
Integration of geological and petrochemical data from this study with those for
comparable mineralized districts along the central and northern Peruvian cordillera
provides a basis for the refinement of metallogenetic models for world-class highsulphidation epithermal precious-metal ore deposits in ensialic convergent-plate orogens,
and hence for the recognition and delimitation of potentially fertile transects and districts.
Exploration guidelines on a smaller scale are evaluated by a light-stable isotopic (C, O,
H) study of ostensibly unaltered or weakly-altered whole-rocks from a ~ 40 km2 area
surrounding the Lagunas Norte deposit.
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1.1 Layout of thesis
This dissertation, arranged in conformity with the Queen’s University thesis
format, comprises 21 chapters within a framework of 4 main sections, including: I
INTRODUCTION; II DATA PRESENTATION; III DISCUSSION OF DATA and; IV
CONCLUSIONS. The Introduction provides an overview of high-sulphidation
epithermal environments, introduces the settings of the Alto Chicama district and
Lagunas Norte deposit, and summarizes the scope, methodology and relevance of this
study. The Data Presentation section, divided into 8 chapters, presents the data and main
findings of the study; the Discussion of Data, divided into 11 chapters, provides an
interpretation of the data and compares the results of this study to those reported at other
major high-sulphidation epithermal districts located along the South American western
cordillera, and; the Conclusions section lists the main conclusions drawn from the
preceding sections.
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1.2 Table of abbreviations

Abbreviation

Description

Abbreviation
introduced in
Chapter

LS
IS
HS
REE
LREE
MREE
HREE
ICP-MS
ICP-ES
LOI
A/CNK
MWL

Low-sulphidation
Intermediate-sulphidation
High-sulphidation
Rare-earth elements
Light rare-earth elements
Middle rare-earth elements
Heavy rare-earth elements
Inductively coupled plasma - imission mass spectrometry
Inductively coupled plasma - emission spectrometry
Loss on ignition
molar Al2 O3 /(CaO+Na2 O+K2 O) (aluminum saturation index)
Meteoric Water Line

5
5
5
7
7
7
7
7
7
7
7
8

MAT
P-T
HAS
LSA
MORB
TTG
CQ

Mean annual temperature
Pressure-temperature
High-silica adakite
Low-silica adakite
Mid-Ocean Ridge Basalt
Tonalite-trondhjemite-granodiorite rock series
Cerro Quiruvilca

8
12
12
12
12
12
12

ADR
CBB
FMW
CPBM
CSD

Andesite-dacite-rhyolite rock series
Cordillera Blanca Batholith
Felsic magmatic water
Casma-Pasto Bueno Megafracture
Cross-strike structural discontinuity

13
13
15
17
17
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Reference
Hedenquist et al., 2000
Hedenquist et al., 2000
Hedenquist et al., 2000
Rollinson, 1993
Rollinson, 1993
Rollinson, 1993
Rollinson, 1993
Rollinson, 1993
Rollinson, 1993
Rollinson, 1993
Blatt and Tracy, 2001
Criag, 1961
Gregory-Wodzicki et al., 1998;
Greenwood et al., 2004
n/a
Martin et al., 2005
Martin et al., 2005
Blatt and Tracy, 2001
Martin et al., 2005
this study
Drummond and Defant, 1990;
Atherton and Petford, 1993
Wise and Noble, 2002
Taylor, 1992
Rivera, 1996
Wheeler, 1978
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DATA PRESENTATION
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Chapter 2
REGIONAL SETTING
The study-area lies between 3600 and 4200 m a.s.l. athwart the watershed of the
Central Andean Cordillera Occidental (Western Cordillera), and is centred at Latitude 7°
57´ South, 475 km north-northwest of Lima (Fig. 1-1). Long the site of silver-base metal
and small-scale coal mining, the district is underlain by Tithonian-to-Albian marine to
terrestrial sedimentary sequences which were folded and thrusted in the Paleogene
Marañón Thrust and Fold Belt (Mégard, 1984) and then mantled by little-deformed,
upper Oligocene to mid-Miocene, andesitic-to-dacitic, subaerial volcanic rocks of the
Calipuy Supergroup (Cossio, 1964; Reyes, 1980; Strusievicz et al., 2000; Fig. 1-1B).
Lagunas Norte (Latitude 7° 56´ South, Longitude 78° 15´ West), the most important
deposit in the district, where hydrothermal activity extended at least from 17.4 to 16.5 Ma
(Chapter 6), is hosted largely by Valanginian sedimentary rocks, but extends into the
volcanic cover. The major geological features of the 10,000 km2 region surrounding the
Alto Chicama district are shown in Figure 2-1, which further records the locations of the
major metallic ore deposits and base- and precious-metal prospects (i.e., metallic mineral
occurrence which has not been in development or commercial production) in this Andean
transect. The area mapped in detail in the present study is also shown.
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Figure 2-1: Simplified geology of the area surrounding the Alto Chicama district and Lagunas
Norte deposit, including parts of La Libertad, Ancash and Cajamarca Departments, northcentral Perú. Compiled from Instituto Geológico Minero y Metalúrgico (INGEMMET)
1:100,000 quadrangle maps 16g (Reyes, 1980), 16h (Wilson and Reyes, 1964), 17g (Cossio,
1964) and 17h (Wilson, 1967). Mineral deposit and prospect locations from Montoya et al.
(1995), Noble and McKee (1999) Cossio (1964), this study and references cited in text.
Continuous heavy line delimits area of 1:20,000 mapping shown on Figure 3-1. Prospects and
deposits listed in Table 6 and discussed in text are indicated with larger hammer/pick symbol.
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2.1 Tectonomagmatic framework
The Nazca/South American plate boundary between Latitudes 4° and 15° South is
now amagmatic as a result of the sub-horizontal subduction of the oceanic lithospheric
slab, a configuration initiated in the Late Miocene (Fig. 1-1A; Petford and Atherton,
1995; Wise and Noble, 2003; Bissig et al., 2008), but records subduction-related
tectonism and magmatism extending back into the late-Neoproterozoic (Chew et al.,
2008). The Andean cycle proper (Benavides-Cáceres, 1999), encompassing the processes
that led to the development of the present day Andean orogen, began in response to the
Late Triassic-to-Early Cretaceous breakup of Pangea and the opening of the South
Atlantic (Renne et al., 1992; Scotese, 2004; Golonka, 2008). This interval was
characterized by steep, Marianas-type subduction and the development of the Western
Peruvian Trough, an extensional back-arc basin in which thick, predominantly basaltic,
marine volcanic and terrigenous and carbonate sequences were deposited (Wilson, 1963).
Albian crustal extension and related subsidence of the western part of the western basin
led to development of the Albian – Turonian Casma basin, the trace of which is
extensively preserved along the present-day littoral (Fig. 1-1B; Jacay et al., 2008). MidCretaceous Mochica (Mégard, 1984) and Late Cretaceous Peruvian (Steinmann, 1929)
compression and the emplacement of the 1600 km-long Albian-to-Paleocene Coastal
Batholith (Pitcher et al., 1985) subsequently led to basin inversion and widespread
emergence along the plate margin. These events recorded a major transition in the
geodynamic framework of the region, presaging a succession of Eocene-through-Pliocene
compressional events in response to episodic increases in plate convergence rate, changes
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in plate migration vectors and postulated slab flattening episodes (Pardo-Casas and
Molnar, 1987; Carlotto, 2006; Bissig et al., 2008).
Major Paleogene contraction, assigned to the Incaic orogeny (Steinmann, 1929),
resulted in thin-skinned thrust and fold deformation of the Mesozoic strata of northern
and central Perú (Mégard, 1984). A middle Eocene age for Incaic contraction is defined
at Lat. 6° 30´ South by a 39 – 44 Ma intra-arc unconformity (K-Ar and 40Ar/39Ar data;
Noble et al., 1990) and, at Lat. 9°20´ South, by post-kinematic, ca. 46 Ma stocks
localized by anticlines of the main thrust-and-fold belt (Tejada, 2003). However, a K-Ar
age of 54.8 ± 1.8 Ma for plagioclase from a rhyolitic ash-flow tuff which unconformably
overlies folded Upper Cretaceous sedimentary strata provides a latest-Paleocene
minimum age for an older regional deformation event (Noble et al., 1990), and younger,
late Eocene - early Oligocene (32 – 35 Ma) contraction is recorded by an extensive
40

Ar/39Ar database in the Huaraz district, south of Alto Chicama (Strusievicz et al., 2000;

A.H. Clark, unpubl. data). The latter event, broadly coeval with “Incaic” tectonism in
southern Perú (Sandeman et al., 1995) and northern Chile (Hammerschmidt et al., 1992),
is the basis for the division of Calipuy Supergroup volcanism in the Huaraz area into
Eocene (35.2 - 45.1 Ma) Chururo and Oligocene - Miocene (14.1 – 32.3 Ma) Huaraz
Groups (Strusievicz et al., 2000; Rainbow, 2009). Incaic deformation in north-central and
northern (Davies, 2002) Perú therefore extended overall from the Paleocene to the
Eocene-Oligocene boundary, and may be tentatively subdivided into three main pulses, I,
II and III.
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Subsequent late Oligocene and Neogene contraction and uplift are documented
throughout Perú (e.g., McKee and Noble, 1989; Sébrier and Soler, 1991; Sandeman et al.,
1995). Thus, latest Oligocene (24 – 28 Ma), “Aymará” (Sébrier et al., 1988),
compression, uplift and erosion occurred in southern Perú in response to the breakup of
the Farallón Plate and the resulting oceanic plate reorganization (Quang et al., 2005), and
major coeval exhumation is documented in northernmost Perú and Ecuador (MartinGombojav and Winkler, 2008). Aymará uplift was followed by a succession of Neogene
compressional tectonic pulses. Regional syntheses for southern (McKee and Noble, 1982;
Sandeman et al., 1995) and central (McKee and Noble, 1989; Sébrier et al., 1988; Wise et
al., 2008) Perú place these “Quechuan” (Steinmann, 1929) tectonic pulses at ca. 15 – 19
Ma (Quechua I), 8 - 10 Ma (Quechua II) and 4 – 7 Ma (Quechua III). Pliocene-to-Recent
uplift and exhumation have also been recognized in both northern (Myers, 1976) and
central-southern (Tosdal et al., 1984; Sébrier et al., 1988) Perú.

2.2 Cenozoic magmatism
The medium- to high-K (sensu Peccerillo and Taylor, 1976), calc-alkaline
Cenozoic volcanic and intrusive rocks of the Alto Chicama district and surrounding
region (Fig. 2-1), predominantly andesitic-to-dacitic in composition, were first described
by Cossio (1964). The subaerial arc sequence is represented regionally by basal red
conglomerates, probably of early Paleogene age and assigned to the Huaylas Formation
(Reyes, 1980), overlain by up to 2000 m of Paleogene to Upper Miocene (ca. 15 to 54 Ma
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overall) Calipuy Supergroup (Strusievicz et al., 2000) lavas and volcaniclastic deposits,
intruded by andesitic-to-dacitic porphyry stocks, dykes and sills and displaced by steeplydipping normal and reverse faults (Reyes, 1980). Eocene volcanic and Huaylas
Formation strata are documented to the south (Rivera et al., 2005a) and northwest
(Cossio, 1964) of the study-area, but are absent in the Alto Chicama district itself, which
may thus have constituted a topographic high prior to the Oligocene.
Volcanic activity along the northern Peruvian Cordillera Occidental was most
intense during latest-Oligocene -through -Miocene time (Strusievicz et al., 2000; Longo
et al., 2010) and was in decline in most transects by the Middle Miocene. Thus, in the
Huaraz district (Fig. 1-1B), voluminous andesitic to dacitic volcanism was supplanted
after ca. 14 Ma by the intrusion of scattered, 7 – 13 Ma granodioritic and tonalitic stocks
(Strusievicz et al., 2001), while in the Yanacocha area volcanic activity had decreased
significantly by ca. 11 Ma (Longo and Teal, 2005) and only minor ash flows were
deposited between ca. 8 and 11 Ma in the neighbouring Llama-Bambamarca region (Fig.
1-1B; Noble et al., 1990; Longo et al., 2010). However, the emplacement and immediate
unroofing of the 5 – 11 Ma 120 km-long granodioritic Cordillera Blanca Batholith, 40 170 km southeast of Lagunas Norte, occurred at this time (Wise and Noble, 2002; Garver
et al., 2005; Giovanni et al., 2006, 2008).
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Chapter 3
STRATIGRAPHY, 40AR/39AR GEOCHRONOLOGY AND LOCAL
TECTONIC SETTING OF THE ALTO CHICAMA DISTRICT
Geological relationships at the Lagunas Norte high-sulphidation epithermal Au
deposit and in the surrounding district were first documented in unpublished reports by
Gaboury (2002), Lewis (2002, 2003) and Rehrig (2004). The present study builds on this
research through 1:20,000-scale geological mapping of a ~ 400 km2 area centred on the
deposit (Figs. 3-1 and 3-2), supported by sixty-three incremental-heating 40Ar/39Ar age
determinations for magmatic units, mostly plateau ages with concordant inverse-isochron
and total-gas ages (Table 3-1). 40Ar/39Ar data listed in Table 3-1 include 7 analyses
reported by Ullrich (2002). Intra-volcanic planar surfaces which record discrete episodes
of erosion resulting from crustal thickening and uplift, and which overlap in age with the
main hydrothermal events, are also documented in the study-area.

3.1 Mesozoic sedimentary stratigraphy and intrusion
The Upper Jurassic – Lower Cretaceous stratigraphic succession in the region,
well documented by Reyes (1980), attains an aggregate thickness of at least 3.5 km.
Carbonaceous mudstones and siltstones and minor sandstone and coal horizons of the
Tithonian Chicama Formation (Fig. 3-3A) are overlain by the 600 m-thick Neocomian
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Figure 3-1 Geology and principal mineral deposits and prospects of the Alto Chicama district, La
Libertad Department, north-central Perú (legend follows map). Sections A – D are shown in
Figure 3-2. Calipuy Supergroup units and ages from present study.
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Figure 3-2: Interpretative WSW-ENE geological cross-sections through the Alto Chicama district.
Locations of sections and geological units are shown in Figure 3-1. 40Ar/39Ar ages shown are
listed in Table 1. The regional-scale fold depicted on sections A-A´ and B-B´ forms a westdipping overturned anticline on section A-A´ and an upwardly-diverging box-style fold
incorporating back-thrusts at the Lagunas Norte deposit on section B-B´. The deposit (section BB´) occurs within a horst of Mesozoic strata, which persists across all four sections. Oligocene –
Miocene volcanic units were deposited in extensional basins flanking this structural high. This
basement structural configuration may have initially developed during early Oligocene
extensional en echelon block faulting (Inset A) but the final basement configuration was
determined by repeated extensional and reverse activity along steep faults during the late
Oligocene and Early Miocene, broadly coeval with hydrothermal activity in the district (Inset B).
Erosional surfaces (heavy dashed lines): TC-Tres Cruces; LG-Los Goitos; M-Milagros; RC-Río
Chicama.
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Figure 3-3: Mesozoic geological units, Alto Chicama district. A. Carbonaceous mudstone,
Tithonian Chicama Formation, 2 km west of Lagunas Norte mine. B. Ridge-forming Valanginian
Chimú Formation quartz arenite, with characteristic recessive mudstone interbedding, 1.5 km
west of Lagunas Norte. C. Mining anthracitic coal seam in Chimú Formation, ~ 5 km NW of
Lagunas Norte. D. Steeply-dipping, overturned (arrow indicating stratigraphic tops direction)
Valanginian-Barremian Santa/Carhuaz Formations mudstone-impure sandstone (m) - quartz
arenite (a) sequence, 5 km NE of Lagunas Norte. E. Aptian Farrat Formation quartz arenite, 3.2
km SW of Lagunas Norte. F. Interbedded fossiliferous, ferruginous limestone and calcareous
mudstone (recessive), Albian Chulec Formation, NE sector of mapped area in Figure 3-1.
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Table 3-1: Summarized 40Ar/39Ar geochronological data for igneous rocks, Alto Chicama district.
Sample Number

Litho lo gy

P la te a u
Age
(M a )

9122202

Phlogopite 106.03

Ge ne ra l Lo c a tio n

UTM
(Ea s ting)

UTM
(No rthing)

Lagunas Norte

802970

M ine ra l

(±2 σ)

% Ar
P .A.

Inve rs e is o c hro n
Age (M a )

(±2 σ)

% Ar
I.A

To ta l-ga s
Age (M a )

(±2 σ)

M S WD

0.95

49.0

105.15

1.39

75.9

103.27

0.87

2.82

39

39

Mid-Cretaceous ultramafic magmatism
MON420

Lamprophyre

La Arena sub-volcanic Intrusive Suite
MON462

Dacite porphyry

La Arena

814574

9126244

Hornblende

26.59

0.29

98.9

26.52

1.31

66.2

26.64

0.34

0.24

MON295

Dacite porphyry

La Arena

815190

9110969

Biotite

25.41

0.15

86.7

25.47

0.48

88.3

25.56

0.15

-

Los Goitos Volcanic Complex
MONT 173

Andesite flow

Los Goitos

801275

9135554

Hornblende

23.97

1.11

57.5

22.01

5.18

91.0

26.08

1.54

-

AM902

Andesite dome

Los Goitos

803267

9130719

Plagioclase

23.81

1.28

99.7

25.19

2.63

100.0

23.88

1.42

1.10

Mina Q uiruvilca-Tres Cruces Volcanic Complex
AM916

Andesite flow

T res Cruces

794731

9109554

Plagioclase

24.47

1.13

80.9

25.17

8.58

71.2

23.71

1.58

0.10

MON375

Andesite flow

Quiruvilca

790246

9117215

Hornblende

24.33

0.42

84.8

24.25

3.41

100.0

21.04

1.14

3.81

T C1002

Hornblende

24.06

0.28

98.1

23.60

1.03

100.0

24.00

0.32

0.42

Andesite breccia

Quiruvilca

795604

9110136

MONT 58

Dacite porphyry

T res Cruces

802722

9112074

Biotite

22.29

0.14

85.4

24.27

7.20

14.6

22.24

0.15

-

AM919

Andesite flow

T res Cruces

800211

9111583

Plagioclase

17.86

1.34

48.8

20.86

8.64

100.0

16.19

1.24

0.11

MONT 70

Andesite flow

Quiruvilca

800122

9115327

Hornblende

20.60

0.34

98.3

20.69

0.63

99.2

21.03

0.44

0.81

MON337

Andesite flow

Quiruvilca

794867

9118693 Whole-rock

20.46

1.34

66.1

18.93

15.02

66.1

11.03

2.09

0.64

MON615

Andesite dome

T res Cruces

800744

9125574

Hornblende

20.27

0.53

97.9

20.80

2.50

40.8

20.52

0.73

2.41

AM914

Andesite flows

T res Cruces

799785

9108083

Plagioclase

19.93

0.55

72.1

20.14

0.67

100.0

18.70

0.73

0.15

AM925

19.40

0.62

96.2

19.23

0.87

100.0

18.94

0.93

0.21

Andesite flow

T res Cruces

802717

9111264

Hornblende

MON400

Andesite dome

T res Cruces

799134

9112898

Hornblende

19.12

0.24

82.3

19.00

0.67

100.0

19.15

0.26

0.07

MONT 81

Andesite dome

Quiruvilca

799302

9116043

Hornblende

19.01

0.57

96.3

18.98

0.82

99.3

19.90

0.83

0.00

AM921

Andesite dome

T res Cruces

801744

9112203

Plagioclase

18.66

0.36

76.4

18.80

0.95

100.0

17.35

1.08

0.02

Dacite porphyry

Milagros

805644

9118075

Biotite

17.97

0.57

32.6

18.14

0.78

34.2

17.24

0.27

0.41

Milagros Formation
MONT 111
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Sample Number

Litho lo gy

M ine ra l

P la te a u
Age
(M a )

(±2 σ)

% Ar
P .A.

Inve rs e is o c hro n
Age (M a )

(±2 σ)

% Ar
I.A

To ta l-ga s
Age (M a )

(±2 σ)

M S WD

9113290

Biotite

21.12

0.12

82.7

21.16

0.36

82.7

20.89

0.13

0.36

Ge ne ra l Lo c a tio n

UTM
(Ea s ting)

UTM
(No rthing)

SSE of L. Sur

807086

Cerro Yanahuanca 802209

39

39

Sauco Volcanic Complex
MONT 146

Dacite crystal tuff

MON422

Andesite dome

HUA-5

Andesite dome

9126801

Biotite

19.82

0.14

29.2

19.74

0.64

71.2

20.17

0.12

-

Cerro Negro

~800831 ~9125062

Biotite

19.98

0.11

74.0

19.97

0.10

74.0

20.04

0.12

0.97

Cerro Negro

~800831 ~9125062 Hornblende

HUA-5

Andesite dome

MON614

Andesite dome

MONT 39

Andesite tuff

SSE of L. Sur

MON421

Andesite dome

MON465

Andesite tuff

MONT 141
MON271

19.93

0.27

67.5

20.17

0.69

74.8

19.63

0.35

0.58

9127274

Hornblende

19.93

0.62

97.0

20.16

2.20

100.0

19.37

0.99

0.11

805380

9113919

Biotite

21.37

2.78

97.6

19.74

5.47

100.0

21.14

2.74

0.18

Cerro Negro

800831

9125063

Biotite

19.69

0.10

99.1

19.61

0.08

99.1

19.65

0.10

1.44

Quesquenda

807770

9115905

Biotite

19.84

0.33

97.1

18.79

2.48

100.0

19.67

0.34

1.95

Dacite tuff

Cerro Ichal

811327

9112700

Biotite

18.78

0.28

58.5

18.39

0.59

97.7

18.76

0.34

0.77

Andesite tuff

La Capilla

813770

9119076

Biotite

18.83

0.17

45.1

18.54

0.88

70.3

17.99

0.21

1.72

MON419

Andesite flow

Quesquenda

807802

9117452

Plagioclase

18.35

0.39

90.1

17.57

1.57

90.1

16.25

0.60

1.31

MONT 109

Andesite tuff

Quesquenda

808291

9115890

Biotite

18.08

0.24

70.8

18.02

0.74

57.8

18.19

0.29

2.93

MON601

Block-ash flow

East vent

811900

9126300

Biotite

18.02

0.16

68.5

18.24

0.19

100.0

17.45

0.19

0.34

AM901

Andesite tuff

La Capilla

815700

9120400

Biotite

17.94

0.18

93.6

18.05

0.32

100.0

17.56

0.23

0.37

M0N503

Andesite dome

East vent

806065

9119768

Biotite

17.69

0.12

49.3

18.63

0.55

15.8

17.89

0.11

0.04

MON303

Dacite breccia/lahar

East vent

808843

9121239

Biotite

18.11

0.15

66.6

17.76

0.32

96.2

18.06

0.15

4.75

MON272

Andesite lava flow

Cerro Ichal

813344

9116961

Biotite

17.76

0.13

56.9

18.02

0.56

25.7

17.24

0.16

2.35

MON266

Andesite lava flow

Quesquenda

809394

9118139

Plagioclase

17.84

0.91

39.2

17.70

2.54

54.5

17.86

0.79

0.14

MONT 116

Dacite dome

Quesquenda

809438

9117374

Biotite

17.73

0.12

81.4

18.09

0.48

26.9

17.69

0.15

5.56

MON209

Andesite tuff

East of L. Norte

805399

9120056

Biotite

17.68

0.15

98.2

17.54

0.32

98.2

17.53

0.18

1.24

MON306

Andesite breccia

East vent

810642

9122115

Biotite

17.58

0.12

79.1

17.95

1.01

20.2

17.46

0.12

0.12

MON418

Andesite dome

S. of L. Sur

804235

9116118

Plagioclase

17.57

0.38

90.8

17.83

0.92

100.0

16.47

0.87

1.76

MON264

Andesite flow-breccia

La Capilla

813903

9115943

Biotite

17.56

0.12

91.0

17.44

0.27

91.0

17.50

0.13

0.86

MON284

Andesite tuff

Quesquenda

808106

9118737

Biotite

17.47

0.09

96.2

17.44

0.13

98.0

17.68

0.12

1.61

MONT 62

Dacite tuff

Las Princesas

800050

9117372

Biotite

18.06

0.14

44.3

17.47

0.62

76.1

16.77

0.16

-

MONT 113*

Dacite dike

Quesquenda

807160

9117473

Biotite

17.30

0.15

90.6

17.16

0.25

100.0

17.50

0.18

0.84

LN1004*

Andesite tuff

East of L. Norte

804775

9121273

Hornblende

17.11

0.51

97.1

16.40

1.70

100.0

16.40

0.97

1.50

Cerro Yanahuanca 802908
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Sample Number

Litho lo gy

Ge ne ra l Lo c a tio n

UTM
(Ea s ting)

UTM
(No rthing)

M ine ra l

P la te a u
Age
(M a )

(±2 σ)

% Ar
P .A.

Inve rs e is o c hro n
Age (M a )

(±2 σ)

39

39

% Ar
I.A

To ta l-ga s
Age (M a )

(±2 σ)

M S WD

Lagunas Norte Formation
HUA-7

Dacite dome

Shulcahuanga

~803110 ~9120934 Hornblende

18.02

0.31

57.5

17.70

0.47

93.8

17.26

0.34

0.04

MONT 204

Dacite flow

Shulcahuanga

803414

9120988

Hornblende

17.23

0.57

93.8

16.93

0.94

100.0

17.77

0.93

0.15

MON418

Andesite dome

S. of L. Sur

804235

9116118

Hornblende

17.04

0.28

92.8

16.87

1.37

67.9

16.64

0.51

0.82

HUA-6

Dacitic dome

Alto de la Flor

~806600 ~9114600 Hornblende

17.36

0.90

95.7

17.01

1.46

100.0

17.66

1.25

0.57

HUA-7

Dacite dome

Shulcahuanga

~803110 ~9120934

Biotite

17.16

0.11

56.4

16.96

0.10

98.0

17.28

0.11

5.35

MONT 171

Dacite dome

Shulcahuanga

803110

9120934

Biotite

16.95

0.14

78.8

17.16

0.34

46.6

16.75

0.17

0.32

MON227

Dacite dome

T res Amigos

801817

9122372

Biotite

16.75

0.09

74.4

16.74

5.49

74.4

16.78

0.09

0.03

DDH458 (7.8m)*

Dacite pumice tuff

East of L. Norte

804509

9121192

Hornblende

16.72

0.43

100.0

16.64

0.88

100.0

-

-

1.14

HUA-6

Dacitic dome

Alto de la Flor

~806600 ~9114600

Biotite

-

-

-

16.07

0.25

91.5

16.59

0.11

n/a

MONT 142

Dacite dome

Cerro Ichal

811500

9113500

Biotite

16.56

0.14

65.3

15.85

3.38

99.3

16.44

0.15

-

Las Princesas Volcanic Complex
MON256

Dacite ignimbrite

Las Princesas

799312

9118278

Biotite

16.06

0.10

35.5

16.29

0.19

39.8

16.17

0.11

0.67

HUA-4

Dacite tuff

Las Princesas

~798000 ~9119500

Biotite

16.27

1.08

50.5

16.09

0.66

62.9

14.97

0.94

0.31

MON347

Dacite dome

Quiruvilca

791679

9120882

Biotite

15.98

0.09

94.9

15.91

0.19

98.7

15.90

0.12

2.46

MON336

Dacite lava flow

Quiruvilca

795015

9122598

Biotite

15.93

0.11

86.3

15.51

0.21

97.5

15.89

0.11

0.83

AM905

Dacite dome

Las Princesas

797029

9119139

Plagioclase

14.04

1.45

61.2

15.30

3.69

74.0

12.12

4.66

0.03

MON348

Andesite flow

Quiruvilca

790494

9120436

Hornblende

15.22

1.32

100.0

15.58

4.02

57.9

-

-

0.96

Cerro Q uiruvilca Volcanic Centre
MON384
Dacite dome
Cerro Quiruvilca 794314 9115210
Biotite
12.38
0.09
96.0
12.27
0.11
96.0
12.28
0.11
1.36
Notes: Preferred dates emboldened; italicized “plateau ages” are those with ≥50% 39 Ar released over 1 or 2 steps. * Samples analyzed at the Noble Gas Laboratory, Pacific Centre
for Isotopic and Geochemical Research, University of British Columbia. HUA series samples: T .D. Ullrich, 40 Ar/39 Ar Geochronology – HUA Suite, Confidentrial Report to
Barrick Gold Corporation (Minera ABX Exploraciones, S.A., Lima, Peru, August 21, 2002).
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Gollyarizquizga Group which, in the project area, includes quartz arenite packages of the
Valanginian Chimú Formation, forming prominent northerly-trending ridges (Fig. 3-3B)
alternating with recessive, metre-wide, mudstone, coal (Fig. 3-3C) and siltstone
interbeds. Although only a minor component of the Mesozoic succession in the area,
Chimú Formation quartz arenite is the main host of the high-sulphidation epithermal Au
± (Ag) mineralization (cf. Montoya et al., 1995), including that of the Lagunas Norte
deposit. The Chimú Formation is overlain successively by: Valanginian – Barremian
Santa/ Carhuaz Formation siltstone-mudstone-impure sandstone and quartz arenite
sequences (Fig. 3-3D; undifferentiated in Figures 2-1 and 3-1); massive, Aptian Farrat
Formation quartz arenite (Fig. 3-3E), which hosts minor gold mineralization at the Los
Goitos high-sulphidation epithermal prospect (Fig. 2-1); and, mainly in the northeastern
sector of the district, Lower Albian calcarenites and ferruginous mudstone (Inca
Formation), lower-Middle Albian fossiliferous sandy limestone, carbonate-rich mudstone
and marl (Chulec Formation), and mudstone with bituminous limestone intercalations
(Pariatambo Formation; Fig. 3-3F: Reyes, 1980; Cobbing et al., 1981).

3.2 Mid-Cretaceous ultramafic magmatism
The oldest igneous unit identified in the district is a small, previously
undocumented ultramafic body (unit Klamp, Fig. 3-1), which crops out over a ~ 2 m2
area 200 m northwest of the Lagunas Norte deposit. Contacts with the surrounding
Chimú Formation quartz arenite are not exposed, but it probably constitutes a discrete
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intrusive plug rather than a detached fragment in the metasediments. It weathers to a tan
colour and exhibits a laminated, planar fabric (Fig. 3-4A) probably cumulate in origin,
and incorporates abundant (~ 15 vol. %) irregularly-shaped macrocrysts (sensu Becker
and Le Roix, 2006) of serpentinized forsterite, ranging from ~ 0.5 mm to over 10 mm in
diameter (Fig. 3-4B), interpreted as xenocrysts derived from disaggregated mantle
xenoliths (H. Helmstaedt, pers. comm., 2010). Classification of this unit as an ultramafic
lamprophyre is based on the low SiO2 content (42.1 wt. percent; Table 3-2) and, using the
classification scheme proposed by Tappe et al. (2005), the primary assemblage of
macrocrystic forsterite and mesocrystic dolomite, diopside and phlogopite, and the
absence of melilite, nepheline and alkali feldspar (Fig. 3-4C). The presence of richteritic
amphibole and diopside, the low primary carbonate content (< 10 vol. %) and the extreme
colour index (~ 90 percent) support its classification as a richterite-clinopyroxene melaaillikite. A primitive origin is indicated by the high mg # (82) and high MgO (27.9 wt.
percent), Cr2O3 (0.12 wt. percent) and Ni (1328 ppm) contents (Table 3-2). The rock is
partially altered to talc and antigorite (Fig. 3-4C).
A late Albian inverse-isochron age of 105.15 ± 1.39 (2σ) Ma for a separate of
phenocrystic phlogopite (Table 3-1; Figs. 3-4C and D) is supported by an integrated (total
gas) age of 103.27 ± 0.87 Ma. However, the down-stepping age spectrum (Fig. 3-4D),
possibly reflecting excess 40Ar (e.g., Kelley, 2002), implies that crystallization of
phlogopite occurred after 106.0 ± 0.5 Ma, consistent with the slightly younger inverseisochron and integrated ages.
29

Figure 3-4: Upper Albian ultramafic lamprophyre body, 200 m NW of the Lagunas Norte
mine (UTM: 9122202N/802970E). A. and B. Weathered outcrop surface shows irregularlyshaped forsteritic olivine macrocrysts, variably serpentinized. C. Transmitted light, crosspolarized image of lamprophyre. Rounded forsterite macrocrysts (fo) altered to serpentine
and magnetite (sp). Diopside (di), phlogopite (p) and richterite (r) phenocrysts are also
shown. Finer-grained material is mainly talc (t) alteration and carbonate (primary). D. Age
data for phenocrystic phlogopite, discussed in text.
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Table 3-2: Whole-rock geochemistry of mid-Albian ultramafic lamprophyre, Lagunas Norte
domain.
SiO2 (wt.%)

1

42.08

La (ppm) 37.1

Y

15

Tl

0.1

T iO2

1.4

Ce

76.1

Rb

26.1

Se

<5

Al2 O3

6.83

Pr

8.33

Sr

652.7

Co

89.1

Fe2 O3

12.54

Nd

31

Ba

259.4

Ga

10.3

MnO

0.18

Sm

5.7

Pb

2

Sn

1

MgO

27.96

Eu

1.8

Cs

8.3

W

1.3

CaO

6.22

Gd

4.43

U

1.6

Mo

3.9

Na2 O

0.56

Tb

0.64

Th

5.7

Cu

33.2

K2 O

1.4

Dy

3.05

Hf

3.2

Zn

53

Cr 2 O3

0.12

Ho

0.48

Nb

51.3

As

1.2

P 2 O5

0.84

Er

1.32

Ta

2.7

Cd

0.1

LOI

6.1

Tm

0.15

Ni

1175.2

Sb

<0.1

T otal

100.1

Yb

0.87

V

116

Bi

<0.1

mg#

82

Lu

0.13

Zr

136.9

Ag

<0.1

1

Major Elements Recalculated to 100% Anhydrous.

Much younger low-temperature steps (to ≥ 25 Ma: Fig. 3-4D) could indicate argon loss
through partial resetting, although similar release patterns for phlogopite in kimberlites
have been interpreted as indicating the age of eruption (e.g., Kelley and Wartho, 2000).
Alternatively, the overall convex-upward shape of the age spectrum may reflect
release from more than one mineral phase, and/or excess 40Ar (McDougall and Harrison,
1999). The crude alignment of a sub-set of points on the inverse-isochron plot (Fig. 3-4D)
may also reveal the presence of a second mineral phase, and an initial 40Ar/36Ar ratio of ~
629 supports the occurrence of excess 40Ar.
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3.3 Cenozoic volcanic stratigraphy and intrusive units
The subaerial volcanic strata of the study-area constitute the northeastern margin
of a volcanic field exceeding 50 km in NE/SW width (Fig. 2-1; Cossio, 1964; Reyes,
1980; Cobbing et al., 1981). Geochronological data constrain the age range of magmatic
activity to 12.4 - ≥ 29.5 Ma, i.e., the early Oligocene-to-Middle Miocene interval (Table
3-1). Characteristic volcanic units include fine-to-coarse, andesitic-to-dacitic,
volcaniclastic deposits, subordinate lava flows and numerous domes and associated flowbreccias and talus, volcanogenic sedimentary aprons and pyroclastic deposits (Table 3-3).
Most units exhibit plagioclase and hornblende phenocrysts; biotite, quartz and augite
phenocrysts are less common. Numerous small, subvolcanic stocks with intermediate
compositions also occur in the area.
On the basis of petrological and Cenozoic age relationships, the district is herein
divided into eastern, Lagunas Norte, and western, Quiruvilca, domains (Figs. 3-1 and 32), separated by a spine of Mesozoic sedimentary strata. In the discussion below, and on
related figures, volcanic strata and related lithodemes are further subdivided on the basis
of their geochronological and lithostratigraphic relationships into volcanic complexes,
formations and intrusive suites. The domains are also distinguished by the type of
mineralization, all high-sulphidation epithermal mineralization and porphyry Cu-Au ±
(Mo) centres occurring in the Lagunas Norte domain, whereas Ag-base metal
“cordilleran”-type (Sawkins, 1972; Bendezú et al., 2008) vein and low-sulphidation
epithermal Au systems are restricted to the Quiruvilca domain. No intermediatesulphidation epithermal vein systems have been recognized.
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Table 3-3: Post-Middle Albian geological units, Alto Chicama district. Ages from this study, unless otherwise noted.
Unit

Lithology

Age (Ma)

Lithological Unit

Domain

Description
Black, laminated, forsterite-megacrystic, ultramafic lamprophyre (aillikite), exposed 200 m west of
Lagunas Norte in area of Chimú Formation quartz arenite.

Klamp

Aillikite

105.1

Casma Group

Lagunas Norte

"T mv"

dacitic porphyry

≥ 29.5 Ma

Undifined

Lagunas Norte

Quartz-plagioclase phyric dacite strongly quartz-illite-pyrite-chlorite altered intersected in drilling at ~ 250
m depth in the Milagros area

T lai

Dacitic and andesitic stocks

24.6 – 26.6 1

Lagunas Norte

T lga

23.8-26.1

T qa

Los Goitos andesitic flows &
domes
Andesitic porphyry stocks

Quartz-biotite-hornblende-plagioclase - phyric hypabyssal stocks exposed at the La Arena porphyry CuAu prospect and elsewhere in the eastern Lagunas Norte domain
Post-mineral (Los Goitos), hornblende, plagioclase - phyric lava flows and biotite-hornblende porphyry
domes, Los Goitos high-sulfidation epithermal Au prospect
Coarsely porphyritic, hornblende-plagioclase - phyric stocks at T res Cruces and Quiruvilca

T qatb

Andesitic tuff/breccia sequence

≥ 24.1

La Arena subvolcanic
intrusive suite
Los Goitos Volcanic
Complex
Mina Quiruvilca-T res
Cruces Volcanic
Complex

T qaf1

Augite- andesite lava flows

24.3-24.5

Quiruvilca

Ts

Lacustrine sediments

~ late Oligocene3

Quiruvilca

T sq

~ late Oligocene3

Quiruvilca

T qai

Massive silica
replacement/sinter
Dacitic porphyry

T dt

Dacitic crystal tuff

21.1

T qaf2

Andesitic lava flows, domes and 19.0-20.9
breccias

T ad

Andesitic porphyry domes

~ 25.1 2

T atb

Andesitic volcaniclastic
sequence

17.1-19.7

T qad

Andesitic flow-dome complex

18.7

4

Quiruvilca

Widespread, poorly to moderately-bedded, plagioclase (~An 40-55 )-hornblende (± rare resorbed quartz ±
pyroxene ± biotite)-bearing, monomictic volcanic breccias and finer-grained volcaniclastic deposits
including minor accretionary lapilli and volcanogenic conglomerate.
Remnants of thin, black to dark grey, fine-grained, massive to weakly flow-banded, augite and calcic
plagioclase (An 60 )- bearing lavas
Calcareous, fossiliferous lacustrine sediments in the T res Cruces area

Quiruvilca

Massive replacive horizons of chalcedony and opal which alter tuffaceous deposits at T res Cruces and
elsewhere (as smaller deposits) in the Quiruvilca domain; may include sinter deposits
Coarsely porphyritic, biotite-hornblende-plagioclase - phyric stock, east of T res Cruces prospect

Sauco Volcanic
Complex
Mina Quiruvilca-T res
Cruces Volcanic
Complex

Lagunas Norte

T hin, steeply-dipping quartz-biotite-feldspar - phyric tuffs, southwestern Lagunas Norte domain

Quiruvilca

T hin, weakly flow-banded, dun-weathering, dark grey to black flows hosting fine, flow-aligned calcic
plagioclase (An 60 ) and pyroxene (augite and hypersthene) ± lesser hornblende, hornblende-plagioclase
porphyritic domes (e.g., Cerro Negro dome, T res Cruces prospect) and associated breccias

Sauco Volcanic
Complex

Lagunas Norte

Coarsely plagioclase (An 40-50 )-hornblende-biotite phyric domes with minor resorbed quartz phenocrysts

Sauco Volcanic
Complex

Lagunas Norte

(Cerro Yanahuanca and Cerro Negro) and adjacent, finer-grained hornblende-plagioclase (to An 60 ) - phyric
domes, 3-5 km north of Lagunas Norte
Widespread, poorly- to moderately-bedded, medium-to-coarse volcanic breccias, lithic and crystal tuffs,
ash and subordinate epiclastic deposits. Most have hornblende, plagioclase ± minor biotite and rare quartz
crystals in both clasts and compositionally similar matrices. Lithic clasts are sub-cm to > 5 m size blocks

Mina Quiruvilca-T res
Cruces Volcanic
Complex

Quiruvilca

22.2

19.7 – 20.3

North of Lagunas
Norte
Quiruvilca

Hornblende-pyroxene-plagioclase porphyritic flow-dome east of T res Cruces. Phenocrysts comprise
plagioclase (~An 50-60 ), pyroxene (augite and hypersthene) and subordinate hornblende
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Unit

Lithology

Lithological Unit

Domain

T ql

Andesitic lava flows and domes 17.7-18.4

Sauco Volcanic
Complex

Lagunas Norte

Strongly flow-banded, reddish “Quesquenda lava” flows and domes, characterized by coarse plagioclase
(An 40-50 ), hornblende, and minor, finer-grained orthopyroxene (~hypersthene) phenocrysts

T mv

Dacitic domes and
volcaniclastics
Andesitic block-ash flow

18.1

Milagros Formation

Lagunas Norte

17.6-18.0

Sauco Volcanic
Complex

Lagunas Norte

Undivided, altered volcanic units in the Milagros-Alto La Bandera area. Mainly includes quartz-biotitefeldspar - porphyritic domes and fine-to- coarse volcaniclastic units
Coarse to fine pyroclastic breccias (block-ash flow), interbedded volcanogenic conglomerate and tuffaceous
horizons and minor basal surge deposits; T afb - finer units are dominant. Blocks are compositionally and
texturally similar to unit T afd. Associated with the eruptive centre east of Lagunas Norte (see text)

T afd

Andesitic to dacitic flow-dome
complex

17.7-17.9

Lagunas Norte

Massive to flow banded, plagioclase (~An 30-40 )-hornblende ± biotite ± quartz porphyry domes, flows and
autoclastic breccias. Quartz, typically strongly resorbed, and biotite are abundant in some samples and
scarce or absent in others. T his unit represents the central eruptive complex east of Lagunas Norte

T al

17.8

Lagunas Norte

17.6-17.8

Lagunas Norte

T qdt

Debris flow, breccias and
volcanogenic conglomerate
Andesitic flow/flow-front
breccias
Dacitic crystal-lithic tuff

17.5

Quiruvilca

T ad1

Dacitic domes and flows

16.8-17.3

Lagunas Norte

T lnt

Lagunas Norte mine sequence

.≥16.5 - <17.2 3

T lnt1

Dacitic ash/ash-flow tuff

16.7

Lagunas Norte

Minor coarse epiclastic deposits, locally highly quartz-phyric. Associated with the eruptive centre east of
Lagunas Norte
Massive to poorly flow-banded, hornblende-plagioclase±quartz±biotite - phyric flows and minor flow-front
breccia (T affb) associated with the eruptive centre east of Lagunas Norte
A minor exposure of moderately well-bedded, quartz-biotite-feldspar - phyric crystal-lithic tuff containing
abundant mudstone and quartz arenite clasts
Quartz-biotite-hornblende-plagioclase (~An 35-50 )- porphyry domes and minor flows, including the
Shulcahuanga dome and flow at Lagunas Norte. Biotite and quartz (consistently embayed) are prominent,
commonly comprising 1 – 5% by volume
Undivided, strongly altered, andesitic-to-rhyolitic volcaniclastic sequence at Lagunas Norte; some units
have abundant (up to >20% by volume) quartz crystals. Some tuffaceous beds are fossiliferous. T his unit
includes “paleosurface breccia” and Dafne diatreme
Minor fossiliferous ash and pumiceous ash-flow tuff, ~ 100 m east of Lagunas Norte

T ad2

Dacite domes and flows

16.4-16.6

Lagunas Norte

T lpi

Dacitic ignimbrite

16.1-16.3

Las Princesas Volcanic Quiruvilca
Complex

T lpd

Andesitic and dacitic
domes/flows

15.2-16.0

Las Princesas Volcanic Quiruvilca
Complex

T ab/T afb

T af/T affb

Age (Ma)

Lagunas Norte
Formation

Description

Lagunas Norte
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Quartz-biotite-hornblende-plagioclase porphyry domes and flows, including the Cerro Ichal and Cerro Alto
de la Flor domes, southern Lagunas Norte domain
Las Princesas ignimbrite. T his unit is comprised of abundant clasts, including fiamme, mudstone, quartz
arenite and angular to sub-rounded dacitic porphyry, with abundant (ca. 40% by vol.) broken plagioclase
(An 30-40 ), strongly embayed quartz, euhedral biotite ± smaller altered hornblende crystals in a moderately
welded, glassy and locally devitrified groundmass
Quartz-biotite-hornblende-plagioclase - porphyritic domes, minor flows and related breccias. Phenocrysts
include euhedral to slightly resorbed plagioclase (An 30-40 ), hornblende, quartz (resorbed) and biotite

Unit

Lithology

Age (Ma)

Lithological Unit

Domain

T qdd

Dacite dome

12.4

Cerro Quiruvilca
Volcanic Centre

Quiruvilca

Cerro Quiruvilca dacite dome and related epiclastic sediments, minor breccias and quartz-phyric ash-fall
tuff. Phenocrysts include euhedral to weakly resorbed plagioclase (An 10-30 ), resorbed quartz, euhedral
biotite, K-feldspar megacrysts up to 2cm in length

Description

Tv

Andesitic volcanics

Unknown

Undivided andesitic
volcanics

Lagunas Norte

Undivided, mainly andesitic domes

Notes: 1 Age range includes K-Ar dates from Gauthier et al., 1999; 2 T res Cruces Project-Peru, Project Summary November 98 – November 99, Battle Mountain Canada Ltd., unpublished report;
3

Age inferred from geological relationships.
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3.3.1 Lagunas Norte domain
Outcropping volcanic and intrusive rocks in the Lagunas Norte domain are
subdivided into the Sauco Volcanic Complex, the Milagros and Lagunas Norte
Formations and the La Arena Intrusive Suite (Fig. 3-1), ranging in age overall from 16.4
to 26.6 Ma, i.e., early-Middle Miocene to late Oligocene (Table 3-1; Appendix A). Late
Oligocene andesitic volcanism centred at the Los Goitos high-sulphidation Au prospect,
to the north of the area shown in Figure 3-1, is assigned herein to a Los Goitos Volcanic
Complex. Most of the pre- to syn-mineral andesitic-to-dacitic volcanic units in the
domain are members of the Sauco Volcanic Complex, including thick, predominantly
andesitic, volcaniclastic breccia and tuffaceous sequences, minor lava flows and several
small andesitic to dacitic domes. Syn-mineral volcaniclastic units and late dacitic domes
in the immediate area surrounding the Lagunas Norte deposit are assigned to the Lagunas
Norte Formation, whereas strongly altered, predominantly dacitic volcaniclastic and
lithodemic units exposed in the Milagros and contiguous Alto la Bandera areas comprise
the Milagros Formation. Both the Lagunas Norte and Milagros Formations represent
peripheral, late-stage sub-units of the Sauco Volcanic Complex.
The earliest magmatism documented herein occurred in the Milagros Cu-Au-(Mo)
porphyry prospect area (Fig. 3-1), where hydrothermal illite with an early Oligocene
plateau age of 29.54 ± 0.84 Ma (Appendix B) constrains the minimum age of quartz- and
plagioclase-phyric dacite intersected in drilling at a depth of 250 m. The occurrence of
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lower Oligocene volcanic units in the Milagros area suggests that they were preserved by
major faulting (Fig. 3-2) in the mid- to-late Oligocene or Early Miocene.
3.3.1.1 La Arena Intrusive Suite and Los Goitos Volcanic Complex
Late Oligocene magmatic activity is represented in the eastern Lagunas Norte
domain by sub-volcanic dacitic porphyry stocks with hornblende plateau and biotite
inverse-isochron ages of, respectively, 26.59 ± 0.29 Ma and 25.47 ± 0.48 Ma (Fig. 3-2,
cross-section B-B’; Table 3-1). Gauthier et al. (1999) report similar conventional wholerock K-Ar ages of 24.6 ± 1.1 Ma – 25.7 ± 1.3 Ma (2σ) for the central intrusion at the La
Arena Cu-Au-(Mo) porphyry/epithermal deposit (Fig. 2-1) and of 23.1 ± 1.0 Ma and 24.4
± 1.1 Ma for tonalitic and dioritic stocks, respectively south and east of La Arena. These
data delimit a latest-Oligocene, 23.1 to 26.6 Ma, episode of intermediate magmatic
activity and related porphyry/epithermal Cu-Au-(Mo) mineralization in the eastern part of
the Alto Chicama district (Fig. 3-1). Late Oligocene magmatic activity is also
documented at the Los Goitos high-sulphidation epithermal Au prospect (the Los Goitos
Volcanic Complex; Fig. 3-1), north of Lagunas Norte (Fig. 2-1), by a total-gas age of
26.08 ± 1.54 Ma for hornblende from an unaltered andesite lava flow and by a plateau
age of 23.81 ± 1.28 Ma for plagioclase from a steeply flow-banded, porphyritic andesitic
extrusive dome ~ 5 km to the SSE (Table 3-1; Fig. A3).
3.3.1.2 Sauco Volcanic Complex
An erosional remnant of quartz- and biotite-phyric dacitic crystal tuff south of
Lagunas Norte (Fig. 3-1, Table 3-1), for which a biotite plateau age of 21.12 ± 0.12 Ma
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was determined, represents the oldest outcropping volcanic unit documented in the
Lagunas Norte domain. Deposition of this tuff, assigned herein to the Sauco Volcanic
Complex, was followed by the emplacement of numerous unmineralized, Lower Miocene
andesitic porphyry domes, 3 to 5 km north of Lagunas Norte (Fig. 3-1). Of these, the age
of the Cerro Negro dome is recorded by hornblende and biotite plateau ages (n=3) of
19.69 ± 0.10 Ma-to-19.98 ± 0.11 Ma, whereas the Cerro Yanahuanca dome (Fig. 3-5A)
and, two less prominent nearby domes gave, respectively, a biotite total-gas age of 20.17
± 0.12 Ma, and hornblende plateau and inverse-isochron ages of 20.27 ± 0.53 Ma and
20.16 ± 2.20 Ma (Tables 3-1 and 3-3).
Subsequent magmatic activity in the Sauco Volcanic Complex is represented by
major late-Early Miocene (ca. 18.8 – 17.1 Ma) andesitic to dacitic eruptions (Tables 3-1
and 3-3; Fig. 3-5B-D). Volcanism was associated (Figs. 3-1 and 3-2) with a major
eruptive centre 4 km east of the deposit (Figs. 3-1 and 3-2), for which ages of between
17.56 and 18.02 Ma (n=7; Table 3-1) have been determined. This centre comprises a
cluster of flow-banded, plagioclase-hornblende-biotite ± quartz-phyric andesitic-todacitic domes, with associated flow breccias and lava flows (Figs. 3-5E and F), flanked to
the east by a 200 - 500 m-thick block-ash flow deposit (Fig. 3-5G), with interbedded
lapilli tuff, lahar and minor base-surge deposits (Fig. 3-5H). The block-ash flow deposits
are interpreted as the product of the collapse of a central dome cluster between ca. 17.6
and 18.0 Ma, and their volume indicates that the latter originally stood ~ 500 – 1000 m
high and was several kilometres in diameter at its base.
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Figure 3-5: Sauco Volcanic Complex pre- and syn-ore volcanic units, Lagunas Norte domain. A.
Cerro Yanahuanca dome or eroded volcanic neck, 5 km NNW of Lagunas Norte. B. Cliff-forming
andesitic volcanic breccia with tuffaceous interbeds, 6 km south of Lagunas Norte (17.1 – 19.7
Ma). C. Lapilli tuff and ash horizons, 8 km southeast of Lagunas Norte (18.1 Ma). D. Flowbanded Quesquenda lava, 5 km southeast of Lagunas Norte (17.7 – 18.4 Ma). E. Steeply flowbanded dacitic dome, major vent complex, 3 km east of Lagunas Norte (17.9 Ma). F. Autoclastic
flow breccia associated with dome in E. G. Block-ash flow deposit 1 km east of vent (17.6 Ma).
H. Basal surge deposit, block-ash flow of G.
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Volcanism associated with this centre was largely explosive, producing a thick sequence
of volcaniclastic strata south and southeast of its axis. These include: flat-lying - to moderately-dipping, mainly andesitic, fine- to coarse-grained, monomictic-to-heterolithic
breccias, some with angular blocks exceeding 5 m diameter; medium- to fine-grained
lithic and crystal tuffs; fine-grained ash-flow tuffs; and minor volcanogenic sedimentary
units and subordinate debris flows (Figs. 3-5B and C). 40Ar/39Ar ages for these units
range overall from 19.74 ± 5.47 Ma to 17.11 ± 0.51 Ma, but most were deposited after
18.8 Ma (Tables 3-1 and 3-3). Early andesitic lava flows, constrained in age by 40Ar/39Ar
plagioclase plateau and inverse-isochron ages of, respectively, 18.35 ± 0.39 Ma and
17.70 ± 2.54 Ma (Fig. 3-5D), are associated with a discrete ~ 3 km-diameter flow-dome
complex (Quesquenda andesite, Fig. 3-1), centred ~ 5 km SE of Lagunas Norte and
directly south of the main vent. The Sauco volcanic centre is interpreted as a multivent
dome-flow complex (sensu Cas and Wright, 1987, p. 393) or volcano complex (e.g.,
Francis, 1993), rather than as a stratovolcano (cf. Rivera et al., 2005a).
3.3.1.2.1 Lagunas Norte Formation
During the waning stages of eruption at the Sauco volcano, several plagioclasehornblende-biotite ± quartz - phyric dacitic domes, ~ < 0.5 to 2 km diameter (Figs. 3-1
and 3-2) and with associated minor flows, were emplaced along its southern and western
margins, contemporaneously with much of the high-sulphidation hydrothermal activity.
Biotite and hornblende plateau ages for the domes and related flows range from 16.44 ±
0.15 to 17.30 ± 0.15 Ma (n=8; Tables 3-1 and 3-3). The Shulcahuanga dome,
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immediately southwest of Lagunas Norte (Fig. 3-6A), is exposed as a prominent steepsided knob representing an eroded volcanic neck, probably projecting above a hypabyssal
intrusion. Geochronological data for phenocrystic biotite at Shulcahuanga include a 3step plateau age (representing 78.8% of the 39Ar released) of 16.95 ± 0.14 Ma (sample
Mont 171; Fig. 3-7A; Table 3-1) and an identical inverse-isochron age of 16.96 ± 0.10
Ma (sample Hua 7; Fig. 3-7B; Table 3-1). The down-stepping spectrum and anomalous
initial 40Ar/36Ar ratio of 360.1 determined for sample Hua 7 (Fig. 3-7B) suggests that the
older K-Ar date of 18.9 ± 0.7 Ma (Gauthier et al., 1999) records the presence of excess
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Ar. A hornblende plateau age of 17.23 ± 0.57 Ma (sample Mont 204; Fig. 3-7C; Table

3-1) for a contiguous andesitic flow overlaps analytically with, but is slightly older than,
the more precise biotite ages for the dome. A biotite plateau age (74.4 percent of 39Ar
released) of 16.75 ± 0.09 Ma for the compositionally and texturally similar Tres Amigos
dome (Figs. 3-1, 3-6B and 3-7D), 400 - 600 m west-southwest of Lagunas Norte, further
constrains the timing of dacitic magmatic activity in the deposit area. A propyliticallyaltered andesite flow related to a flow-dome complex at the southwestern margin of the
Lagunas Norte deposit (unit Tv in Fig. 2-1) overlies undated volcaniclastic strata.
Compositionally similar andesitic dykes cut the Tres Amigos dome west of Lagunas
Norte, implying that this mafic unit may represent the final magmatic event in the deposit
area.
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Figure 3-6: Lagunas Norte Formation dacite domes. A.Shulcahuanga dacite dome (in 2004) at
the SW margin of the Lagunas Norte deposit, showing near-vertical flow-banding. Minor,
compositionally and texturally similar flows are preserved immediately east of the dome. Spatial
and temporal relationships are consistent with the interpretation that the dome and flows are
coeval and that both units postdated emplacement of the Dafne diatreme (recessive area in
foreground), however, age data suggest that flows predated mineralization and emplacement of
the dome. B. Vertical columnar jointing, Tres Amigos dome/flow complex, 600 m west of
Lagunas Norte.
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Figure 3-7: 40Ar/39Ar geochronologic data for magmatic units, Lagunas Norte mine area. A and
B. Biotite from the Shulcahuanga dacitic dome. C. Hornblende from the Shulcahuanga flows. D.
Biotite from the Tres Amigos dacitic dome/flows, ~ 600 m west of the deposit. E. Hornblende
from andesitic tuff, 500 m east of the deposit. F. Hornblende from dacitic ash-flow tuff, ~ 250 m
east of the Lagunas Norte. Shaded steps are those used in to calculate plateau ages.
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Volcaniclastic units assigned herein to the Lagunas Norte Formation include a
dacitic pumiceous ash-flow tuff horizon which overlies andesitic volcaniclastic deposits
of the Sauco Volcanic Complex ~ 150 m east of Lagunas Norte, and altered
volcaniclastic deposits of inferred similar age in the mine area (described in detail below;
Fig. 3-1). The age of the pumiceous ash-flow tuff east of the deposit is constrained by a
hornblende plateau date of 16.72 ± 0.43 Ma (Figs. 3-2 and 3-7E; Table 3-1). This unit is
included with mine area strata on the basis of its syn-mineral age, its restriction to the
immediate deposit area, and its fossil assemblage, similar to that of mine sequence
eruptions (Fig. 3-1). To the east of the deposit, these strata overlie andesitic volcaniclastic
and epiclastic deposits included herein with Sauco Volcanic Complex deposits on the
basis of their compositional and textural similarity to andesitic strata which, 500 m east
of the mine, are constrained in age by a hornblende plateau date of 17.11 ± 0.51 Ma (Fig.
3-7F).
3.3.1.3 Milagros Formation
An inverse-isochron biotite age of 18.14 ± 0.78 Ma (Fig. 3-2; Table 3-1) for a
weakly propylitized, hornblende-biotite-quartz porphyry dome provides an approximate
age for undivided, strongly-altered dacitic volcaniclastic deposits and associated
plagioclase-hornblende±biotite±quartz porphyritic domes or sub-volcanic intrusions in
the Milagros and Alto la Bandera areas south of Lagunas Norte.
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3.3.2 Quiruvilca domain
The Neogene and uppermost Paleogene rocks of the Quiruvilca domain are herein
subdivided into the Mina Quiruvilca, Tres Cruces, Las Princesas and Cerro Quiruvilca
Volcanic Complexes (Fig. 3-1). Ages determined for these units range from late-Middle
Miocene to late Oligocene (i.e., 12.4 - 24.4 Ma: Tables 3-1 and 3-3).
3.3.2.1 Mina Quiruvilca and the Tres Cruces Volcanic Complexes
These include thick, flat-lying to moderately-dipping, fine-to-coarse, andesitic
and dacitic volcaniclastic sequences, intruded by coarsely porphyritic, subvolcanic,
andesitic stocks extensively exposed around the Quiruvilca mine and intersected by
drilling at the Tres Cruces prospect (Figs. 3-1 and 3-2). The source of the volcaniclastic
sequence is unknown, but hypabyssal andesitic porphyry stocks in the mine area and at
Tres Cruces may represent the centres of deeply-eroded stratovolcanoes (Bartos, 1987;
Rivera et al., 2005b). The lack of significant reworking of the volcaniclastic units
supports a local origin. The volcaniclastic strata are dated in part by a hornblende plateau
age of 24.06 ± 0.28 Ma (Table 3-1) from the southwestern sector of the mapped area.
These deposits and undated andesitic porphyries at the Quiruvilca mine and in the Tres
Cruces area are disconformably overlain by thin augite-phyric andesitic lava flows, which
gave a latest-Oligocene plateau age for plagioclase of 24.47 ± 1.13 Ma and a concordant
inverse-isochron age of 24.25 ± 3.41 Ma for hornblende (Table 3-1). A porphyritic dacite
stock two kilometres east of the Tres Cruces prospect (Fig. 3-1) gave an Early Miocene
total-gas biotite age of 22.24 ± 0.15 Ma. Magmatic activity of this age is also represented
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by thin hornblende-phyric andesitic flows and domes in the southwestern sector of this
domain, with plateau and inverse-isochron ages for hornblende and plagioclase ranging
from 19.12 ± 0.24 to 20.86 ± 8.64 Ma (n=6; Tables 3-1 and 3-3). An andesitic flow-dome
complex centred 1.5 km east of Tres Cruces returned an Early Miocene plateau age for
plagioclase of 18.66 ± 0.36 Ma, and a minor remnant of polymictic dacitic tuff overlying
Mesozoic strata ~ 3 km NE of Quiruvilca gave an inverse-isochron biotite age of 17.47 ±
0.62 Ma (Table 3-1).
3.3.2.2 Las Princesas Volcanic Complex
Upper-Lower Miocene, predominantly dacitic, pyroclastic horizons and domes
represent the later stages of voluminous magmatic activity in the Quiruvilca domain.
These include the Las Princesas ignimbrite, an ash-flow erupted from the Las Princesas
vent (Fig. 3-1), which yielded inverse-isochron biotite ages of 16.09 ± 0.66 Ma and 16.29
± 0.19 Ma (Fig. A12), and a dacitic dome and associated flows in the northern sector of
the domain (Fig. 3-1) with, respectively, biotite plateau ages of 15.98 ± 0.09 Ma and
15.93 ± 0.11 Ma (Figs. A12 and A13, Table 3-1). Additionally, a dacite dome and
associated minor flows ~ 4 km north of the Quiruvilca mine at the western margin of the
Las Princesas centre (Fig. 3-1) are broadly constrained in age by an imprecise 15.30 ±
3.69 Ma inverse-isochron age for plagioclase (Fig. A13). Minor, undated dacitic to
rhyolitic quartz-phyric intrusions, possibly genetically related to mineralization at
Quiruvilca (Lewis, 1956), are tentatively included within this complex.
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3.3.2.3 Cerro Quiruvilca Volcanic Centre
The final magmatic event recorded in the Alto Chicama district is represented by
the 2 km-diameter, quartz-biotite-hornblende-sanidine-plagioclase - phyric, dacitic Cerro
Quiruvilca dome at the western margin of the Quiruvilca deposit (Figs. 3-1 and 3-2),
which gave a Middle Miocene 12.38 ± 0.09 Ma biotite plateau age (Table 3-1). The dome
is intruded by small heterolithic breccias at its centre, and related epiclastic deposits are
preserved along the eastern margin of Cerro Quiruvilca.
3.3.3 Regional correlations
The major episode of Cenozoic volcanism in the Alto Chicama district, extending
at least from ~ 30 Ma to 15 Ma, was almost exactly contemporaneous with eruption of
the andesitic – dacitic Huaraz Group (14 – 32 Ma; Strusievicz et al., 2000; Rainbow,
2009) in the area surrounding the Pierina high-sulphidation epithermal Au-Ag deposit,
185 km to the SSE. The Alto Chicama volcanic succession further corresponds closely to
the Upper Calipuy of Cobbing et al. (1981). The younger Cerro Quiruvilca dacite
represents an apparently isolated late-Middle Miocene event in the Alto Chicama district,
but is broadly coeval with intramineral dacitic flows and domes in the Yanacocha
volcanic field (Longo et al., 2010), and with scattered dacitic-rhyodacitic intrusions in the
wider Huaraz area, including those at the giant Antamina porphyry/skarn deposit (Love et
al., 2004).
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3.4 Structural setting and controls on Miocene mineralization
Miocene epithermal mineralization in the Alto Chicama district was emplaced
into Mesozoic sedimentary strata strongly affected by intense thin-skinned, Eocene
(Marañón: Mégard, 1984) fold and thrust deformation associated with the Incaic II
orogeny (Noble et al., 1979), and into the weakly-folded, permeable Cenozoic volcanic
cover and subvolcanic lithodemic units (Figs. 3-1 and 3-2). Mineralization at the Lagunas
Norte deposit was localized both by Incaic fold and thrust-related structures and by
superimposed high-angle, predominantly easterly-trending, syn- to post-volcanic,
extensional and strike-slip faults and related structures assigned herein to Early Miocene
Quechua I tectonism. Earlier, pre-Miocene, extension was responsible for development of
a ~ 2-10 km-wide uplifted block of Mesozoic strata which underlies the central part of
the district and which hosts the Lagunas Norte deposit and Lagunas Sur prospect (Fig. 32). Structures associated with block faulting may have been an additional control on
mineralization. ENE-striking, southerly-dipping normal faults in the Lagunas Norte
domain may have controlled the distribution of pre- to syn-mineral volcanism, and are in
permissive agreement with proposed (Lewis, 2002) NS-oriented extension during ore
deposition at Lagunas Norte. In the Quiruvilca domain, E-W- to NW-SE – oriented highangle strike-slip faults may have been critical to the formation of the Quiruvilca vein
system.
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3.4.1 Pre-mineral structures
Incaic fold and thrust-related deformation in the Mesozoic strata in the Lagunas
Norte deposit area is represented by a km-scale fan-fold (sensu Huiqi et al., 1992; Price,
2000), comprising Chimú Formation quartz arenite limbs cored by Chicama Formation
shales (Fig. 3-1) and cut both by east- and west-verging thrusts (Lewis, 2002; Fig. 3-2,
section B-B´). The Lagunas Norte deposit and the Lagunas Sur prospect are located,
respectively, along the upright-to-overturned eastern and the western limbs of this
anticline (Fig. 3-1). The style of folding in the deposit area contrasts with that further
north, where a less-tightly folded, overturned anticline, characterized by relatively planar
and continuous bedding (Fig. 3-2, section A-A´), occurs. On a more local scale, the
Lagunas Norte deposit occurs within a complexly-folded segment of the Chimú
Formation strata along the eastern limb of this regional anticline (Fig. 3-8), exhibiting an
upwardly-fanning geometry and hence referred to by mine personnel as a “flowerstructure”. A similar, but less intense structural complexity is evident at the Lagunas Sur
prospect. At Lagunas Norte, this tectonically-thickened zone comprises steeply-dipping
reverse faults, possibly overturned (R.A. Price, pers. comm., 2010), a tight, steeplydipping and shallowly south-plunging, east-verging syncline in the western part of the
deposit being juxtaposed with an open, northerly-plunging anticline along its eastern
margin (Lewis, 2002). This structural setting may represent a strike-slip fault-related
“pop-up” or “positive flower structure” (e.g., Sylvester, 1988; McClay and Bonora,
2001), such as are documented elsewhere at transpressional restraining bends or step-
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Figure 3-8: Aerial view of the “flower structure” configuration of Chimú Formation quartz
arenite strata (Kc) in the Lagunas Norte mine area. Note the thickening of the quartz arenite
strata and complex folding, contrasting with the planar bedding along strike to the north and along
the western limb of anticline (southwest corner of image).
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overs in fold and thrust settings (e.g., Cunningham and Mann, 2007; Zampieri and
Massironi, 2007).
The close spatial relationship between fold and thrust-related deformation and
mineralization at Lagunas Norte demonstrates that the magmatism and fluids associated
with hydrothermal activity were, in part, localized by structures significantly older than
the mineralization. Further, the intensity of mineralization in the several hydrothermal
centres of the Lagunas Norte – Lagunas Sur district directly reflects that of the
considerably older mesoscopic Incaic deformation.
The structural setting in the central Alto Chicama district incorporates a ~ 2 – 10
km-wide uplifted or tilted structural block of Mesozoic strata, which hosts the Lagunas
Norte deposit and Lagunas Sur prospect along its eastern margin and the Genusa highsulphidation epithermal prospect along its western (Figs. 3-1 and 3-2). This uplifted
domain is flanked to the east and west by thick accumulations of Oligocene – Miocene
volcanic strata, and Mesozoic rocks are exposed ~ 800 m lower at the La Arena centre,
12 km east of Lagunas Norte. Mesozoic strata are not exposed west of this central horst
in the Quiruvilca domain and, although sedimentary clasts occur in hydrothermal breccias
in the Quiruvilca mine and in moat sediments associated with the Quiruvilca dome (Fig.
3-1), these units have not been intersected by drilling to ~ 3000 m a.s.l. at the mine (José
Callirgos R., Pan American Silver Corp., pers. comm., 2007), evidence for at least 1000
m of downward displacement of the Mesozoic strata in this area relative to their elevation
along the western margin of the Lagunas Norte domain. Displacement of the Mesozoic
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strata probably occurred along a relatively well-defined west-dipping normal fault which
approximately bounds the Quiruvilca and Lagunas Norte domains and which overprints
earlier fold and thrust-related deformation (Fig. 3-2). The eastern margin of the central
horst is less well defined. The observed eastwardly decreasing elevations of the Mesozoic
strata across the Lagunas Norte domain could reflect west side-down, en echelon,
structural blocks resulting from attenuation of the Mesozoic basement (e.g., Fig. 3-2,
Inset A), possibly in the Oligocene. However, inferred, steeply east-dipping, extensional
faulting east of Lagunas Norte (Fig. 3-2, section B-B´) and in the Milagros area (Fig. 3-2,
section C-C´) suggests a more complex structural history, possibly involving attenuation
of blocks following the initial development of en echelon structures (e.g., Fig. 3-2, Inset
B). Drilling in the Milagros area indicates at least 300 m of downward displacement of
the sedimentary strata east of Lagunas Sur.
3.4.2 Syn- to post-volcanic deformation
Syn- to post-volcanic structures also controlled hydrothermal activity at Lagunas
Norte and elsewhere in the district. Ore formation at Lagunas Norte was broadly coeval
with Quechua I regional compression (Noble et al., 1990), but structures interpreted as
extensional and strike-slip were important at the deposit (Lewis, 2002), and are also
documented elsewhere in the Lagunas Norte domain. These probably formed in response
to regional ~ E-W compression and local, or possibly transient, N-S extension (Lewis,
2002; Rehrig, 2004; this study). Further, inferred periodic stress reversals and the
occurrence of a sub-set of mineralized NNW-oriented joints at the deposit (Rehrig, 2004)
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suggest that ore formation may also have taken place during episodic ~WSW-ENE
directed extension, as is also implied by the NNW-SSE elongation of the syn-mineral
Tres Amigos dome (cf. Nakamura, 1977). Although mineralization within the volcanic
succession at Lagunas Norte was predominantly stratigraphically controlled, steeplydipping, NNW- and WNW-striking faults which cut the volcanic succession probably
contributed to the focusing of mineralization in the underlying sedimentary strata (Lewis,
2002). Such faults are envisaged as responsible for the development of a system of subvertical, ~ E-W-oriented extensional fractures which cuts the sedimentary and volcanic
strata at the deposit, some marked by zones of brecciation and development of Fe-oxide cemented fractures (Fig. 3-9A), which, as shown by Au grade distribution, strongly
controlled mineralization (Lewis, 2002; Rehrig, 2004). An ~E-W-trending zone of high
Au grades and thicknesses extending east of the Dafne diatreme (Fig. 3-9B) has been
related to a WNW-oriented, syn-mineral strike-slip fault and related dilational structures
active during regional ~ EW-oriented compression (Lewis, 2002). This configuration
may be broadly analogous to that proposed at the mid- to Late-Miocene Yanacocha
deposit cluster, where NE- and EW-striking extensional faults and joints formed between
NW-striking sinistral transpressional faults during regional EW compression (Teal and
Benavides, 2010, and references therein).
3.4.3 Fracture and fault orientations in the district
In the wider Lagunas Norte domain, the main fault and joint orientations are ~
ENE-WSW to ESE-WNW, NW-SE to NNW-SSE and NNE-SSW to NE-SW (Figs. 356

Figure 3-9: A. ~ E-W – striking, mineralized, oxidized fractures cutting Chimú Formation quartz
arenite, Josefa zone (Section 5.1). B. Grade x thickness contours (Au g/t x metres) for the
Lagunas Norte deposit. Note ~ ENE-trending zone of high values east of the Dafne diatreme. “A”
marks location of outcrop shown in A.

57

10A - F). The lack of ~ N-S – oriented (dilational) structures (Figs. 3-10A-F) is
consistent with an overall ~ E-W – oriented contractional regime (Pardo-Casas and
Molnar, 1987). NW- to NNW-oriented structures documented in the domain include
several NW- to NNW-striking faults which define an array of shallowly- to steeply- eastto-west dipping planes (Fig. 3-10A), with orthogonal and strike-slip movement
indicators. On the basis of their concentration in the Mesozoic strata (e.g., compare Figs.
3-10B and C), these are interpreted as Eocene Incaic-II contractional structures, possibly
reactivated during Neogene Quechuan tectonism as normal, reverse or strike-slip faults.
Several similarly-oriented, steeply-dipping, silicified, possibly extensional fractures cut
altered volcanic rocks in the Milagros area and, less commonly, elsewhere in the domain
(Figs. 3-10D and E). These are consistent with inferred periodic WSW-ENE – directed
extension during or possibly preceding mineralization at Lagunas Norte (Lewis, 2002;
Rehrig, 2004). NNE- to NE-trending structures documented in the Lagunas Norte domain
include high-angle faults largely restricted to the Mesozoic strata (Fig. 3-10B), and thus
mainly pre-volcanic, and a sub-set of joints which control alteration (Fig. 3-10E). The
former may represent tear faults or transfer structures which also developed during Incaic
II orogenesis. Similarly-oriented fault structures documented in the volcanic strata are
rare (Fig. 3-10B). Minor NNE-trending joints which control alteration occur mainly
within the Milagros and Alto la Bandera areas and thus may reflect a local structural
domain. ENE- to ESE-striking, i.e., ~ 060° - 120°, faults and joints cut all units in the
Lagunas Norte domain (Figs. 3-10B - F), and probably included both pre- and syn- to
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Figure 3-10: Structural data, Alto Chicama district. A – F - Lagunas Norte domain, G-J –
Quiruvilca domain. Outlined area in A represents array of poles to NW-striking fault population
in B. Grey field in G represents ENE-striking veins in Quiruvilca mining district from Lewis
(1956). All other data are from this study. Stereonet projections generated using GEOrient ver.
9.4.0.
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post-volcanic structures. A series of ENE-trending faults which cut the sedimentary rocks
north of Lagunas Norte (Fig. 3-1) may represent tear structures developed during Incaic
contraction, some possibly reactivated as normal or oblique-slip faults during Quechuan
tectonism. The apparent alignment of the long axes of Early Miocene volcanic domes
(Yanahuanca, Cerro Negro) along one such structure (Fig. 3-1) and the proximity of the
Lagunas Norte deposit to another imply that this family of faults may in part also have
focused magmatism and hydrothermal activity. ENE-striking, steeply S-dipping normal
fault south of Lagunas Sur and similar faults northeast and south (Lewis, 2002) of
Lagunas Norte (Fig. 3-1) may delimit an en echelon series of south side-down structural
blocks which may in part have controlled volcanism (Lewis, 2002), further evidence for
local ~ N-S extension broadly coeval with hydrothermal activity in the Lagunas Norte
domain. Striae on broadly E-W - oriented faults in the domain record strike-slip, oblique
and vertical movement, consistent with their interpretation mainly as extensional and
shear-related structures. ENE- to ESE-striking structures are oriented similarly to
extensional and shear fractures and strike-slip faults interpreted to control mineralization
at the Lagunas Norte deposit (Lewis, 2002; Rehrig, 2004). Minor hydrothermal activity
localized along an ENE-trending normal fault south of Lagunas Sur and the ENE trend of
mineralized vughy silica structures at the Dominique Zone of the La Capilla prospect,
where an alunite plateau age of 17.09±0.19 Ma (see Chapter 6) constrains the age of
mineralization, indicate that such structures in the wider Lagunas Norte domain were
active during hydrothermal activity. Several ~ WNW-striking fractures documented in
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the Lagunas Norte domain (Figs. 3-10D-F) exhibit diffuse, silicified and argillized
haloes, locally with alunite, and, less commonly, incorporate narrow central vughy silica
or hydrothermal breccia zones, also consistent with the interpretation that broadly E-W oriented structures controlled hydrothermal activity.
3.4.4 Quiruvilca domain
The Quiruvilca domain represents a volcanic basin or eroded stratovolcano in
which Mesozoic rocks are not exposed. Within the volcanic sequence, structural
measurements, mainly from the immediate Quiruvilca mine area, record steeply- to
moderately-dipping, mainly NE- and NW-striking, strike-slip and extensional faults,
NW- EW- and SW-striking joints and, at the Quiruvilca mine, ENE- to ESE-striking, en
echelon extensional and shear quartz-carbonate veins (Figs. 3-10G-J). Structural
orientations probably reflect a strike-slip environment in which extension was generated
by overstepping, WNW-trending, sinistral strike-slip faults to the north (Fig. 3-1) and
south (Fig. 3-1; Lewis, 1956) of the hydrothermal centre. This implies broadly ENE σ1
maximum compression and NNW σ3 minimum horizontal stress during the mid-Miocene,
consistent with a diminished intensity of veining at the western limit of the Quiruvilca
deposit, where veins are oriented WNW (Lewis, 1956).
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Chapter 4
GEOMORPHOLOGY OF THE ALTO CHICAMA DISTRICT
Remnants of low-relief, gently-dipping landscapes, representing disequilibrium
between uplift and erosion (e.g., Clark et al., 2005), are a prominent geomorphological
feature in young orogenic belts (e.g., Sugai and Ohmori, 1999) and are widely recognized
in the Peruvian and flanking Andean transects (e.g., Hollingworth, 1964; Clark et al.,
1967; Mortimer, 1973; Tosdal et al., 1984; Coltorti and Ollier, 2000). Multiple, faceted,
planar surfaces in southern (Quang et al., 2005) and north-central (Myers, 1976) Perú are
interpreted as pediments or, in extenso, pediplains, the products of dominantly planar
erosion under semi-arid climatic conditions in response to episodic Oligocene – to –
Pliocene uplift of the Cordillera Occidental. Their formation may involve lateral
corrosion and sheetwash (e.g., Tator, 1953; Easterbrook, 1999). Bissig et al. (2002)
proposed that the rapid development of such regional erosional surfaces in the El Indio
Au district of Chile (Fig. 1-1A) may have directly stimulated major high-sulphidation
epithermal mineralization, particularly at the giant Pascua-Lama centre. Several factors
influence the preservation of such paleosurfaces, including subsequent uplift and climatic
change. In the Alto Chicama area, the absence of the ignimbritic sheets which in other
Andean transects protect uplifted surfaces (Clark et al., 1967) has led to their widespread
degradation, a process enhanced by glacial erosion. Further, volcanic eruption and
hypabyssal intrusion throughout the late Oligocene – to – mid-Miocene interval in the
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Alto Chicama area has made the recognition of throughgoing pediments inherently more
difficult.
In the study-area, low-relief paleolandscapes are preserved between ~ 3600 and
4200 m a.s.l. (Fig. 4-1). Whereas Bissig (2003), lacking geochronological data for the
ostensibly post-mineralization volcanic strata to the east of Lagunas Norte, proposed that
four planar surfaces developed between ca. 15 and ≥ 18 Ma, detailed geomorphological
mapping and 40Ar/39Ar geochronology establish the existence of only two major
Cenozoic erosional events, of late Oligocene and mid-Miocene age. The earlier, Pampa
la Julia, surface (Figs. 4-1A - B) records uplift and erosion of the Mesozoic sedimentary
and Calipuy volcanic strata in the Quiruvilca domain. This regionally-extensive
pediplain, with an average elevation of 4100 - 4200 m a.s.l., is well preserved in the Tres
Cruces prospect area, where its minimum age is provided by a 40Ar/39Ar muscovite date
(Fig. A4) of 25.25 ± 0.25 Ma for hydrothermal activity which is inferred to have occurred
immediately beneath the surface. The occurrence at Tres Cruces of a porphyry stock
eroded by this surface, and which may have localized mineralization, suggests that
erosion overlapped with local magmatic and hydrothermal activity in the latest
Oligocene. Remnants of the Pampa la Julia surface are also preserved WSW and to the
north of Lagunas Norte (Fig. 4-1C), and boulder conglomerate deposits west-southwest
of the Genusa prospect in the northern Quiruvilca domain (Fig. 4-2) are interpreted as its
aggradational facies. This pediplain also incised the upper Oligocene Los Goitos
hydrothermal centre, and is therefore no older than 25.6 ± 0.8 Ma.
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Figure 4-1: Oligocene - Miocene paleolandscapes in the Alto Chicama area. A. Looking west
across the 25.3 Ma Tres Cruces prospect which crops out at the ~ late Oligocene ~ 4200 m
a.s.l. Pampa la Julia erosional surface (PLJ). Here the surface erodes undated andesitic
volcaniclastic deposits of the Quiruvilca-Tres Cruces Volcanic Complex and bevels the folded
Mesozoic strata. At Tres Cruces, undated but probably syn-mineral (i.e., ~ 25 Ma) lacustrine
sedimentary strata mark the Pampa la Julia surface. A syn-mineral age for these deposits is
inferred on the basis of replacement by hydrothermal chalcedony of lower deposits within the
lacustrine sequence. B. Area west of the Tres Cruces prospect where a zone of strong oxidation
and massive silica (arrow-pale zone) occurs at the Pampa la Julia surface, possible demarking
the paleowater table below this surface. The inclined, lower-altitude, ≤ 3900 m a.s.l., surface in
the middle foreground must record post-Pampa la Julia erosion. C. The Pampa la Julia
erosional surface (skyline), looking south-southwest. The surface, which cuts the Mesozoic
sedimentary strata in this area, extends from Lagunas Norte (far-left) NNW to the Genusa
prospect. The valley in the middle-foreground (RC) represents a late-Early Miocene Río
Chicama valley-pediment, ~ 3800 - 4000 m a.s.l. D. The Milagros erosional surface (M) at the
Milagros prospect, looking SSW. The surface extends into the hilly area in the middleforeground where it erodes Lower Miocene Milagros Formation strata. Minor upper-Lower
Miocene (~ 17 Ma) flows associated with the Cerro Lagunas Sur dome (Lagunas Norte
Formation) erupted onto this erosional surface (arrow). E. View to the south from the La
Capilla area demonstrates the apparent continuity of the Pampa la Julia surface (PLJ) into
Ancash Department. The lower surfaces, right side of image, may represent a Río Chicama
surface and, possibly, the younger “Cañón stage” erosion documented further south (Montario
et al., 2005a). The peaks of the Cordillera Blanca are visible in background, far left of photo.
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Figure 4-2: Geomorphological map showing Oligocene and Neogene paleosurfaces, Alto Chicama
district. Abbreviations: LN = Lagunas Norte; LS = Lagunas Sur; M = Milagros; Q = Quiruvilca;
TC = Tres Cruces; LA = La Arena; LC = La Capilla; LG = Los Goitos; G = Genusa. Unpatterned
areas represent areas of steeper topography separating planar surfaces and unmapped areas.
Simplified cross-sections through the Alto Chicama district show planar paleoerosional surfaces
and unconformities. Geological units are as in Fig. 3-1; unit JKs = undivided Mesozoic
sedimentary strata. Section locations and erosional surfaces are as shown on plan. Vertical
exaggeration is ~5X.
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The inferred late Oligocene timing of this surface corresponds broadly with the Aymará
compressional tectonic event (Sébrier et al., 1988). A late Oligocene timing for uplift and
erosion is also indicated by exhumation of the upper Oligocene central stock and
resulting overprinting of epithermal on porphyry mineralization at the ca. 26 Ma La
Arena deposit in the eastern Lagunas Norte domain, although this may reflect extensional
block faulting (cf. Masterman et al., 2005) broadly coeval with the Aymará event.
The Pampa la Julia surface may be equivalent to the Cochapampa pediplain which
defines much of the Pacific slope of the Cordillera Occidental in Ancash Department,
250 - 300 km southeast of the Alto Chicama district. The oldest pediplain in that transect,
it cuts folded Paleogene volcanic strata between 2800 and 4600 m a.s.l. (Myers, 1976).
This apparent continuity of erosional surfaces between the Alto Chicama and Huaraz
regions (e.g., Fig. 4-1E) implies that, at least between ca. 8° S and 10° S, the Peruvian
cordillera acted in a coherent fashion during mid-Cenozoic uplift and erosion.
A younger system of erosional surfaces in the Alto Chicama district (Fig. 4-2)
provides a record of Neogene, Quechuan compression, uplift and erosion. These
processes overlapped with volcanism, which generated a low-relief constructional surface
at 3900 – 4200 m, extensively preserved in the Quesquenda area (Fig. 4-2) east of
Lagunas Norte and Milagros, and underlain by volcaniclastic deposits and lava flows of
the Sauco Volcanic Complex. The broadly contemporaneous Miocene erosion is, in
contrast, recorded by a network of broad, flat-bottomed, steep-walled, fluvial valleys,
valley-pediments or “valley-flats” in the sense of Tator (1953) and Bissig et al. (2002),
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which incise both the Oligocene Pampa la Julia surface and units of the Sauco Volcanic
Complex. A minimum age for a segment of this surface which incises Chicama
Formation shales and Chimú Formation quartz arenite at the western margin of the
Lagunas Norte deposit is provided by a precise biotite plateau date of 16.75 ± 0.09 Ma
(Table 3-1) for the Tres Amigos dacite dome west of the deposit (Fig. 3-1), lava flows
from which extend across the pediment surface (Fig. 3-8). Further, this valley-pediment
truncates strongly-altered (17.05 Ma: alunite, Table 6-1) tuffaceous deposits at the Alexa
Zone of Lagunas Norte, cropping out at the top of a ~ 200 m high escarpment at the
pediment backscarp. Thus, this pediment advanced to the western margin of the deposit
between 16.75 and 17.05 Ma. East of Lagunas Norte, a N-S - trending segment of the
valley-pediment network incises the central dome complex and adjacent deposits of the
Sauco volcano (Fig. 4-2, section A-A'), dated between 17.7 and 17.9 Ma (Table 3-1),
thereby providing a maximum age for pedimentation. The Río Chicama erosional event
therefore occurred between ca. 16.7 and 17.9 Ma. The main valley-pediments, now at
3600 – 4000 m a.s.l., only locally modified by alpine glaciation and moraine
accumulation, are widely preserved as erosional terraces on the flanks of modern, postglacial, fluvial valleys. This system of erosional features includes the upper reaches of the
Río Chicama valley and is assigned to a Río Chicama event (Figs. 4-1C and 4-2), which
coincided with Quechua I compression (e.g., McKee and Noble, 1982). A comparable
and contemporary erosional network in the Río Pativilca area, Lat. 10°S, has been dated
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at 16-18 Ma by apatite fission-track and U-Th/He thermochronology (Montario et al.,
2005a, b).
In the Milagros prospect area, exhumation and erosion of the Lower Miocene
Milagros Cu-Au-(Mo) porphyry system, which exposed gusano (Gustafson et al., 2004)
or patchy (Pinto, 2002) textures associated with quartz-pyrophyllite-diaspore
assemblages, high-temperature alunite (García, 2009), and granular quartz veinlets, some
with minor molybdenite, at an erosional disconformity (Fig. 4-1D), may have been
broadly coeval with the Río Chicama erosional event. A ~ 16.9-to-17.7 Ma age of uplift
and block faulting at Milagros is constrained by 40Ar/39Ar dates of 17.72 ± 0.41 Ma for
hydrothermal muscovite in eroded veins, of 16.9 ± 0.23 Ma for high-temperature alunite
at surface and 17.04 ± 0.28 Ma for biotite in the post-erosion Cerro Lagunas Sur andesite
dome (Fig. 4-1D).
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Chapter 5
MINERAL DEPOSITS AND PROSPECTS
Several high-sulphidation epithermal Au ± Ag systems occur in the Alto Chicama
district (Fig. 3-1), most of which, viz., Lagunas Norte, Lagunas Sur, La Arena (in part),
Los Goitos, Genusa and, to the E and SE of the map-area, El Toro, La Virgen and Santa
Rosa (Fig. 2-1), are hosted either entirely or in part by Chimú Formation quartz arenite or
by similar younger Mesozoic lithologies, spatially associated with small andesitic-todacitic porphyry intrusions or domes (Table 5-1). At La Arena (Fig. 3-1), a central
intrusion hosts Cu-Au-(Mo) porphyry-style mineralization. Other types of mineralization
in the wider region (Fig. 2-1) include: low-sulphidation epithermal Au; Ag-base metal,
Cordilleran-type (Sawkins, 1972; Bendezú et al., 2008) veins and carbonate replacement
systems; and, to the ESE, porphyry ± skarn Cu-Mo (Magistral, Aguila) and, associated
with the northernmost plutons of the Cordillera Blanca Batholith, porphyry Mo-(W)
(Compaccha) and W-(Cu, Ag) (Pasto Bueno) vein swarms. The main deposits and
prospects in the central Alto Chicama district are described briefly below.

5.1 Lagunas Norte deposit
The Lagunas Norte Au-Ag deposit (Figs. 2-1 and 3-1) is much the most important
high-sulphidation epithermal centre in the Alto Chicama district (Table 5-1). Prior to
mining, the deposit contained ~ 14 M oz Au, and proven and probable oxide mineral
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reserves in December, 2010, were 6.6 M oz Au @ 1.06 g/t and 3.8 g/t Ag
(www.Barrick.com). Three kilometres to the SSW, the similar but much smaller Lagunas
Sur centre is juxtaposed with the Milagros Cu-Au-(Mo) porphyry prospect (García, 2009)
and the weakly-mineralized Alto la Bandera advanced-argillic alteration zone (Fig. 3-1).
The present description of the Lagunas Norte deposit is based in part on observations by
Gaboury (2002) and Lewis (2002, 2003).

Table 5-1: Precious- and base-metal mineral deposits and prospects in the wider Alto Chicama
area.

Na m e

Age (M a )

M ila gro s

16.9 – 17.7

UTM
UTM
(No rthing) (Ea s ting)

R e fe re nc e s (a ge s , re s o urc e /re s e rve
da ta a nd ge o lo gic a l de s c riptio ns )

M a in Ho s t R o c ks

R e s o urc e /R e s e rve s

P o rphyry C u-AuMo
25.8 - 26.1 P o rphyry C u-Au/
HS -e pithe rm a l Au

Da c itic vo lc a nic la s tic s
a nd do m e s
Da c ite po rphyry/ C him ú
F m . qua rtz a re nite

n/a

9118200

804000

This s tudy; Ga rc ia (2009)

4 M o z Au; 2.9 billio n
lbs . C u

9126050

815700

Ga uthie r e t a l., 1999; Kirk e t a l., 2008;
www.rio a lto m ining.c o m (2011); this s tudy

Lo s Go ito s

25.6

HS -e pithe rm a l Au

F a rra t F m . qua rtz a re nite , n/a
s ilits to ne , m uds to ne

9135500

801000

This s tudy

Tre s C ruc e s

25.3

LS -e pithe rm a l Au

Ande s itic
34.5 M t @ 1.59g/t Au
vo lc a nic la s tic s / po rphyry (1.7 M o z )

9112500

800500

www.o ro pe ru.c o m ; R .H. S illito e , 2005; this
s tudy

El To ro

18.1; 19.3

HS -e pithe rm a l Au

C him ú F m . qua rtz
a re nite /da c ite po rphyry

~ 0.5 - 0.6 M o z @ 1g/t
1
Au

9133500

830000

M o nto ya e t a l., 1995; N. D í a z, unpubl. da ta ,
2000; No ble e t a l., 2004; this s tudy

Ge nus a

unkno wn

HS -e pithe rm a l Au

C him ú F m . qua rtz a re nite

n/a

9121600

797500

P . Le wis , 2003, unpubl. da ta ; this s tudy

La Virge n

16.9

HS -e pithe rm a l Au

C him ú F m . qua rtz a re nite / 7.2 M t @ 1.4g/t (~ 0.3
2
vo lc a nic
M o z)

9117500

825000

D.A. R hys a nd P . D. Le wis , unpubl. da ta ,
1997; Ga uthie r e t a l., 1999; No ble e t a l.,
2004

La guna s
No rte
La C a pilla

16.5 – 17.4

HS -e pithe rm a l Au

9121000

803250

www.ba rric k.c o m ; this s tudy

16.9 - 17.1

HS -e pithe rm a l Au

9118000

811200

This s tudy

La guna s S ur

16.5

HS -e pithe rm a l Au

9117000

803300

This s tudy

Alto La
B a nde ra

16.3 – 16.4

HS -e pithe rm a l Au

C him ú F m . qua rtz
~ 14 M o z Au
a re nite /C a lipuy vo lc a nic s
Ande s ite -da c ite
n/a
vo lc a nic la s tic s a nd
flo
ws
/do
m
e
s
C him ú F o rm a tio n qua rtz n/a
a re nite
Da c itic vo lc a nic s
n/a

9116000

804500

This s tudy

Da c ite po rphyry

n/a

9118800

797600

www.ve na re s o urc e s .c o m ; this s tudy

R e s e rve (2007) : 1.4 M t
@ 162 g/t Ag, 0.55 g/t
Au, 0.68 % C u, 1.1 % P b
2
a nd
3.6 tio
% Zn
P
ro duc
n 1500t/d @

9118800

797600

Le wis , 1956; B a rto s , 1987; 1989;
www.P a na m e ric a ns ilve r.c o m ; this s tudy

9103800

829600

N. Día z, unpubl. da ta , 1994; M o nto ya e t a l.,
1995; No ble a nd M c Ke e , 1999.

La Are na

M ine ra liza tio n

La s P rinc e s a s 15.7

IS -e pithe rm a l AuAg

Quiruvilc a

IS -HS “ C o rdille ra n- Ande s ite vo lc a nic la s tic s
type ” po lym e ta llic - a nd a nde s ite po rphyry
Ag-(Au)

15.2 - 15.4

S a nta R o s a
8.8
(Anga s m a rc a )

HS -e pithe rm a l Au

C him ú F o rm a tio n qua rtz
a re nite

2.6 g/t Au

Notes: 1 - Estimated ( N. Díaz, Prospecto El T oro, Geológia Y Posibilidades, unpubl. data for Minera ABX Exploraciones S.A, 2000); 2 T onnages listed for Quiruvilca and probably for La Virgen significantly underrepresent the size of these deposits; large-scale mining at Quiruvilca
dates back to the 1920s, and previous estimates (Bartos, 1987) and available data suggest that > 16 million tons of material have been mined,
and may have been significantly higher in grade than current reserves (Wippman, 1984). n/a – not available or unknown. HS: high-sulphidation;
LS, low-sulphidation, IS, intermediate-sulphidation.
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5.1.1 Geological setting
About 80 percent of reserves at Lagunas Norte are hosted in strongly-deformed
Chimú Formation quartz arenite, the remainder occurring in Lagunas Norte Formation
strata, including unconformably-overlying, flat-lying to shallowly-dipping, volcanic
units. The latter are preserved as three erosional remnants, viz., the Alexa, Dafne and
Josefa zones (Figs. 3-8, 5-1 and 5-2), each with a distinct stratigraphic sequence,
suggesting a local derivation (Lewis, 2002). A quartz arenite-clast breccia occurs along
the sedimentary – volcanic unconformity within and immediately adjacent to the deposit,
and a diatreme breccia pipe and adjacent dacite dome are located at the western margin of
the deposit.
The strongly-altered volcaniclastic strata at Lagunas Norte are characterized by
numerous facies changes but, in general, the oldest unit, exposed in the Josefa and Dafne
sectors, comprises felsic crystal tuff (Fig. 5-3A) and minor rhyolite flows or flow-folded
volcaniclastic deposits (Fig. 5-3B). These are characterized by abundant euhedral or
broken, ~1-5mm, quartz crystals. Dacitic tuffs and epiclastic rocks (Fig. 5-3C) overlie
rhyolitic units in the Josefa and Dafne areas and compositionally similar units make up
the stratigraphic sequence in the Alexa area (Fig. 5-3D). Dacitic strata include lithic tuffs
with angular quartz arenite and flattened or angular volcanic fragments, together with
crystals and sparse accretionary lapilli, as well as fine-grained, partly waterlain,
volcanogenic sediments. Fossiliferous ash layers with locally abundant twig and leaf
fossils occur in the dacitic sequences at Josefa (Fig. 5-3E) and Alexa (Fig. 5-3F).
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Figure 5-1: Local geological setting of the Lagunas Norte deposit and Lagunas Sur, Milagros and
Alto la Bandera prospects. Geological data from 1:20,000-scale mapping completed during this
study. Sections through Lagunas Norte pit shown in Figure 5-2; profile through Lagunas SurMilagros in Figure 5-10. Steeply-dipping, NW-striking Chimú Formation quartz arenite (unit Kc)
strata form ridges coinciding with the eastern and western limbs of a district-scale anticline.
These have opposing inward dips at Lagunas Norte, forming a box-style fold configuration,
whereas, to the north of an inferred tear-fault immediately north of Lagunas Norte, they form a
westward-dipping overturned anticline.
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Figure 5-2: Interpretative cross-sections through the Lagunas Norte deposit; note 2X
vertical exaggeration. Cross-section locations shown in Fig. 5-1. (A) and (C) the Alexa and
Dafne - Josefa sections incorporate geological and structural interpretations modified from
Lewis (2002). Also shown in (A) and (C) are 40Ar/39Ar data from this study (discussed
below), and calculated sulphate-sulphide sulphur isotope temperatures for magmatichydrothermal alunite-pyrite pairs and temperatures estimated from δ34S values for alunite
(this study). (B) Cross-section 4700NW (www.Barrick.com), located between sections A
and C, shows the distribution of oxide and sulphide mineralization and demonstrates the
strong structural and stratigraphic controls on mineralization within the sedimentary
sequence. The upward-fanning structural configuration (“flower structure”) is clearly shown.
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Figure 5-3: Lagunas Norte Formation. A. Rhyolitic crystal tuff, Josefa area, with ~ 10-20
percent round-to-angular clear quartz crystals in a highly silicified, weakly vughy
groundmass with rare sub-angular volcanic lithic clasts < 2 cm in diameter. This unit forms
thin (< one meter) beds within the sequence of quartz-phyric tuffs, flows and intrusions. B.
Flow-folded rhyolitic tuff, Dafne area. C. Moderately-bedded dacite tuff (dacitic tuffs and
epiclastic sequence) overlying the quartz-phyric units at Josefa. D. Finely-laminated, waterlain dacitic ash and lapilli tuff, Alexa area. E. Well-preserved fossil leaves in dacitic ash,
Josefa area. Fossil locations indicated by “F” on Figures 5-1 and 5-2. F. Well-preserved
carbonized twig fossils, dacitic ash, Alexa area. G. Polylithic andesitic tuff breccia (Dafne
apron facies), east-Dafne area. Note irregular- and fiamme-shaped clasts, some entirely
replaced by pyrite (arrows). H. Fiamme-shaped juvenile clasts in (apron facies) polylithic
breccia (DDH592-8.9m). Clasts are replaced by fine-grained pink alunite ± quartz ± minor,
very fine-grained rutile. Minor alunite also occurs as disseminations in breccia matrix and in
quartz arenite clasts.
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All of these units are confined to the deposit area. The dacitic strata are overlain by fineto medium-grained, well-bedded to massive polymictic breccias lacking quartz crystals,
including vent and apron facies related to the Dafne diatreme. Moderately-to-poorly
bedded apron deposits east of the vent are characterized by abundant lithic clasts and
juvenile fiamme-shaped fragments (Figs. 5-3G and H). Although altered, these units are
generally unmineralized.
Immediately east of Lagunas Norte, a thin, flat-lying sequence of weakly-tostrongly argillically-to-propylitically altered dacitic pumice-rich ash-flow tuffs and airfall ash tuffs contains sparse quartz crystals and locally abundant fossil leaves, twigs and
branches, as well as carbonized or silicified in situ tree trunks up to ~ 25 cm in diameter
(Figs. 5-4A - D). These deposits are included within the Lagunas Norte Formation on the
basis of their age, fossiliferous nature and a composition similar to that of dacitic strata in
the Josefa and Alexa areas. Similar fossiliferous volcanic strata have not been observed
outside of the deposit area. East of the mine, the fossiliferous tuffs overlie an areally
extensive succession of volcaniclastic and subordinate epiclastic deposits, locally
exceeding 100 m in aggregate thickness, assigned herein on the basis of textural and
compositional similarities to the Sauco Volcanic Complex. These unmineralized and
largely unaltered rocks have generally been considered to be post-mineralization, but
their stratigraphic position below the syn-mineralization ash-flow tuff does not support
this interpretation.
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Figure 5-4: Fossiliferous dacitic pumiceous ash-flow tuff and ash deposits, east of Lagunas Norte
mine. A. Leaf fossils in ash (unit Tlnf: Figure 5-1), ~ 150 m east of Lagunas Norte mine. B.
Carbonized log from same location as A. C. In situ carbonized sapling preserved in ash from
same location as A. D. Carbonized twigs and woody debris, same location. A. Fossil locations
indicated by “F” on Figures 5-1 and 5-2.
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Breccias are common at Lagunas Norte and include: hydrothermal breccias,
developed mainly within the quartz arenite but also locally within the volcanic sequence;
phreatic and vent breccias associated with the Dafne diatreme; and narrow, beddingparallel and cross-cutting, tectonic breccias in the Chimú Formation. Breccias in quartz
arenite were in part developed by hydrothermal leaching along fractures (Gaboury,
2002). Lying at or near the base of the Lagunas Norte Formation volcanic sequence, and
typically in abrupt, possibly erosional contact with the overlying volcanic strata, is an
unsorted, matrix- to clast - supported, cobble-to-boulder breccia, the “paleosurface
breccia” of mine terminology (Figs. 5-5A and B), composed of angular-to-rounded quartz
arenite clasts, some exceeding 2 m in diameter, in a fine-grained, locally laminated
matrix of disaggregated sedimentary quartz grains, hydrothermal quartz cement and
sparse ~ 1 - 4 mm, rounded to sub-angular, quartz phenoclasts. This unit has been
interpreted both as the product of an early phreatic eruption covered by later volcanic
deposits (Gaboury, 2002), and as a remnant of regionally-extensive lag deposits (Lewis,
2002). However, gently-dipping breccia horizons < 1 to > 20 m in thickness exhibit
gradational contacts with the underlying, steeply-dipping and folded quartz arenite
sequence, grading downward from matrix or clast-supported monomictic breccia in
which clast rotation is evident, through jigsaw-fit breccias, to fractured (Fig. 5-5C) and,
finally, unbroken quartz arenite. These relationships, as well as, in the Josefa and Dafne
sectors, unambiguously intrusive contacts between vertical columns of Chimú-clast
breccias similar in all respects to the “paleosurface breccia” (Fig. 5-5D), strongly suggest
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Figure 5-5: Breccia facies, Lagunas Norte deposit. A. “Paleosurface breccia”, Josefa area,
with large angular quartz arenite blocks in fine-grained matrix of disaggregated quartz
arenite. B. Paleosurface breccia, DDH042 (~ 4 m), Josepha area, with small, slightly abraded
Chimú Formation quartz arenite and beige quartz (silice parda) fracture fillings. C. Cracklebrecciated Chimu Formation with beige quartz (silice parda) fracture fillings, Dafne area,
grades upward into paleosurface breccia. D. Chimú Formation quartz arenite-clast intrusive
breccia; matrix similar to A. This unit cuts Chimú Formation strata in the Josefa area and
may represent a vent facies from which the “paleosurface breccia” was intruded laterally. E.
Quartz arenite-clast boulder/pebble breccia, Lagunas Norte (UTM 804178E/9120902N, i.e.,
~ 1 km ENE of Shulcahuanga dome). This unit, with a sandy, tuffaceous matrix, occurs in
sharp contact with an underlying air-fall tuff horizon containing sparse quartz crystals and is
overlain (contact not exposed) by a tuffaceous horizon which contains sparse quartz arenite
pebbles. F. Dafne diatreme breccia (vent facies) with irregularly-shaped cuspidate juvenile
magma blob (arrow), and sub-rounded quartz arenite and mudstone (mdst) clasts in dark
matrix of rock flour and hydrothermal minerals. White clasts are altered to dickite. G. Chimú
Formation quartz arenite-clast breccia marginal to Dafne diatreme pipe. H. Brecciated
Chimú Formation quartz arenite, Josefa area. Open-space breccia cemented by drusy quartz
and vuggy silica with minor pyrite.
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that the latter records hydrothermal brecciation focused laterally along the Chimú
Formation-volcanic contact. An areally separate unit hosted entirely within the volcanic
sequence at the southern margin of the Josefa area and dominated by well-rounded quartz
arenite clasts (Fig. 5-5E) is interpreted herein as a hydrothermal pebble breccia rather
than as a conglomerate.
The Dafne diatreme breccia complex at the SW margin of the deposit (Figs. 5-1
and 5-2) is a downward-tapering pipe, ~ 150 m in diameter at the pre-mine surface and
extending to a depth of at least 300 m along the contact between Chimú Formation quartz
arenites and Chicama Formation mudstones (Fig. 5-2C). Massive-to-poorly bedded vent
facies units include polymictic breccias containing former magma blobs of intermediate
composition (R.H. Sillitoe, pers. comm., 2005), as well as volcanic clasts and abundant,
subangular to subrounded, < 1 – >5 cm, quartz arenite and mudstone fragments, in a
matrix dominantly of rock-flour (Figs. 5-5F and G). In addition to direct products of the
diatreme, the quartz arenite strata adjacent to the Dafne pipe are strongly brecciated.
High Au values are associated locally with narrow, highly fractured to brecciated
zones which both follow and cross-cut bedding within the quartz arenite strata, and are
commonly cemented by hydrothermal quartz (Fig. 5-5H) and/or goethite. These may
represent both fold- and thrust-related and, younger, syn-mineral deformation, but in
general such breccias do not continue into the volcanic sequence, indicating that they
developed prior to deposition of these units. The dacitic Shulcahuanga dome is preserved
as a 100 m high, near-vertically flow-banded tower (Fig. 3-6A) which cuts the Dafne pipe
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at the western margin of the deposit. The dome and adjacent flows are unmineralized, but
weakly altered to carbonate-smectite assemblages. A thin flow of similar composition
occurs immediately east of the dome. The more voluminous Tres Amigos dacites form a
columnar-jointed ridge 600 m west of the deposit (Fig. 3-6B). Minor dacitic units
preserved 400 m west of Lagunas Norte are interpreted as flows which followed the
erosional valley at the western margin of the deposit. Small bodies of andesitic
plagioclase porphyry at the southeastern margin of the deposit, interpreted as a flowdome complex, are weakly to moderately altered, but compositionally and texturally
similar dykes cut the Tres Amigos dome, suggesting that these undated dykes and the
flow-dome complex were emplaced late in the magmatic-hydrothermal evolution of the
deposit.
5.1.2 Hydrothermal alteration
The paragenetic relationships of alteration and ore mineral assemblages are
summarized in Figure 5-6 on the basis of the author’s observations and those of Gaboury
(2002). The alteration facies and their zonation at Lagunas Norte are typical of highsulphidation epithermal systems, although the alteration patterns are strongly influenced
by lithological and structural contrasts between the sedimentary and overlying volcanic
units. Mineralization (Stage IV) coincides with a central silicic alteration zone (Stages IIII), represented in the volcanic rocks by pervasive vughy, residual quartz with minor
rutile and diaspore (Fig. 5-7A) and, where unoxidized, abundant pyrite and minor
enargite. Vughs represent leached lithic clasts and plagioclase phenocrysts. Silicic
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Figure 5-6: Paragenetic table, Lagunas Norte deposit. 40Ar/39Ar age data for hypogene alunite are
presented in Chapter 6.
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Figure 5-7: Alteration facies at Lagunas Norte. A. Vughy quartz alteration of tuff (Stage III),
Dafne zone (DDH161- 8.0 – 11.0 m). Irregular and fiamme-shaped vughs represent volcanic
clasts completely leached by acidic fluids associated with advanced-argillic alteration. B.
Silicified and fractured, pyritic (dark patches) Chimú Formation quartz arenite (2.1 g/t Au),
Josefa zone (DDH073-116.0m). Bleached margins along fractures represent late silicification
overprinting earlier fine-grained disseminated pyrite (Stages I-IV). C. Quartz (beige silice parda)
selectively replacing mudstone beds in Chimú Formation quartz arenite sequence, Josepha area
(Stage I). This style of silicification is commonly associated with gold grades exceeding 2-3 g/t
and attaining several tens of g/t. D. Coarse-grained euhedral pink alunite along fracture in
silicified quartz arenite (Stage II), Josefa zone (0.76 g/t Au; DDH079-257.1m). E. Coarse alunite
blades with minor pyrite on drusy quartz-lined fracture in quartz arenite (Stage II), Josefa zone
(DDH644-165.2m). F. Fine-grained alunite (Stage III) replacing wispy clasts in ash, Alexa zone
(DDH216-22.1m). G. Dickite-altered volcanic clasts in Dafne breccia (Stage III), Dafne area. H.
Smectite ± carbonate-altered pumice tuff, east of Lagunas Norte (Stages II-III); note accretionary
lapilli in centre (DDH060-2.5m).
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alteration is also widespread in the quartz arenites and mudstones of the Chimú
Formation, where it occurs mainly as drusy quartz fracture-coatings and breccia cements
(Fig. 5-5H) and as fine-grained replacement zones which host disseminated pyrite and
minor rutile and diaspore (Fig. 5-7B). Such alteration is irregularly distributed in the
sedimentary strata, reflecting both stratigraphic and structural controls. Silicified
mudstone horizons (Stage I) with a characteristic beige colour, referred to as silice parda
by mine personnel (Fig. 5-7C), occur within the sedimentary strata and as clasts in the
Dafne breccia and tuffaceous units in the deposit area. The central siliceous zone at
Lagunas Norte grades outwards into a zone of advanced-argillic alteration (Stages II and
III), where fracture-controlled and disseminated alunite, dickite/kaolinite, pyrophyllite
and minor rutile occur in quartz arenite (Fig. 5-7D-E). The alunite is locally intergrown
with pyrite, enargite and later-crystallized native sulphur along fractures lined by drusy
quartz. It is in general more abundant in the volcanic rocks, forming fine-grained
disseminations and, commonly, massive, fine-grained, pink aggregates selectively
replacing lithic clasts (Figs. 5-3H and 5-7F). It also occurs in association with pyrite in
the Dafne breccia. The alunite contains up to 13 mole percent natroalunite and micronscale woodhouseite cores occur in alunite crystals in the Josefa and Dafne zones. Sulphur
isotope partitioning between alunite and pyrite (n=5) shows that advanced-argillic
alteration occurred between ~ 140°C and 230°C (Fig. 5-2C). Higher temperatures of
198°C to 230°C are recorded adjacent to the Dafne diatreme breccia and extending ~
horizontally eastward to the Josefa area, with cooler temperatures deeper in the system
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below Josefa and at higher elevations in the Alexa and Dafne areas, implying that fluid
flow before the emplacement of the diatreme was focused in the Dafne area.
Temperatures recorded within the Dafne diatreme range between ~ 170°C and 190°C
(n=3).
Dickite is locally abundant in both quartz arenite and volcanic units (e.g., Fig. 57G), whereas pyrophyllite is the common advanced-argillic alteration mineral in Chimú
Formation mudstones. Narrow zones of advanced-argillic alteration and vughy quartz
extend east of the deposit along the unconformity at the base of the volcanic sequence,
locally associated with anomalous Zn, Sb and Pb and erratic Au, Hg, As, Ag, Mo and Cu
values in the overlying volcanic units. A metre-thick horizon of friable quartz and alunite,
possibly of steam-heated origin, occurs in the uppermost preserved volcanic sequence at
the northern extremity of the deposit (Fig. 5-2A). Minor late-stage barite and native
sulphur (Stage V) fill vughs in the volcanic sequence. A δ34S value of 25.6‰ (this study)
for coarse euhedral barite encrusting vughs in hydrothermal breccia at the Alexa zone is
consistent with a hypogene origin.
Intermediate-argillic and propylitic alteration zones are well developed around
many volcanic-hosted high-sulphidation epithermal systems (e.g., Rodalquilar: Arribas et
al., 1995; Pierina: Rainbow et al., 2005), but are not extensive at Lagunas Norte, and
sedimentary lithologies generally appear macroscopically unaltered only a few metres
from the deposit. Argillic and propylitic facies (Stages II and III) are best developed in
andesitic and dacitic volcaniclastic strata immediately east of the deposit, which are
91

weakly to moderately altered to montmorillonite ± carbonate ± chlorite ± illite ± epidote
± pyrite ± laumontite (Fig. 5-7H).
5.1.3 Au-Ag-sulphide mineralization
At surface, the Au-Ag mineralization at Lagunas Norte occupies a ~ 2 km by up
to 1 km wide, NNW-elongated area in the sedimentary units (Fig. 5-1), the long axis
paralleling the overall trend of the host Mesozoic sedimentary strata. However,
grade/thickness contours show higher gold concentrations east of the Dafne diatreme
breccia and outline both ENE- and NNW-trending zones enriched in Au (Fig. 3-9B),
implying strong structural controls. Sulphide mineralization locally extends to depths
exceeding 600 m (Fig. 5-2B), forming lenses parallel to steeply-dipping sedimentary
stratigraphy separated by lower-grade or unmineralized intervals in the sedimentary
sequence. The earliest mineralizing event recognized at the deposit (Stage I) is
represented by grades locally exceeding ~ 100 g/t Au within mudstone altered to silice
parda (Fig. 5-6). The widespread occurrence of fragments of silice parda in the mine
volcaniclastic sequence attests to the early development of this alteration/mineralization,
predating, at least in part, eruption of the Lagunas Norte Formation strata. Silice parda
alteration may be similar to a cream-coloured porcellaneous chalcedony with rutile
reported at Yanacocha (Longo et al., 2010), where it is also associated with high gold
values. Further gold (Stage IV), entirely submicroscopic, was introduced in association
with massive, fine-grained pyrite and subordinate, coarse-grained enargite (Figs. 5-8AD), occurring within drusy quartz-lined vughs and fractures, as the matrix to quartz
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Figure 5-8: Sulphide and oxide mineralization, Lagunas Norte deposit. A. Sulphide
(en-enargite; py-pyrite: Stage IV)-matrix Chimú Formation quartz arenite breccia,
Josefa area (DDH056-60.9m). B. Massive enargite (Stage IV) matrix Chimú breccia,
south-Lagunas Norte area (0.5 g/t Au, 25 g/t Ag; DDH570-32.1m). C. Coarse-grained
euhedral enargite and pyrite overgrowing drusy quartz in vugh in fractured and
strongly silicified quartz arenite (Stage II), Josefa area (DDH073-140.3m). D.
Strongly silicified and brecciated quartz arenite with pyrite fracture fillings (Stage
IV?), east Dafne area (0.79 g/t Au; DDH046-250.8m). E. Partially oxidized “vughy”
tuff, with 1-2% fine-grained disseminated pyrite (Stage IV) where unoxidized, Alexa
area. F. Pyrite replacing fiamme-shaped clasts in polymictic breccia, north Josefa area
(Stage III; < 5 ppb Au; DDH159-133.2m). G. Oxidized (Stage VI), weakly-fractured
quartz arenite with fine-grained drusy quartz lining fractures, Josefa area (3.9 g/t Au;
DDH073-76.4m). H. Goethite (goe) (Stage VI) matrix Chimú Formation quartz
arenite breccia, northeast Dafne area (5.4 g/t Au; DDH044-75.0m). Matrix of this
breccia may have originally been pyrite – enargite (Stage IV).
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arenite-clast breccias and, less commonly, as cm-wide massive veinlets. Brecciation of
the quartz arenite was due in part to strong leaching along fractures, developing local
dissolution cavities and collapse breccias (Fig. 5-5H) which predated sulphide deposition.
In volcanic rocks, the sulphide stage is represented by fine- to medium-grained pyrite and
minor enargite disseminations and patches lining vughs and fractures (Fig. 5-8E). This
stage of mineralization mainly postdated deposition of the dacitic units of the Lagunas
Norte Formation (Gaboury, 2002). Pyrite unassociated with gold mineralization (Stage
III?) also occurs as massive, fine-grained aggregates replacing mudstone clasts and
pumice-shaped fragments in breccias and as fine- to coarse-grained disseminations and
veinlets in the Dafne breccia (Fig. 5-8F).
The high gold grades, locally exceeding 100 g/t, associated with the highsulphidation pyrite-enargite assemblage (Stage IV) imply that this was the major episode
of gold deposition, but samples of massive enargite containing background Au contents
are in agreement with metallurgical data (Zhou, 2002) indicating that pyrite is the main
Au host, whereas enargite contains an average of 0.41 wt. percent Ag (Zhou, 2002).
Intergrowths of minor pyrite and enargite with alunite occurring along drusy fractures
cutting quartz arenite (Stage II) confirm that advanced-argillic alteration overlapped with
the introduction of gold, but gold deposition largely postdated the main alteration event
(Gaboury, 2002).
On the basis of the occurrence of zones of residual sulphide within oxide zones,
analogous to the relict sulphide/native sulphur “kernels” at Pierina attributed to hypogene
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processes by Noble et al. (1997), a hypogene oxidation event was inferred by Gaboury
(2002) at Lagunas Norte. Rainbow et al. (2006) and Rainbow (2009) have, however,
shown that oxidation at Pierina was strictly a supergene process, and a similar origin is
herein favoured for the oxide assemblage at Lagunas Norte. Approximately 85 percent of
the Lagunas Norte deposit has been intensely oxidized (Stage VI; Figs. 5-2B and 5-8G H), and the gold is now mainly hosted by goethite and, to a lesser extent, hematite and
jarosite, making it amenable to recovery by cyanide leaching. Goethite δ18O and δD
values (this study) fall within the supergene field of Yapp (1987).
The paragenetic sequence at Lagunas Norte may therefore be summarized as:
Stage I – quartzose replacement of sedimentary units, including development of silice
parda, associated with some gold mineralization; Stage II –brecciation, leaching and
deposition of drusy quartz in quartz arenite units, associated with minor pyrite and
enargite and possibly with minor gold; Stage III - leaching and vughy quartz
development in volcanic rocks; Stage IV - the main mineralizing event involving
deposition of coarse auriferous pyrite and argentian enargite in drusy quartz-lined cavities
and along fractures in the quartz arenite and as fine-grained disseminations in the
volcanic sequence; Stage V - late native sulphur and barite filling vughs; and Stage VI –
supergene oxidation and the liberation of Au from pyrite into goethite (Fig. 5-6).
Eruption of the largely dacitic members of the Lagunas Norte Formation occurred during
and/or preceding Stage III (Fig. 5-6).
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5.2 The Lagunas Sur – Milagros – Alto la Bandera sub-district
The Lagunas Sur prospect is centred 3 km SSW of Lagunas Norte along the
overturned western limb of the anticline which hosts the latter along its eastern limb (Fig.
5-1). As at Lagunas Norte, gold mineralization occurs at the sedimentary – volcanic
unconformity, mainly in fractured, brecciated and folded Chimú Formation intercalated
quartz arenite and silicified mudstone (Figs. 5-9A - E), but also in overlying thin
remnants of quartz arenite-clast “paleosurface breccia” (Fig. 5-9F). The breccia is
strongly silicified and hosts minor diaspore. Alteration within the quartz arenite is
dominated by silicification, mainly as pervasive and fracture-controlled zones commonly
hosting drusy quartz± pyrite- or Fe-oxide - lined vughs (Figs. 5-9A and B), and weaklydeveloped, mainly fracture-controlled advanced-argillic alteration comprising alunite,
pyrophyllite, dickite/kaolinite and pyrite (Fig. 5-10). Diaspore is a subordinate
constituent in silicified zones. Minor zunyite occurs at depth (e.g., DDH009-226.9 m) in
association with alunite and pyrite, but is absent in surface samples, consistent with its
high formation temperature (e.g., Reyes, 1990). Within the quartz arenite, numerous
zones of goethite-cemented tectonic breccia possibly record the locations of thrust faults
and fold closures (Lewis, 2003).
Immediately east of Lagunas Sur, advanced-argillic alteration is well-developed
in the volcanic strata which overlie a ~ 40° easterly-dipping, faulted contact with quartz
arenite, marked by silicified quartz arenite-clast breccia analogous to the paleosurface
breccia and containing anomalous Au (e.g., up to 0.2 g/t Au; DDH-009 @ 172 m). As at
Lagunas Norte, this monomictic breccia grades downward into quartz arenite which, east
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Figure 5-9: Alteration and mineralization styles and related textures, Lagunas Sur - Milagros
area. A. Strongly silicified quartz arenite, cut by fractures lined by drusy quartz ± pyrite (≤ 0.1
g/t Au), Lagunas Sur (DDH009-209.8m). B. Strong silicification along fracture, Chimú
Formation quartz arenite, Lagunas Sur. C. Crackle breccia in massive quartz arenite, with silice
parda matrix. This style of brecciation also occurs at the contact between “paleosurface breccia”
and massive quartz arenite and is associated with anomalous Au grades. D. Silice parda
replacing mudstone layers in quartz arenite, Lagunas Sur. E. Silice parda after mudstone (13.2
g/t Au), Lagunas Sur (DDH005-10.9m). F. “Paleosurface breccia” with silicified (silice parda)
matrix, Lagunas Sur (0.48 g/t Au; DDH005-1.3m). G. Pyrite-quartz vein cutting fractured and
silicified quartz arenite, eastern Lagunas Sur (0.5 g/t Au, within an 11 m interval of quartz-pyrite
veining with Au grades of 0.5 - 2.9 g/t; DHL006-137.2m). H. Photomicrograph of quartz-sericite
(muscovite)-pyrite alteration in volcanic rocks, central Milagros area (transmitted light, crossed
nicols). I. Vughy silica with disseminated pyrite, Milagros volcanic sequence on the east margin
of the Lagunas Sur alteration zone (0.3 g/t Au; DHL006-79.6m).
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Figure 5-10: A. Interpretative cross-section of the Lagunas Sur- Milagros area. The alteration
patterns, based on petrographic study, Portable Infrared Mineral analyses (PIMA) and X-ray
powder diffraction analysis of surface and drill-core samples suggests a roughly concentric
pattern, with a phyllic - intermediate-argillic zone, flanked and overprinted (see geochronological
data presented herein and in Table 7) by advanced-argillic and intermediate-argillic zones, best
developed at and immediately east of Lagunas Sur. East of the phyllic zone, gusano textures,
comprising quartz-pyrophyllite-diaspore-pyrite, occur at surface. A moderately- to weaklydeveloped propylitic halo extends eastward for several hundred metres from Milagros. Erosional
surfaces (medium dashed lines): PLJ-Pampa la Julia; M-Milagros; see text for discussion. B.
Gusano (wormy) texture, central Milagros area. Grey patches are quartz, and white zones are
intergrowths of quartz, diaspore and pyrite. Rims around pyritic zones are supergene hematitegoethite. Although this sample lacks pyrophyllite, this mineral has been documented in other
areas of wormy textured alteration in the Milagros area (Garcia, 2009).
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of Lagunas Sur, is strongly silicified and fractured, hosting ~ 0.5 to 5% disseminated and
fracture-controlled pyrite associated with anomalous Au values (e.g., Fig. 5-9G).
In the Milagros area, east of Lagunas Sur (Fig. 5-1), drilling has intercepted
uneconomic porphyry Cu-Au-(Mo) mineralization hosted by altered porphyritic dacites
of the Milagros Formation. At surface and at depth in the Milagros area, local, very
weakly developed, planar, granular quartz veinlets host minor sulphides including pyrite
and rare molybdenite as well as copper sulphides (chalcopyrite, covellite, chalcocite,
bornite and enargite; García, 2009). Although overall the sulphide content is generally
much less than 1%, pyrite locally occurs in concentrations of up to several percent as <13 cm wide veinlets and clots possibly representing replaced lithic clasts in volcaniclastic
deposits. Narrow Fe-oxide veinlets, locally abundant, probably represent oxidized pyrite
veinlets. Surface samples from the Milagros area have returned anomalous Au (> 1g/t),
Cu, As, Sb, Mo and Hg concentrations, but limited drilling to date has not intersected
economically-significant mineralization.
Complexly-zoned alteration at Milagros includes an advanced-argillic
assemblage, i.e., quartz-pyrophyllite-diaspore ± alunite ± kaolinite ± dickite, overprinting
(García, 2009; this study) an intermediate-argillic (quartz - illite ± smectite ± kaolinite)
zone (García, 2009). The advanced-argillic zone widely displays a patchy replacement
texture comprising quartz ± pyrophyllite-diaspore-alunite (García, 2009) and similar in
texture to the gusano (wormy) alteration documented at Yanacocha and in the
Tantahuatay district (Pinto, 2002; Gustafson et al., 2004), where it is interpreted to
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indicate proximity to subjacent porphyry Cu-Au mineralization. The Milagros alteration
zone plausibly represents the deeper levels of an epithermal environment (García, 2009).
An ENE-oriented cross-section through the northern sector of the Milagros area
(location shown in Fig. 5-1) reveals zones of pervasive and vein-related phyllic, i.e.,
quartz-sericite (illite ± muscovite)-pyrite (Fig. 5-9G-H), and intermediate- to advancedargillic alteration, as well as an eastern illitic-to-propylitic zone (Fig. 5-10A). Textural
relationships suggest that the phyllic alteration is overprinted by a pervasive quartzpyrophyllite-alunite (-pyrite±diaspore±rutile) advanced-argillic assemblage with local,
narrow, structurally-controlled zones of vughy silica (Fig. 5-9I), and/or quartzkaolinite/dickite (-pyrite±alunite±pyrophyllite) intermediate-argillic assemblages.
A 500 – 1000 m-wide halo of weak-to-moderate quartz-illite ± smectite, grading
into chlorite - carbonate ± epidote ± albite ± zeolite alteration, defines an outer propylitic
zone along the eastern margin of the Milagros prospect. This extends northward for ~ 3
km in volcanic strata around the eastern margin of the Lagunas Norte deposit. Spectral
(PIMA) analyses show that this propylitic halo also extends southward, defining an
eastern and western outer margin to the Alto la Bandera prospect. The latter sub-centre
comprises a zone of intermediate to advanced-argillic quartz - pyrite - kaolinite/dickite ±
pyrophyllite ± alunite ± rutile alteration within volcanic units assigned to the Milagros
Volcanic Sequence. Scattered gold values of up to ~ 1 g/t, but no significant drill
intersections, have been returned from this area.
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5.3 Other hydrothermal centres in the Alto Chicama district
5.3.1 La Arena
The La Arena mine, 13 km ENE of Lagunas Norte (Fig. 3-1), was reopened as an
open pit operation in May, 2011, with an indicated and inferred resource of 4.0 M oz Au
and 2.9 G lb Cu contained within 450 Mt (Rioaltomining.com). This comprises a 60 Mt
@ 0.48 g/t Au high-sulphidation oxide resource hosted by the Calaorco and Ethel
breccias, comprising brecciated Chimú Formation quartz arenite and polymictic
hydrothermal breccia columns at the margins of an altered and mineralized central
dacite/diorite intrusion (Figs. 5-11A and B), and a intrusion-hosted Cu-Au-(Mo)
porphyry-type resource of 390 Mt @ 0.34 % Cu and 0.28 g/t Au (North and South
Porphyry and Dacite Breccia zones; Kirk et al., 2008; Fig. 5-11A). Although not included
in the resource, the deposit has an average molybdenum grade of ~ 40 ppm. Porphyrystyle mineralization occurs as a stockwork of granular quartz-chalcopyrite-pyrite (±
molybdenite) veinlets in quartz-illite altered dacite and diorite porphyry (Gauthier et al.,
1999; Kirk et al., 2008; Fig. 5-11C), surrounded by a propylitic chlorite-epidote-smectite
halo. Potassic alteration is recorded at depth by hydrothermal biotite (DHLA18-250m). A
~ 5 to 20 m thick secondary enrichment blanket containing chalcocite occurs in the North
and South Porphyry zones. The epithermal zone is characterized by fine- to coarsegrained pink alunite which fills vughs, cements breccias, forms narrow veinlets and
replaces dacitic breccia clasts (Fig. 5-11D). Vughy silica textures are developed in dacitic
clasts and along late structures which cut the stock (Noel Díaz, pers. comm., 2004).
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Figure 5-11: La Arena deposit. A. Geology and geochronology (modified from Gauthier et al.,
1999). 40Ar/39Ar data from this study (Tables 3-1 and 6-1) and K-Ar dates from Gauthier et al.
(1999). B. Polymictic breccia at quartz arenite - dacite porphyry contact. Pale dacitic clasts are
altered to alunite. The irregular shape of some dacitic clasts suggest that they were partially
molten when incorporated into the breccia. Grey clasts are quartz arenite. The matrix is
comprised of quartz, alunite, minor rutile, Fe-oxides and fine lithic fragments. C. Oxidized
stockwork veining in intensely quartz-illite altered dacitic stock, porphyry Cu zone. D. Coarsegrained alunite filling vugh in quartz-alunite - altered dacite clast from the gold zone
(transmitted light, crossed nicols).
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The overprinting of epithermal on porphyry mineralization strongly suggests that uplift
and erosion accompanied hydrothermal activity (cf. Masterman et al., 2005). Structural
controls proposed at La Arena include a NE-trending breccia and fracture system
(Corbett, 2004) and NW- and N-trending faults. The porphyry intrudes the core of a NWtrending anticline of Chimú Formation quartz arenite (Kirk et al., 2008; Fig. 5-11A).
5.3.2 Los Goitos
The Los Goitos high-sulphidation epithermal prospect, 13 km N of Lagunas Norte
(Fig. 2-1), is the site of minor, structurally and stratigraphically controlled, oxidized gold
mineralization in brecciated, folded and faulted quartz arenites (Figs. 5-12A – C),
siltstones and mudstones of the Santa-Carhuaz and Farrat Formations, overlain by
weakly-mineralized, monomictic and heterolithic, sedimentary- and volcanic-clast
breccias (Figs. 5-12D and E), thin volcaniclastic deposits, and post-mineral andesitic
lavas. Mineralization is closely associated with silicified, pyrite-rich structurally- and
lithologically-controlled zones (Fig. 5-12F), which grade outward into weakly
mineralized and barren argillic- to advanced-argillic facies, i.e., dickite-kaolinite-quartz ±
alunite and/or alunite - pyrophyllite-kaolinite ± quartz assemblages. Poorly-developed
distal argillic alteration represented by quartz, illite, kaolinite, pyrite ± chlorite
assemblages is unmineralized.
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Figure 5-12: Los Goitos Prospect, host-rocks and mineralization. A. Geothite±(hematite)cemented quartz arenite-clast breccia (photo P. Lewis). B. Fe oxide-cemented quartz arenite
breccia (DLG011-115m; 6.1g/t Au). C. Brecciated, silicified quartz arenite with quartz + pyrite
cement (DLG009-77.7m; 6.9 g/t Au). D. “Paleosurface” pebble breccia with rounded quartz
arenite clasts in silicified groundmass (DLG022-8.9m; 0.1g/t Au). E. Heterolithic breccia with
irregularly-shaped juvenile and rounded quartz arenite clasts (DLG005-23.6m; 0.2 g/t Au). F.
Crackle-brecciated, weakly to moderately silicified mudstone with pyrite infilling fractures
(DLG009-235.5m; 3.5 g/t Au, 0.3% Cu, 8000 ppb Hg).
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5.3.3 Tres Cruces
The Tres Cruces prospect, 8 km SSW of Lagunas Norte (Fig. 3-1), hosts a
sulphide mineral resource of 1.7 M oz Au @ 1.59 g/t (www.Oroperu.com). The
assemblage of pyrite with lesser marcasite and arsenopyrite and minor pyrrhotite as rims
on, and inclusions in, pyrite grains, together with the associated intermediate-argillic
alteration, including illite, NH4-bearing illite and buddingtonite, as well as the abundant
quartz-carbonate veining, supports a low-sulphidation epithermal classification.
Hydrothermal temperatures of ~ 200 - 250°C are suggested by the occurrence of
ammonium silicates (Yang et al., 2001). The geological and mineralogical relationships
of this centre are similar to those documented elsewhere in hot-spring and related nearsurface low-sulphidation epithermal systems (e.g., John et al., 2003; Wallace, 2003;
Vikre, 2007).
Although modest in comparison with Lagunas Norte, Tres Cruces represents one
of the most important documented low-sulphidation epithermal centres in Perú in terms
of Au endowment, cf. the San Luís prospect in Huaraz Department and the Orcopampa
deposit in Arequipa Department, which have, respectively, reserves/resources of
approximately 348,000 oz Au (Lechner and Earnest, 2009) and 1.2 M oz Au
(www.buenaventura.com). Most low-sulphidation vein systems in Perú are Agdominated.
Gold mineralization at Tres Cruces is hosted by altered andesitic volcaniclastic
breccias and tuffaceous deposits, intruded by a weakly-mineralized, central subvolcanic
andesitic porphyry stock and overlain by similarly weakly-mineralized, shallowly108

dipping to flat-lying, silicified (chalcedonic and opaline) tuff horizons and finelylaminated silica horizons (Figs. 5-13, 5-14A and B), the latter possibly representing sinter
deposits, cut by narrow hydrothermal breccias (Fig. 5-14C). The siliceous deposits grade
into, and are intercalated with, calcareous lacustrine sediments and ash deposits (Fig. 514D) inferred to represent the surface at the time of mineralization (Fig. 5-13).
Mineralization, associated with highly anomalous Hg, Sb, As and Ag, occurs in four
zones, viz., Zona Norte, Extensión Sur, Zona Sur and Zona Sur-Oeste, located within a
1.0 x 1.5 km, structurally and stratigraphically controlled alteration zone roughly
concentric to the central stock (Fig. 5-13). Higher-grade mineralization at the porphyry
contact exceeds 1g/t over drill-core intervals typically exceeding 100 m (Fig. 5-13), and
is cospatial with weak silicification and illite/sericite-pyrite – dominant alteration. Grades
locally exceeding 100 g/t Au are associated with dark-grey arsenian pyrite (Fig. 5-14E).
Lower-grade (< 0.5 g/t Au) mineralization surrounds the central high-grade zone, and is
associated with illite-smectite-pyrite alteration, lacking silicification. Smectite ± chlorite
alteration is weakly developed both peripheral to and below the central alteration zone.
Carbonate occurs as ubiquitous mm- to cm-wide, banded, calcite ± quartz extensional
veinlets containing minor pyrite, stibnite and arsenopyrite (Fig. 5-14F) and as pervasive
calcite alteration of host volcanic rocks (Fig. 5-14G). Minor structurally- or
lithologically-controlled vughy silica (Fig. 5-14H) and fine-grained (~10-20 μm) steamheated alunite developed locally at Tres Cruces.
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Figure 5-13: Tres Cruces Au prospect, interpretative cross-section. Geological relationships are based on data from the author’s relogging of
the drill-holes shown and from surface mapping. Gold and mercury geochemical data summarized on drill-holes are from unpublished
Barrick reports. 40Ar/39Ar data are reported in Tables 3-1 and 6-1.
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Figure 5-14: Tres Cruces prospect, rock-types, alteration and mineralization facies. A. Finelylaminated massive chalcedony between chalcedonic tuffaceous horizons (UTM
800300E/9111700N). B. Angular breccia, location as A. Chalcedony alters clasts and dominates
the breccia matrix. C. Polymictic hydrothermal breccia, ~ 100 m northeast of DTC-056, Figure
5-13. Breccia body is ~ 5 m wide and cuts massive silica horizon and underlying volcanic rocks.
White clasts are variably altered to clay (montmorillonite ± illite), silica (opal, chalcedony),
buddingtonite and pyrite. D. Finely-bedded lacustrine sediments, ~500 m west of section at
DTC-200, Figure 5-13. E. Dark-grey arsenian pyrite veinlets cutting quartz-illite altered andesite
tuff (2.28 g/t Au), Extensión Sur zone (Fig. 5-13). F. Banded carbonate veins in carbonatealtered andesitic porphyry, carbonate halo, Zona Sur (Fig. 5-13). Stibnite occurs along centre of
largest vein (0.93 g/t Au). G. Pervasive carbonate-illite altered brecciated andesite (0.007 g/t
Au), DTC-201 (Fig. 5-13). H. Vughy silica (1.38 g/t Au), Zona Sur.
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5.3.4 La Capilla
The La Capilla prospect, 8 km SE of Lagunas Norte (Fig. 3-1), is entirely
volcanic-hosted, comprising strongly-oxidized high-sulphidation Au mineralization with
elevated Hg, As and Sb, but with average Ag contents of less than 0.2 g/t. Gold is largely
restricted to sub-horizontal vughy silica horizons at the contacts between gently-dipping,
massive andesitic-to-dacitic flows and overlying volcaniclastic deposits. The flows and
overlying volcaniclastic deposits are interpreted herein as products of the Sauco Volcanic
Complex, centred ~ 5 km to the north (Fig. 3-1). Gold mineralization occurs in vughy
silica zones (Figs. 5-15A and B). The silicic leached zones are surrounded successively
by advanced-argillic (quartz-alunite - pyrophyllite) and intermediate-argillic (dickite)
domains, which together define an irregularly-shaped, ~ 3 x 5 km alteration zone (Fig. 515A). Light stable-isotope data for coarsely-crystalline pink alunite forming veins and
cementing hydrothermal breccias in the advanced-argillic zone (Fig. 5-15C) are
consistent with a magmatic-hydrothermal origin. Anomalous Mo soil geochemistry
associated with narrow, radiating, vughy silica structures (Las Lagunas 19 zone, Fig. 515A) has been interpreted as evidence for a buried porphyry centre north of La Capilla.
5.3.5 Quiruvilca
The Quiruvilca Ag-base metal underground mine, 9 km SW of Lagunas Norte
(Fig. 3-1), exploits a swarm of < 0.3 to 2.5 m-wide carbonate-quartz-sulphide veins
extending over several km2 (Fig. 5-16; Lewis, 1956; Bartos, 1987). The deposit has been
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Figure 5-15: La Capilla high-sulphidation epithermal prospect: A. Simplified alteration map
(modified after Teasdale, 2002). Dominique Zone drill intersection is from reverse circulation
hole QRC-10. Alunite date for coarse alunite is listed in Table 6-1 (below). B. Vughy silica,
Dominique Zone. C. Coarse-grained magmatic-hydrothermal alunite cementing hydrothermal
breccia, Dominique Zone (UTM 811875E/ 9117281N).
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Figure 5-16: Quiruvilca mining district vein distribution, metal zonation (modified from Lewis,
1956), faults, geology, structural interpretations and 40Ar/39Ar geochronology (this study). As-Sb
zone (not shown) is outside of the Pb-Zn zone. Inset: Inferred regional strain ellipse (diagram
from McClay, 1987, Figure 6.16a). Locations of veins and metal zonation east of transition zone,
and gold zone, taken from Pan American Silver S.A.C. map Plano Geológico Distrito Minero de
Quiruvilca, Agosto 2002.
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classified as a “zoned Cu-Zn-Pb-Ag-” or “cordilleran-type” lode deposit (Bartos, 1989;
see also Sawkins, 1972; Bendezú et al., 2008) on the basis of its polymetallic chemistry
(Cu-Zn-Pb-Ag-Au), zonation from a high-sulphidation core to intermediate-sulphidation
margins, and its sulphide-rich and vein-dominated character. Depositional temperatures
of 300°C - 350°C (Bartos, 1987), exceeding the upper limit of the epithermal
environment (Einaudi et al., 2003), are in the higher range of those associated with most
cordilleran-type deposits in Perú (Bendezú and Fontboté, 2009, and references therein).
The veins are hosted mainly by argillically- to propylitically-altered andesitic
volcaniclastic rocks and subjacent massive andesite porphyry (Fig. 5-16). Minor quartzphyric dacite bodies in the mine area have been interpreted as coeval with, and possibly
genetically related to, mineralization (Lewis, 1956). The vein system comprises a central
enargite-pyrite (Cu) zone, surrounded successively by: a sphalerite - pyrite ± fahlerz zone
(Transition Zone, Fig. 5-16), which includes a sub-zone of anomalous gold
concentrations attaining 4 g/t (Roberto Castro, Pan American Silver Corp., pers. comm.,
2004); a Pb-Zn zone (Fe-moderate sphalerite-galena-pyrite±fahlerz-arsenopyrite); and an
outer As-Sb (stibnite-arsenopyrite) zone (Fig. 5-16; Lewis, 1956; Bartos, 1987; 1989).
Alteration, increasing in intensity towards individual veins, is zoned from proximal
kaolinite-quartz (enargite zone) and phyllic (transition, Pb-Zn and stibnite zones),
through intermediate-argillic to distal propylitic (Lewis, 1956; Bartos, 1987).
Mineralization and alteration zonation at Quiruvilca is consistent with outwardly
decreasing fluid temperatures and increasing fluid pH.
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5.3.6 Las Princesas
The Las Princesas Au prospect, 5 km WSW of Lagunas Norte (Fig. 3-1),
comprises several small, underground workings and shallow pits, which follow narrow,
< 10 – 20 cm, quartz-sulphide (pyrite ± chalcopyrite ± galena ± sphalerite) veins cutting
massive dacite and dacitic breccias. Host rocks are altered to phyllic, i.e., quartz – illite –
pyrite assemblages.
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Chapter 6
40

AR/39AR GEOCHRONOLOGY OF HYDROTHERMAL ACTIVITY
40

Ar/39Ar incremental-heating ages were determined for 25 hydrothermal mineral

separates from the Alto Chicama district. Most are plateau ages with concordant (± 2σ)
inverse-isochron and total-gas ages (Table 6-1). Age spectra and inverse-isochron plots
for alunites from the Lagunas Norte deposit are presented below; all other data are
documented in Appendix A. Dated alunites have been characterized by stable-isotope
analysis. These data augment the K-Ar and 40Ar/39Ar studies of Gauthier et al. (1999),
Noble and McKee (1999) and Noble et al. (2004), and delimit three main episodes of
hydrothermal activity, viz., late Oligocene (25.3 - 26.1 Ma), late-Early to earliest-Middle
Miocene (16.3 - 17.7 Ma) and early-Middle Miocene (15.2 – 15.7 Ma), as well as minor
events in the early Oligocene and mid-Early Miocene (Fig. 6-1).

6.1 Early Oligocene hydrothermal activity
The earliest hydrothermal activity documented in the region is recorded at a
vertical depth of 250 m (DDH012, 342.0 m) in the central area of the Milagros Cu-AuMo porphyry prospect (Fig. 6-1; Table 5-1). Hydrothermal illite associated with quartz,
chlorite and pyrite in a dacitic porphyry body gave an early Oligocene plateau age of
29.54 ± 0.84 Ma (Fig. 5-10; Appendix A). This intermediate-argillic alteration, and thus
the host dacite, significantly predated all other magmatic and hydrothermal events
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Table 6-1: 40Ar/39Ar geochronological data for hydrothermal minerals, Alto Chicama district.
Sample Number

Lithology

Mineral

UT M
(Easting)

Milagros

DDH012 (342.0m)

Dacite porphyry

Illite/chlorite

804225

9117933

29.54

0.84

57.8

25.62

25.15

57.8

33.69

0.67

2.34

La Arena

DHLA18 (250m)

Dacite porphyry

Biotite

816580

9127216

26.08

0.13

91.9

26.09

0.17

46.2

25.79

0.14

0.89

La Arena

MON455

Hetrolithic breccia

Alunite

815992

9127643

25.81

0.16

56.2

25.88

0.47

34.8

25.26

0.16

0.62

Los Goitos

DLG008 (111.1m)

Quartz arenite

Alunite

800922

9135098

24.82

0.52

44.3

25.58

2.40

69.7

25.62

0.84

0.24

T res Cruces

DT C069 (258.5m)

Andesite porphyry

Muscovite

800203

9111982

25.25

0.25

83.1

25.03

0.60

83.9

24.81

0.27

0.37

T res Cruces

MONT 191 (DT C056 - 125.5m) a

Andesite tuff

Alunite

800580

9112093

22.22

0.16

67.5

21.17

0.97

67.5

22.26

0.33

1.10

El T oro

MON454

Dacite porphyry

Muscovite

830087

9134431

18.91

0.74

45.9

19.60

1.01

96.6

19.34

0.40

-

Milagros

LS1014

Dacitic lapilli tuff

Muscovite

804757

9117975

17.72

0.41

72.6

17.99

1.09

100.0

17.41

0.42

0.75

DDH046 (213.3m)

Quartz arenite

Alunite

803526

9121328

17.36

0.14

74.0

17.38

0.40

74.0

17.35

0.14

0.30

HUA-2

Quartz arenite

Alunite

803762

9121701

17.23

0.10

46.6

17.25

0.21

49.8

17.31

0.10

0.96

DDH644 (165.2m)

Quartz arenite

Alunite

803940

9120850

17.28

0.20

96.6

17.31

0.34

100.0

17.25

0.23

0.12

DDH079 (257.1m)

Quartz arenite

Alunite

803790

9121475

17.21

0.11

84.4

17.04

0.79

84.4

17.26

0.12

0.48

Lagunas Norte Dafne
Lagunas Norte – N.
Josefa
Lagunas Norte S.Josefa
Lagunas Norte Josefa
La Capilla

UT M
Plateau
(Northing) Age (Ma)

Inverse% 39 Ar isochron
% 39 Ar T otal-gas
P.A. Age (Ma) (±2σ)
I.A Age (Ma) (±2σ)

Hydrothermal
Center

(±2σ)

MSWD

MONT 180

Brecciated dacitic flow

Alunite

811875

9117281

17.09

0.18

75.3

17.16

1.12

55.9

16.72

0.22

1.13

Milagros

DDH009 (45.3m) a

Dacite porphyry

Muscovite

803909

9118145

17.08

0.30

60.9

17.29

1.01

68.8

16.48

0.31

0.20

Lagunas Norte Alexa
La Capilla

MONT 203 (DDH216-22.1m)

Dacitic pumice tuff

Alunite

803167

9121966

17.05

0.12

77.4

17.01

0.23

100.0

17.12

0.12

0.65

HUA-1

n/a

n/a

n/a

17.04

0.21

93.9

16.23

2.59

97.4

17.06

0.26

1.31

Milagros

LS1012

Dacite porphyry

Sericite/alunite
whole-rock
Alunite

804206

9117988

16.92

0.23

75.1

17.35

1.52

46.8

16.82

0.22

0.76

Lagunas Norte Dafne
Lagunas Norte Dafne
La Capilla

MONT 206 (DDH390-96.3m)

Dafne diatreme breccia

Alunite

803414

9120988

16.89

0.14

98.8

17.04

0.69

29.2

16.94

0.15

1.00

DDH592 (8.9m)

Polylithic breccia

Alunite

803265

9121169

16.87

0.15

99.9

16.98

0.92

69.8

16.86

0.15

0.92

HUA-1

n/a

Alunite

n/a

n/a

16.67

0.13

41.9

16.38

0.68

41.9

16.85

0.11

1.15

Lagunas Norte Dafne
Lagunas Norte Josefa
Lagunas Sur

DDH137 (6.4m)

Dacite tuff

Alunite

803577

9121363

16.74

0.19

70.2

16.78

2.89

70.2

16.71

0.20

0.20

DDH073 (3.6m)

Dacite tuff

Alunite

804056

9121392

16.54

0.14

99.6

16.45

0.28

99.6

16.53

0.15

0.75

MONT 42

Andesitic lapilli tuff

Alunite

803880

9116944

16.46

0.14

97.3

16.73

0.25

79.2

16.33

0.16

3.18

Alto La Bandera

MONT 31

Andesite tuff

Alunite

805540

9116468

16.38

0.24

85.5

16.51

0.66

100.0

16.07

0.52

0.45

Alto La Bandera

MONT 88

Andesite tuff

Alunite

805568

9116766

16.30

0.22

88.6

17.10

4.24

80.5

16.23

0.22

0.30

Las Princesas

MON328

Dacite porphyry

Illite

797906

9118917

15.69

0.07

95.1

15.70

0.06

95.1

15.69

0.08

0.75

Quiruvilca

MON354

797384

9114414

15.41

0.13

59.7

15.43

0.20

43.5

15.43

0.13

1.84

Quiruvilca

MON355

797452

9114471

15.18

0.08

77.4

15.11

0.42

77.4

15.07

0.09

sphalerite vein selvage Muscovite/illite
py-tet vein selvage

Illite/muscovite

Notes: Preferred dates emboldened; italicized “ plateau ages” are those with 2 or fewer steps and/or <50% 39 Ar released.. “ a” – result represents two combined analyses. HUA series samples: T .D. Ullrich,
Geochronology – HUA Suite, Confidential Report to Barrick Gold Corporation (Minera ABX Exploraciones, S.A., Lima, Peru, August 21, 2002); n/a - not available.
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Figure 6-1: 40Ar/39Ar geochronological data for hydrothermal events in the Alto Chicama
district and surrounding area. See text for discussion.
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documented, including the main near-surface alteration at Milagros. There is no evidence
of inherent Cu or Au mineralization in this centre.

6.2 Late Oligocene epithermal Au±(Ag) and porphyry Cu-Au-(Mo) mineralization
Scattered late Oligocene hydrothermal activity in the district is associated with
porphyry Cu-Au-(Mo) and both high- and low-sulphidation epithermal Au-(Ag)
mineralization (Fig. 6-1; Table 5-1). At the La Arena porphyry Cu-Au-(Mo) centre, the
age of hydrothermal activity is constrained by plateau dates of 25.81 ± 0.16 Ma for
hypogene alunite in quartz-alunite - altered dacitic clasts in polymictic hydrothermal
breccia at the margin of the main mineralized intrusion, and of 26.08 ± 0.13 Ma for
hydrothermal biotite from the dacitic porphyry stock (DHLA18 -250m) underlying the
advanced-argillic zone (Fig. 5-11; Appendix A). More restricted hydrothermal activity of
similar late Oligocene age at the Los Goitos high-sulphidation epithermal prospect is
recorded by a total-gas age of 25.62 ± 0.84 Ma for magmatic-hydrothermal alunite
(DLG008-111.1m; Table 6-1) in brecciated quartz arenite (Appendix A).
The timing of hydrothermal activity at the Tres Cruces low-sulphidation Au
prospect in the Quiruvilca domain is established by a 7-step late Oligocene plateau age of
25.25 ± 0.25 Ma (Table 6-1; Fig. 6-1; Appendix A) for muscovite in weakly mineralized
(0.3 g/t Au) andesitic porphyry at a depth of 240 m (DTC069-258.5m) in the SW Zone (~
500 m southwest of the cross-section shown in Fig. 5-13). Steam-heated alunite from ~
140 m below the inferred paleosurface flanking the central andesite porphyry in the Zona
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Sur (DTC056-125.5m: Figs. 5-13 and 6-1) yielded a significantly younger Early Miocene
plateau age of 22.22 ±0.16 Ma (Appendix A), identical to the 22.2 Ma age (Table 3-1) for
phenocrystic biotite in an eroded, quartz-biotite-feldspar-phyric dacitic porphyry stock, 2
km east of Tres Cruces. These events are considered to have postdated gold deposition at
Tres Cruces, which was associated with the earlier argillic and phyllic alteration.

6.3 Early Miocene high-sulphidation epithermal Au mineralization at the El Toro
prospect
A total-gas age of 19.34 ± 0.40 Ma for sericite (muscovite) from altered dacitic
porphyry at the El Toro high-sulphidation epithermal prospect (Fig. 6-1; Table 6-1;
Appendix A) suggests that, as at Milagros (see below), phyllic/argillic alteration
significantly predated advanced-argillic alteration, the approximate age of which is
recorded by a K-Ar date of 18.1 ± 0.7 Ma (2σ) for inferred hypogene alunite (Noble and
McKee, 1999).

6.4 Late-Early to earliest-Middle Miocene high-sulphidation epithermal Au±(Ag)
and porphyry Cu-Au-(Mo) mineralization
6.4.1 Lagunas Norte
The timing of hydrothermal events at Lagunas Norte is established by eight
plateau ages and one total-gas age for hypogene magmatic-hydrothermal alunite, most
supported by concordant inverse-isochron and total-gas ages (Table 6-1; Figs. 6-1 and 6122

2). These data also help to constrain the ages of altered mine-sequence volcaniclastic
deposits and the time of emplacement of the Dafne diatreme. Love et al. (1998) have
determined an argon retention temperature of 280° ± 20° C for alunite at a cooling rate of
50°C/ m.y. (see also Arribas et al., 2011). The blocking temperature at higher cooling
rates may be higher (Love et al., 1998) and it is therefore unlikely that shortlived
hydrothermal events at ≤ 230° C (Chapter 5) would have reset the ages of earlier-formed
alunite, and no partial outgassing is evident from the age plateaux. The new alunite age
data therefore clarify the chronology of early hydrothermal activity at Lagunas Norte, and
provide minimum constraints on the duration of alteration/mineralization processes (cf.
Rainbow, 2009).
Alunite formation is shown to have occurred over a period of at least 0.9 m.y. in
the late-Early Miocene, extending from 17.36 ± 0.14 Ma to 16.54 ± 0.14 Ma (Fig. 6-3).
Further, a Gaussian probability plot of the age data (Fig. 6-4) defines three alteration
pulses, at 17.2 - 17.5 Ma, 16.7 - 17.1 Ma and 16.5 Ma, probably followed by diminishing
activity to ca. 16 Ma. The earliest alunite, restricted to the Mesozoic sedimentary units
(Figs. 5-2C, 6-2A – D and 6-4), is characterized by fine- to coarse-grained, translucent,
pinkish, euhedral crystals, in part intergrown with pyrite and enargite, coating fractures
lined by drusy quartz in quartz arenite and probably associated with some Au (e.g., Fig.
5-7D). In contrast, alunite which formed after 17.2 Ma (Figs. 5-2A, C, 6-2E – I and 6-4)
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Figure 6-2: 40Ar/39Ar geochronological data and stable-isotope data for hydrothermal alunite
from the Lagunas Norte deposit. See text for discussion and Figure 6-1 for chronological
relationships. Shaded steps used to calculate plateau ages.
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Figure 6-3: Summary of 40Ar/39Ar geochronology for high-sulphidation epithermal Au±(Ag) and
porphyry Cu-Au-(Mo) mineralization and associated host rocks in the Lagunas Norte domain,
including the Lagunas Norte deposit and Lagunas Sur, Milagros, Alto la Bandera and La Capilla
prospects. Horizontal bars associated with ages represent 2σ errors. The timing of emplacement
of the Shulcahuanga dome, the Dafne breccia and the mine volcanic sequence is discussed in the
text.
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Figure 6-4: Gaussian probability plot of alunite 40Ar/39Ar plateau ages, Lagunas Norte deposit.
The data imply that alunite formed during early, ca. 17.5-17.2 Ma intermediate, ca. 17.1 – 16.7
Ma, and late, <16.7 Ma, pulses, the latter possibly extending to ca. 16 Ma. Open circles represent
alunite samples from the Mesozoic sequence; filled circles represent alunite from volcanic strata
and the Dafne breccia. Bars represent 2σ errors for plateau ages.
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was restricted to the Dafne breccia and contemporaneous volcanic sequence, and
typically occurs as fine-grained pink aggregates replacing lithic clasts, vugh-linings or
disseminations (e.g., Fig. 5-3H). In the Dafne breccia, alunite is associated with barren
disseminated pyrite, and the lack of sulphides associated with the alunite in the volcanic
sequence may reflect oxidation. The apparent absence of the oldest alunite population in
the volcanic cover and Dafne breccia implies that these units were emplaced after ca.
17.2 Ma. Conversely, ages of 17.05 ± 0.12 Ma (Fig. 6-2E), 16.74 ± 0.19 Ma (Fig. 6-2H)
and 16.54 ± 0.14 Ma (Fig. 6-2I) for alunite in the tuffaceous sequences at, respectively,
Alexa, Dafne and Josefa provide minimum ages for the volcanic successions at these
locations (Fig. 6-4). These data further suggest that, whereas the dacitic strata in the
Dafne and Josefa areas may be coeval, the finely-laminated pyroclastic and epiclastic
deposits at Alexa in part represent a significantly older sequence which may have been
eroded in the other areas. Ages of 16.89 ± 0.14 Ma (Fig. 6-2F) and 16.87 ± 0.15 Ma (Fig.
6-2G) for, respectively, fine-to-coarse - grained, clear, euhedral alunite lining cavities in
the Dafne breccia (DDH390-96.3m), and fine-grained, pink alunite which replaced
pumice clasts higher in the diatreme (DDH592-8.9m; Fig. 5-3H), define a minimum age
of ca. 16.9 Ma for emplacement of the Dafne pipe (Figs. 6-3 and 6-4). Hence, both the
eruption of the volcaniclastic strata at Lagunas Norte and the emplacement of the Dafne
breccia are shown to have overlapped with advanced-argillic alteration.
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6.4.2 Lagunas Sur and Alto la Bandera high-sulphidation Au prospects
The timing of advanced-argillic alteration at Lagunas Sur is defined by a latestEarly Miocene plateau age of 16.46 ± 0.14 Ma (Table 6-1; Figs. 6-1 and 6-3; Appendix
A) for APS-cored alunite from quartz-alunite-pyrophyllite altered andesitic tuff at the
quartz arenite-volcanic contact near the southern margin of this centre (Fig. 5-10A).
Advanced-argillic alteration at Lagunas Sur therefore postdated alunite formation at
Lagunas Norte. At Alto la Bandera (Fig. 5-1), plateau ages of 16.38 ± 0.24 Ma and 16.30
± 0.22 Ma (Table 6-1; Figs. 6-1 and 6-3; Appendix A) for alunite indicate that acid
sulphate alteration there was still younger.
6.4.3 Milagros Cu-Au-(Mo) porphyry prospect
The age of hydrothermal activity in the Milagros area is constrained by muscovite
40

Ar/39Ar plateau ages of 17.72 ± 0.41 Ma and 17.08 ± 0.30 Ma (DDH009-45.3m) and by

a hypogene alunite plateau age of 16.92 ± 0.23 Ma (Table 6-1; Figs. 6-1 and 6-3;
Appendix A). Porphyry-related phyllic hydrothermal activity may therefore have
persisted for ca. 0.7 m.y. during the late-Early Miocene and was postdated by advancedargillic alteration. Additional geochronological data from the Milagros area include two
40

Ar/39Ar alunite plateau ages of 15.82 ± 0.11 Ma and 15.67 ± 0.14 Ma (García, 2009),

evidence for renewed or continued advanced-argillic hydrothermal activity during the
Middle Miocene.
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6.4.4 Summary of age relationships along the Lagunas Norte – Milagros – Lagunas
Sur – Alto la Bandera corridor
The 40Ar/39Ar age data from the Lagunas Norte – Milagros - Lagunas Sur - Alto la
Bandera sub-district indicate that phyllic/intermediate-argillic alteration was initiated at
the Milagros porphyry centre at ca. 17.7 Ma, preceding all high-sulphidation activity in
this sector. Advanced-argillic alteration subsequently began at Lagunas Norte at ca. 17.4
Ma, persisting there until 16.5 Ma, a protracted interval during which it commenced at,
successively, Milagros, Lagunas Sur and Alto la Bandera, thereafter terminating at
Milagros (Figs. 6-1 and 6-3). Major gold mineralization at Lagunas Norte was therefore
coeval with apparently barren advanced-argillic alteration at Alto la Bandera and
Lagunas Sur, whereas such alteration at Milagros was in part coeval with the second
pulse of alunitic alteration at Lagunas Norte (Fig. 6-3). Late advanced-argillic alteration
at Milagros was broadly contemporaneous with mineralization at Quiruvilca (see below).
6.4.5 La Capilla high-sulphidation Au prospect
Coarse-grained, magmatic-hydrothermal alunite cementing hydrothermal breccia
at this prospect yielded a plateau age of 17.09 ± 0.18 Ma (Table 6-1; Fig. 6-1; Appendix
A), within error of alunite plateau and total-gas ages of, respectively, 17.04 ± 0.21 Ma
and 16.85 ± 0.11 Ma reported by Ullrich (2002; Table 6-1; Appendix A). However, the
total-gas age is for a down-stepping spectrum with a final step at 16.2 ± 0.38 Ma
(Appendix A), implying that this alunite crystallized after that date. Thus, hydrothermal
activity associated with advanced-argillic alteration at La Capilla may have had a
duration similar to that at Lagunas Norte, but possibly starting and finishing slightly later.
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Outcropping andesitic to dacitic host rocks at La Capilla range in age from 17.5 to 17.7
Ma (Table 3-1) and were therefore emplaced significantly before hydrothermal activity,
but the undated dacitic porphyry intersected at depth in drilling (e.g., DLC-002) and
inferred intrusive at the Lagunas 19 (Mo) soil geochemistry anomaly, 2 km to the north
of the La Capilla prospect, could represent magmatic activity coeval with mineralization.

6.5 Middle Miocene cordilleran Ag-base metal mineralization
The final metallogenetic episode in the district occurred in the early-Middle
Miocene, at 15.2 – 15.7 Ma, and was dominated by the formation of the largely
intermediate-sulphidation, cordilleran-type (Sawkins, 1972; Bendezú et al., 2008), Agpolymetallic carbonate-quartz veins of the Quiruvilca deposit (Fig. 6-1). Intergrown illite
and muscovite from the selvage of a pyrite-tetrahedrite-quartz-carbonate vein on the 340level of the Luz Angélica Pb-Zn zone (Bartos, 1990) gave a precise plateau age of 15.18
± 0.08 Ma (Table 6-1; Fig. 5-16; Appendix A). A slightly older plateau age of 15.41 ±
0.13 Ma was determined for a muscovite-illite intergrowth from the selvage of a banded
sphalerite-quartz-carbonate vein from the same area (Figs. 5-16; Appendix A). The
lower-temperature steps in this analysis, characterized by low Ca/K ratios (< 0.15), gave
apparent ages of between 15.5 and 15.9 Ma, whereas subsequent steps with Ca/K ratios
of ~ 0.5 gave younger ages of 15.2 – 15.3 Ma. Scanning electron microprobe analyses
suggest that illite replaced muscovite in this sample, which would be consistent with
older high-K and younger low-K phases. Together, these analyses imply that
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hydrothermal activity at Quiruvilca may have persisted for up to 0.7 m.y., comparable to
the duration of magmatic-hydrothermal activity at other Peruvian cordilleran-type
deposits (e.g., Bendezú et al., 2008; Baumgartner et al., 2009). These new data refine, but
are in basic agreement with the Rb/Sr isochron age of 15 ± 1 Ma (2σ) reported by Noble
and McKee (1999) for 7 whole-rock samples of altered vein envelopes (Fig. 6-1).
Mineralization at Quiruvilca slightly postdated weak Au-Ag base-metal
mineralization at the Las Princesas prospect, ~ 4 km north of Quiruvilca, where a Middle
Miocene plateau age of 15.69 ± 0.07 Ma is given by hydrothermal muscovite from the
margin of a quartz-pyrite-sphalerite vein cutting dacitic porphyry (Fig. 6-1; Table 6-1;
Appendix A).
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Chapter 7
PETROCHEMISTRY OF OLIGOCENE – MIOCENE VOLCANIC AND
HYPABYSSAL ROCKS
Whole-rock major and trace element analyses for thirty-two dated Cenozoic
igneous rocks from the Alto Chicama district (Table 7-1) were carried out at Actlabs and
Acme Analytical commercial laboratories by ICP-MS and ICP-ES techniques, following
LiBO2/Li2B4O7 fusion subsequent to nitric acid digestion. Augite, plagioclase,
hornblende and biotite phenocrysts are unaltered in most samples and the matrices are
unaltered or weakly argillized. Low LOI values (1.2 - 3.3 wt. %), metaluminous to
slightly peraluminous compositions (i.e., A/CNK = 0.86 - 1.06), and coherent linear or
curvilinear major element trends (e.g., CaO, MgO and TiO2 versus SiO2) suggest that
mobility of major elements has been limited. The absence of significant Ce anomalies
(i.e., Ce/Ce* ≈ 1; Price, et al., 1991; Kay et al., 2005), and the consistency of LREE
patterns, support the specific assumption of limited LREE mobility during hydrothermal
alteration and weathering (e.g., Michard, 1989; Fulignati et al., 1999).
The upper Oligocene – Middle Miocene volcanic and hypabyssal rocks are
dominantly medium- to high-K calc-alkaline (sensu Peccerillo and Taylor, 1976)
andesites and dacites (Figs. 7-1A-C). Major and trace element contents (Table 7-1; Figs.
7-1D - F) characteristic of ensialic Andean arc environments (cf. Dostal et al., 1977;
Pearce and Norry, 1979; Gill, 1981; Kay and Gordillo, 1994; Kay et al., 2005; Bissig et
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Table 7-1: Whole-rock geochemistry of upper Oligocene and Miocene volcanic and hypabyssal
rocks, Alto Chicama district.
AUGIT E-PHYRIC ANDESIT IC FLOWS
QUIRUVILCA DOMAIN & LOS GOIT OS

HORNBLENDE-PHYRIC
ANDESIT E DOMES & FLOWS
QUIRUVILCA DOMAIN

Sample

MONT
173

AM
916

MON
375

AM
919

AM
925

MONT
70

Area

Los
Goitos

T res
Cruces

T res
Cruces

T res
Cruces

T res
Cruces

Quiruvilca

59.4
0.62
18.4
6.97
0.13
2.76
6.27
3.93
1.29
0.2
1.9
100

58.6
0.71
18.13
8
0.16
3.76
6.78
3.63
1.69
0.16
1.4
101.6

57.6
0.72
18.7
7.87
0.13
3.42
6.81
3.25
1.33
0.13
1.2
99.9

58.4
0.81
17.79
6.74
0.12
3.41
6.87
3.6
2.03
0.12
1.5
99.9

58.4
0.83
18.11
6.84
0.11
3.13
6.79
4.02
1.47
0.11
1.5
99.8

61.5
0.73
17.37
5.74
0.15
2.16
6.02
3.93
2.12
0.15
2.26
99.9

MON
MONT
400
81
T res
Cruces Quiruvilca
dome
61.8
60.5
0.6
0.75
18.69
17.49
5.28
5.9
0.09
0.1
2.03
2.7
4.61
6.03
4.24
3.99
2.39
2.26
0.09
0.1
3
1.68
99.9
99.8

La (ppm)
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

16.3
49
39.09
31.7
3.6
14.63
12.56
11.45
2.7
7.99
8.42
8.16
1.5
0.2

19.8
35.9
30.16
25.8
4
13.74
12.16
11.81
2.8
8.36
8.43
7.72
1.4
0.3

13.9
36.8
31.13
25.8
3.4
13.33
11.43
10.13
2.8
6.96
7.48
6.17
1.4
0.2

16.7
46.4
37.13
32.3
3.5
13.74
11.62
9.7
2.4
6.13
5.9
5.25
1.2
0.2

22
60.1
47.05
38
3.9
16.19
12.59
10.97
2.5
6.82
6.48
6.48
1.4
0.2

19.4
48.2
38.28
30.8
3.6
14.06
10.9
8.84
2.2
5.81
5.42
5.38
1.2
0.2

22.2
60.1
49.92
37.5
4.2
14.01
11.04
10.13
2.4
5.85
6.48
5.56
1.3
0.2

Y
Rb
Sr
Ba
Pb
Cs
U
Th
Hf
Ta
Ni
Cr

14.2
23.2
482.7
456.6
5
0.6
n.d.
n.d.
n.d.
n.d.
n.d.
<20

15.1
31.8
723.8
442.7
3
0.7
1
2.9
3.3
0.3
3.8
30

15.8
34.7
442.3
416.7
3.9
1
1.1
3.8
3.1
0.3
4.4
20

13.8
56.9
654.2
569.4
0.8
4.6
1.4
4.2
4.1
0.3
7.3
50

15.1
79.8
767.4
616
1.4
8.3
1.4
5.2
4.2
0.4
4.5
40

11.4
57
652.4
694.1
9
1
n.d.
n.d.
n.d.
n.d.
n.d.
<20

FeO/MgO
Ba/La
Ba/T a
La/T a
Eu/Eu*
Ce/Ce*
Sm/YbN
La/YbN
La/Sm N
Dy/YbN
Sr/Y
A/CNK 2
Age (Ma) 3

2.27
28.1
n.d.
n.d.
1
1
2.7
7.5
2.8
1.21
34
0.95
26.08

1.92
22.4
1475.7
66
0.8
0.8
3.2
9.9
3.1
1.36
48
0.9
24.47

2.07
30
1389
46.3
0.9
1
2.6
6.6
2.6
1.28
28
0.98
24.25

1.78
34.1
1898
55.7
0.9
1
3.2
9.7
3
1.35
47
0.86
20.86

1.97
28
1540
55
1
1
3.1
10.9
3.5
1.21
51
0.88
19.4

2.39
35.9
n.d.
n.d.
1
1
3.3
11.1
3.4
1.01
57
0.88
20.6

SiO2 (wt.%)
T iO2
Al2 O3
Fe2 O3
MnO
MgO
CaO
Na2 O
K2 O
P 2 O5
LOI
T otal

1

EARLY ANDESIT IC DOMES & FLOWS LAGUNAS
NORT E DOMAIN
MON
615
Cerro
Negro

MON 422

MON 614

Cerro
Cerro
Yanahuanca Yanahuanca

MON
421

MON 302

Cerro
Negro

Quesquenda

60.8
0.62
18.31
6.2
0.13
1.98
5.93
3.77
2.03
0.13
1.8
99.9

61.5
0.62
18.03
5.6
0.06
2.57
5.56
3.55
2.23
0.06
3.1
99.8

61.2
0.7
17.76
6.28
0.09
2.08
5.64
3.84
2.14
0.09
2.4
99.9

62.2
0.61
17.84
5.72
0.08
2.05
5.43
3.66
2.16
0.08
2.1
99.8

62.9
0.56
18.08
5.06
0.11
1.63
5.56
3.67
2.14
0.11
1.6
99.9

19.7
49.3
39.11
31.5
3.7
14.12
11.25
8.97
2.2
5.56
5.64
5.82
1.2
0.2

18.4
52.8
42.21
34.3
4
15.37
12.7
12.24
3
7.94
8.9
8.95
1.9
0.3

16.8
46.2
38.44
33
3.6
13.61
12.43
11.6
3
8.22
8
7.41
1.8
0.3

18.2
50.2
41.8
33
4.1
14.83
13.63
12.03
3.1
8.5
9.1
7.72
1.7
0.3

22.6
59
45.66
37.2
4.2
15.51
13.36
12.66
3.3
8.36
9.24
8.02
1.8
0.3

24.6
58.8
50
40.3
4.5
16.46
14.02
11.81
3.1
7.24
8
6.79
1.7
0.3

13.9
74.8
602.4
721.9
3.1
3.1
2.3
5.6
3.9
0.5
2.1
<10

11.8
60.5
657.4
689.8
6.8
1
n.d.
n.d.
n.d.
n.d.
n.d.
<20

18.9
62
535.3
610.5
0.8
2.7
1.8
6.1
4.2
0.5
2.9
20

18.1
68.2
544.8
587.2
1
2.5
2.1
6.5
4.8
0.4
3.3
20

19.7
65.6
548.1
593.9
3.2
2
1.9
5.8
3.9
0.4
1.9
<10

19.8
70.4
564.6
642.3
1.2
2.1
2.3
7.3
3.8
0.5
3
10

18.4
68.5
570.6
684.3
3.7
2.2
2
5
4.7
0.5
2.5
20

2.34
32.5
1443.8
44.4
0.9
1
3.4
11.3
3.3

1.97
35
n.d.
n.d.
0.9
1
3.3
11.1
3.4

1.18
43
1.04
19.12

1.19
56
0.88
18.98

2.82
33.2
1221
36.8
0.9
1
2.2
6.4
2.9
1.01
28
0.95
20.27

1.96
35
1468
42
0.9
1
2.2
6.3
2.9
1.07

2.72
32.6
1484.8
45.5
0.9
1
2.7
7.4
2.8
1.23
28
0.94
19.93

2.51
28.4
1284.6
45.2
0.9
1
2.5
8.6
3.4
1.22
29
0.98
19.69

2.79
27.8
1368.6
49.2
0.9
0.9
2.9
10.1
3.4
1.21
31
0.98
18.35
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30
0.98
20.17

Table 7-1: Cont’d.
PRE-MINERALIZAT ION ANDESIT IC
& DACIT IC T UFFS, FLOWS & DOMES
LAGUNAS NORT E DOMAIN
MONT 109

MON
606

MON
601

Quesquenda

Sauco

Sauco

63.1
0.54
18.41
5.42
0.04
0.93
5.08
3.63
2.58
0.04
3.01
99.8

62.5
0.57
18.08
5.04
0.09
1.51
5.71
3.45
2.81
0.09
2.4
99.8

63.2
0.56
17.84
5.05
0.1
1.67
5.56
3.53
2.28
0.1
2.4
99.9

La (ppm)
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

24.5
79.1
45.42
35.4
4.2
15.77
11.51
9.25
2.3
5.83
5.93
5.73
1.2
0.2

22.2
71.6
45.08
37.3
3.8
13.74
11.08
9.7
2.4
6.13
5.95
5.86
1.3
0.2

22.1
71.3
45.9
38.7
4.2
15.37
11.93
10.97
2.5
5.85
6.48
5.86
1.3
0.2

19.2
61.9
38.61
32.2
3.6
13.06
10.69
8.86
2.1
5.01
5.33
4.63
1.1
0.1

Y
Rb
Sr
Ba
Pb
Cs
U
Th
Hf
Ta
Ni
Cr

11
68.1
494.6
701.9
8.3
0.6
n.d.
n.d.
n.d.
n.d.
n.d.
<20

14
71
592.8
680.1
0.7
3.3
2.1
5.5
3.7
0.6
0.4
<10

15.2
75.6
585.9
711
1.6
3.7
2.5
6
4.1
0.5
1.9
<10

FeO/MgO
Ba/La
Ba/T a
La/T a
Eu/Eu*
Ce/Ce*
Sm/YbN
La/YbN
La/Sm N
Dy/YbN
Sr/Y
A/CNK 2
Age (Ma) 3

5.24
28.6
n.d.
n.d.
1
0.9
3.8
13.8
3.7
1.24
45
1.02
18.08

3
30.6
1133.5
37
0.9
1
3.1
11.4
3.7
1.19

2.72
32.2
1422
44.2
0.9
1
3.4
11.4
3.3
1.26
39
0.97
18.02

Sample

SiO2 (wt.%)
T iO2
Al2 O3
Fe2 O3
MnO
MgO
CaO
Na2 O
K2 O
P 2 O5
LOI
T otal

1

42
0.95
18.02

PRE-MINERALIZAT ION ANDEIST IC &
DACIT IC T UFFS, DOMES & FLOWS
LAGUNAS NORT E DOMAIN

MON
MONT
AM901
209
139
1 km
S of
SE of La
east of
Cerro
Capilla
Lagunas
Ichal
Norte
63.7
65.5
62.6
0.57
0.54
0.61
17.32
16.54
17.94
5.07
4.88
5.32
0.1
0.09
0.08
1.69
0.59
1.81
5.51
5.69
5.58
3.65
3.78
3.65
2.16
2.2
2.22
0.1
0.09
0.08
1.8
1.9
2.3
99.9
99.9
99.9

MON
503

20.7
53.8
42.79
35.2
3.7
14.69
12.16
9.28
2.2
5.43
5.38
4.63
1.2
0.2

21.2
51.5
41.57
34.1
4.1
15.82
12.67
10.28
2.5
6.48
5.99
5.68
1.1
0.2

19.8
53.7
43.2
35.8
3.8
14.29
11.81
10.76
2.3
6.27
6.43
5.86
1.5
0.2

26.1
60
49.92
38
4.2
14.83
13.9
12.45
2.9
8.5
8.33
6.79
1.7
0.3

18.7
50.6
38.85
32.8
3.3
13.2
10.08
8.44
1.9
4.74
4.48
4.01
0.9
0.1

12
70.9
538.6
901.2
1.8
1.5
2.2
5.5
3.8
0.6
1.6
10

13.1
75.8
675.1
914.3
1.1
3.3
2.3
6.6
4.2
0.5
2.8
30

13
73.3
480.2
646.4
10.3
3.3
n.d.
n.d.
n.d.
n.d.
n.d.
<20

14.8
63.6
573
671.5
1.5
2.4
2.1
5.4
3.9
0.5
2.8
<10

20.3
76.6
544.8
780
0.9
1.8
2.2
6.5
4.6
0.5
1.4
<10

10.4
88.5
600.2
608.4
4.9
2.4
1.9
5.3
3.9
0.6
1.8
10

7.44
46.9
1502
32
0.9
1
3.5
11.9
3.4
1.25
45
0.87
17.68

2.64
44.2
1828.6
41.4
0.9
1
3.3
11.6
3.5
1.20
52
,97
17.94

2.7
30.4
n.d.
n.d.
0.9
0.9
4
13
3.2

3.08
33.9
1343
39.6
0.9
1
2.8
9.1
3.3
1.04

3.08
29.9
1560
52.2
0.8
0.9
2.6
10.4
3.9
1.11
27
1.04
17.89

2.77
32.5
1014
31.2
1
1
4.1
14.5
3.6
1.39
58
0.97
17.68
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1.48
37
0.94
18.78

Sauco
61.7
0.62
18.35
5.85
0.23
1.71
5.42
3.6
2.2
0.23
3.3
100

39
1.01
17.89

LN1014 LN1010
East of East of
Lagunas Lagunas
Norte
Norte
64
64.2
0.53
0.6
18.12
17.13
4.76
5.04
0.1
0.07
1.39
1.64
4.68
5.53
3.84
2.85
2.39
2.73
0.1
0.07
2.9
3.3
99.9
99.9

Table 7-1: Cont’d.
SYN- (LAGUNAS NORT E) MINERALIZAT ION DACIT IC DOMES MAINLY LAGUNAS
NORT E DOMAIN

LAT E DACIT IC
DOMES QUIRUVILCA
DOMAIN

MONT
62

MON347

MON
MON
MONT 171
418
227
Cerro
T res
Las
Shulcahuanga
Shulcahuanga
Quesquenda Lagunas
Amigos
Princesas
flow
dome
Sur
dome
63.5
SiO2 (wt.%) 1 65.3
62.9
62.6
63.8
64.1
0.59
T iO2
0.54
0.56
0.62
0.56
0.53
17.69
Al2 O3
18.37
17.3
17.65
17.56
17.76
5.23
Fe2 O3
3.46
4.94
5.04
4.88
4.75
0.08
MnO
0.08
0.11
0.1
0.1
0.08
1.37
MgO
1.08
2.02
2.24
1.8
1.71
4.8
CaO
4.02
5.85
5.26
4.76
4.58
3.6
Na2 O
4.54
3.96
3.84
3.96
3.66
2.94
K2 O
2.39
2.18
2.38
2.35
2.59
0.08
P 2 O5
0.08
0.11
0.1
0.1
0.08
1.88
LOI
1.45
2.42
1.6
2.13
2.8
99.9
T otal
99.9
99.9
99.9
99.9
99.9
Sample

MONT 204

MONT 113

MONT
135

64.4
0.51
18.08
4.87
0.1
0.74
4.81
3.78
2.49
0.1
2.6
99.9

MONT
94
Cerro
Alto de
la Flor
64
0.61
17.5
4.98
0.1
2.1
4.2
3.87
2.37
0.1
3.2
99.9

Cerro
Ichal

MON384

61.3
0.69
18.58
5.17
0.05
2.16
5.25
4.09
2.45
0.05
3.1
99.8

C.
Quiruvilca
dome
68.6
0.41
18.03
2.43
0.02
0.36
2.13
4.49
3.41
0.02
2.1
99.9

Quiruvilca

La (ppm)
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

22.8
49.9
38.16
29.5
3.4
13.58
10
7.94
1.9
4.95
4.84
5.03
1.1
0.2

21.9
52.9
41.5
33.3
3.8
14.03
11.04
9.46
2.2
6.02
6.16
6.12
1.3
0.2

26.2
64.3
50.81
40.6
4.6
15.76
12.78
10.69
2.5
6.52
6.75
6.66
1.4
0.2

21.5
55.1
44.67
35.8
3.8
13.47
11.24
9.07
2.1
5.01
5.9
4.63
1.1
0.2

22.4
53.4
42.34
34
3.9
14.4
11.26
9.31
2.3
5.82
5.94
5.53
1.2
0.2

21
51.1
41.15
31.8
3.4
11.7
9.38
7.81
1.9
4.18
4.62
4.32
1.1
0.2

21.5
56.8
45
35.3
3.8
14.69
11.62
9.28
2.3
5.85
6.19
5.86
1.3
0.2

28
64.4
54.51
43.2
5
17.95
14.37
11.34
2.8
7.35
7.39
6.67
1.4
0.2

28.9
77.7
62.13
48
4.7
16.6
12.66
10.55
2.5
5.71
5.67
4.94
1.2
0.3

17.5
47.5
36.48
28.7
2.4
8.57
5.21
3.8
0.9
2.09
2.33
2.16
0.6
0.1

Y
Rb
Sr
Ba
Pb
Cs
U
Th
Hf
Ta
Ni
Cr

10
71.2
566.4
904.7
12.7
2
n.d.
n.d.
n.d.
n.d.
n.d.
<20

12.4
70.3
561.5
657.1
9
2.6
n.d.
n.d.
n.d.
n.d.
n.d.
<20

13.4
100.5
497
721
9.7
1.8
n.d.
n.d.
n.d.
n.d.
n.d.
<20

12.9
80.1
601.1
674.5
4.8
1.6
2.4
7.2
3.8
0.5
11.3
10

11.6
75.5
527.2
683.9
9.8
2.7
n.d.
n.d.
n.d.
n.d.
n.d.
<20

10.9
83.4
521.5
696.5
1.3
3.9
2.5
7
4.2
0.5
4.8
20

14.1
86.2
537.1
769.6
3.9
3.5
2.8
8.3
4.3
0.5
2
10

15
73.3
582.3
697.1
11
3.5
n.d.
n.d.
n.d.
n.d.
n.d.
<20

13.7
55.1
759
784.1
3
0.6
2.1
5.8
4.4
0.6
4
40

4.6
107.7
665.6
819.9
4.6
8.6
3.3
5.5
4.3
0.3
1.2
<10

FeO/MgO
Ba/La
Ba/T a
La/T a
Eu/Eu*
Ce/Ce*
Sm/YbN
La/YbN
La/Sm N
Dy/YbN
Sr/Y
A/CNK 2
Age (Ma) 3

2.88
39.8
n.d.
n.d.
1
0.9
3.3
13.9
4.2
1.10
57
1.06
17.47

2.2
30
n.d.
n.d.
0.9
0.9
3.2
11.5
3.6
1.11
45
0.89
17.23

3.44
27.6
n.d.
n.d.
0.9
1
3.6
13
3.6
1.21
37
0.99
17.3

2.02
31.4
1349
43
0.9
1
3.6
12.8
3.6
1.23
47
0.96
17.04

2.44
30.5
n.d.
n.d.
0.9
0.9
3.4
12.3
3.6
1.22
46
0.99
16.95

2.5
33.2
1393
42
0.9
0.9
3.4
13.4
3.9
1.15
48
1.04
16.75

5.92
35.8
1539.2
43
0.9
1
3.2
11.2
3.6
1.17
38
1.02
16.44

2.13
24.9
n.d.
n.d.
0.9
0.9
3.8
13.5
3.5
1.28

2.15
27.1
1306.8
48.2
0.9
1
4.3
16.5
3.9
1.37
55
0.98
15.98

6.07
46.9
2733
58.3
1
1
4.4
20.3
4.6
0.98
145
1.21
12.38

39
1.06
16.59

Notes : 1 Major Elements Recalculated to 100% Anhydrous. 2 Al2 O3 /(CaO+Na2 O+K2 O) mole percent. 3 Ages ( 40 Ar/39 Ar) and 2σ
errors listed in T able 3-1. n.d. not determined.
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Figure 7-1: Whole-rock major element Harker-type and trace/minor element diagrams for
Cenozoic volcanic and intrusive rocks from the Alto Chicama district (Table 7-1). Fields in
K2O versus SiO2 diagram from Peccerillo and Taylor (1976); La versus Th diagram from Gill
(1981); fields in FeO*/MgO versus SiO2 diagram from Miyashiro (1974); Zr/Y versus Zr
diagram from Pearce and Norry (1979); and Ba/La versus SiO2 diagram from Kay et al.
(1994). Symbols refer to groups shown in Table 7-1: x – Augite-bearing andesitic flows and
domes, Quiruvilca domain and Los Goitos (26.1 – 19.4 Ma); ◊ - Andesitic domes and flows,
Quiruvilca domain (20.6 – 19.0 Ma); + Early Andesitic domes and flows, Lagunas Norte
domain (20.3 – 18.3 Ma); ■ - Pre-mineralization andesitic and dacitic tuffs, domes and flows,
Lagunas Norte domain (18.8 – 17.5 Ma); ▲ - Syn-mineralization dacitic domes, Lagunas
Norte domain (17.3 – 16.4 Ma); ○ - Late dacitic domes, Quiruvilca domain (16.0 – 12.4 Ma).
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al., 2003) include high Al2O3 (~ 16 – 19 wt. percent), K2O (1 - >3 wt. percent) and Th
(~ 3-8 ppm) contents, high normalized LILE, HFSE depletion relative to the REE (e.g.,
Ba/Ta >450, La/Ta >25, <1wt. percent TiO2) and low Ni (< 12 ppm) and Cr (< 20 ppm)
contents. The moderate-to-high Ba/La ratios of 22 – 47 are indicative of an arc rather
than back-arc setting (Kay and Gordillo, 1994; Sasso and Clark, 1998), while moderate
Sr contents of 440 - 770 ppm are consistent with the involvement of plagioclase either in
the magma source region (Macpherson et al., 2006) and/or during later differentiation.
Most rocks are metaluminous, but the sample suite becomes marginally peraluminous
with increasing SiO2 content, possibly recording hornblende fractionation (Cawthorn and
O’Hara, 1976).
MREE, HREE and Y concentrations decreased and Sr/Y ratios concomitantly increased
during the latest-Oligocene to the latest-Early Miocene (Fig. 7-2). Thus, in the Lagunas
Norte domain, pre-mineralization andesitic domes and flows of the Sauco Volcanic
Complex (Table 7-1) which erupted some 2 – 3 m.y. prior to ore deposition at Lagunas
Norte have weakly fractionated MREE + HREE (Sm/YbN between 2.2 and 2.9) and
relatively high Y (~ 18 – 20 ppm: Fig. 7-2C), whereas Lagunas Norte Formation
andesitic-to-dacitic units emplaced immediately before and during mineralization have
slightly increased Sm/YbN values, ranging from 2.6 to 4.1, and decreased Y contents of
10 – 15 ppm (Fig. 7-2D). In contrast, the upper-Middle Miocene Cerro Quiruvilca dacite
(Table 7-1), emplaced after ore formation at both Lagunas Norte and Quiruvilca, has
anomalously low Y (~ 4 ppm), moderately fractionated MREE + HREE (Sm/YbN = 4.4;
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Fig. 7-2F) and a Sr/Y ratio of 145, thus falling well within the adakite field of Defant and
Drummond (1990) and the high-silica adakite field of Martin et al. (2005), suggesting
high-pressure magma generation through slab melting (Kay, 1978) or below a thickening
crust (e.g., Atherton and Petford, 1993).
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Figure 7-2: Chondrite-normalized REE abundances for Cenozoic volcanic and intrusive rocks,
Alto Chicama district. Chondrite values from Boynton (1984). Shaded field represents augitebearing andesites in plot “A”, shown for reference.
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Chapter 8
δ18O/δD STABLE-ISOTOPE CHEMISTRY: A BASIS FOR

RECONSTRUCTION OF CENOZOIC PALEOELEVATIONS IN THE ALTO
CHICAMA DISTRICT

8.1 Stable-isotope paleoaltimetry: background and methods
The majority of economic Mio – Pliocene high-sulphidation epithermal Au-Ag
deposits in the Central Andes now lie at ~ 4000 – 5000 m a.s.l., but were emplaced at
considerably lower elevations and were originally underlain by markedly thinner crust
(Bissig et al., 2002; Davies and Williams, 2003; Bissig and Tosdal, 2009). These authors
have argued that mineralization occurred during, and was stimulated by, major surface
uplift resulting from orogen-wide contraction and crustal thickening, and therefore
estimation of paleoelevations and their secular change in the Alto Chicama district would
potentially contribute to an understanding of the geodynamic environment in which the
Lagunas Norte deposit formed.
In the present study, stable-isotope paleoaltimetry is used to estimate the changes
in surface elevation in the study-area over geological time. This method, widely applied
to constrain the previous elevations of mountain ranges (e.g., Garzione et al., 2000;
Currie et al., 2005; Poage and Chamberlain, 2006), relies on the systematic depletion of
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18

O and deuterium in precipitation and related meteoric water with increasing surface

elevation. This “altitude effect” (Dansgaard, 1964) is observed world-wide, and is
attributed to Rayleigh distillation of an air mass as it moves over an orographic barrier
and precipitates rain. This method also relies on the ability of minerals which have
formed at or near the earth’s surface, and which have incorporated oxygen and hydrogen
of unambiguous meteoric water origin, to preserve the light-stable isotopic signatures of
these fluids. Modern empirical global or local isotopic lapse rates, i.e., the rate of change
of the isotopic composition of precipitation with altitude (Blisniuk and Stern, 2005), are
used to estimate past surface elevations. In the current study, modeled isotopic lapse rates
are employed which have been established for the Himalayas/Tibet (Rowley et al., 2001)
and Central Andean orogenic belts (Rowley, 2007; Rowley and Garzione, 2007), and
which largely yield Eocene-to-Miocene paleoelevations in satisfactory agreement with
independent paleoaltimetric and geological data (e.g., Currie et al., 2005; Cyr et al., 2005;
Rowley and Currie, 2006). In some cases, however, they slightly underestimate higherelevation stations (Rowley, 2007; Rowley and Garzione, 2007). The δ18O and δD
compositions of high-quality separates of goethite, montmorillonite, dickite, kaolinite and
jarosite from the Alto Chicama district, and of 40Ar/39Ar-dated hypogene alunites from
the Lagunas Norte deposit and neighbouring Lagunas Sur, Milagros and Alto la Bandera
prospects, are used as proxies for the isotopic compositions of meteoric waters present
during latest-Paleogene and Neogene time. These mineral separate data are

143

complemented by analyses of whole-rock volcanic samples incorporating abundant
devitrified glass.
Estimates of paleoelevation rely on knowledge of the isotopic composition of a
relevant low-elevation meteoric water datum. Data germane to this study are provided by
Girard et al. (1997; 2000; 2002), who report δ18O compositions for mid-Miocene (~ -5.2
± 0.5‰ and -4.2 ± 0.4‰ at ~ 10 Ma and 5-13 Ma, respectively) and Eocene-Oligocene (~
-6.0 ± 0.4‰ at ~ 40 Ma) paleometeoric water from ~ latitude 3-5° N along the eastern
Amazon Basin up to 200 km inland of the Atlantic coast, determined on the basis of
isotopic compositions of lateritic goethite. Their calculated mid-Miocene δ18O values are
1-2 ‰ less than present-day compositions of -3.0 ± 1.0‰ (Girard et al., 2000), a
difference attributed to a more monsoonal Miocene paleoclimate (Girard et al., 1997),
which would be expected to lead to isotopic depletion. The additional ~ 1‰ depletion in
the Eocene-Oligocene is interpreted by Girard et al. (2002) to reflect 18O-depletion of the
oceans prior to the formation of permanent ice sheets on Antarctica in the mid-Miocene
(Zachos et al., 2001; Billups and Schrag, 2003). Paleometeoric water δ18O values
established by Girard et al. (2000; 2002) agree with data from eastern Brazil at ~ latitude
4°S for up to 300 km inland (Bird et al., 1993) , i.e., δ18O = -6.5 ± 0.6‰ during ~ mid- tolate Eocene time. Therefore, the average isotopic values calculated by Girard et al. (2000;
2001), i.e., -4.7 ± 0.6‰ δ18O for the late-Middle to Late Miocene (i.e., post-14 Ma) and 6.0 ± 0.4‰ δ18O for the early-Middle Miocene and earlier (pre-14 Ma), are used herein
as the low-elevation reference data for the calculation of Δδ18Oppt values (i.e., the
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difference between the isotopic compositions of a low-elevation and potentially elevated
sample; Rowley and Garzione, 2007) from the Alto Chicama region.
An additional adjustment is made for “continental effect”-related isotopic
depletion (e.g., Grootes, 1993). Modern multi-year average precipitation δ18O values for
inland sites along the western Amazon basin of -5.5‰ (Rozanski and Araguás, 1995), as
well as an average δ18O value of -3.0 +/- 1‰ (Girard et al., 2000; 2002) for coastal
Amazonia are evidence for a present-day continental effect depletion of ~ -2.5‰ across
this region. On this basis, a similar correction is applied herein to the late-Middle to Late
Miocene (i.e., post-ca.14 Ma) low-elevation reference δ18O value to obtain a “continental
effect-adjusted value” of -7.2 ± 0.6‰. However, the Atlantic Ocean has been shown to
have extended along inland sea-ways to the eastern flank of the proto-Andean chain in
northern South America prior to the mid-Miocene (Räsänen et al., 1995; Gingras, 2002;
Hermoza et al., 2005), and therefore no continental effect correction needs to be applied
to earlier data.
Although land surface elevation is a first-order influence on the isotopic
composition of meteoric water (Chamberlain and Poage, 2000), other factors, including
changes in local and global climate and weather system patterns over geological time
(Blisniuk and Stern, 2005; Poulsen and Jeffery, 2011), as well as mineral diagenesis and
evaporation (Poage and Chamberlain, 2006), can introduce inaccuracies in stable-isotope
- based estimation of paleoelevations. Whereas the surface or near-surface context of the
analyzed samples indicates that diagenesis would have had minimal impact on stable145

isotope compositions, the Cenozoic experienced several major climate change events
(Wright, 2001; Zachos et al., 2001; Billups and Schrag, 2003; Scher and Martin, 2006).
However, changes over geological time in local and regional air and sea-surface
temperatures, although well documented at higher latitudes (Wright, 2001), are less
important at low latitudes (e.g., Kandoorp et al., 2005; and references therein), where
more subdued climatic variation might be expected (Barron and Washington, 1985;
Frakes et al., 1994). Thus, stable-isotope paleoaltimetry in equatorial latitudes, such as
those of northern and central Perú, located since at least Late Cretaceous time at ~ 7°-12°
S (Scotese, 2004), where temperature regimes remain relatively constant throughout the
year and moisture sources for air mass vapour tend to be constant (Rowley, 2007), may
be less susceptible to climate change events. Moreover, the absence of major changes in
circulation patterns in the region since at least Oligocene time (Dunai et al., 2005) and the
existence of a proto-Humboldt current along the Peruvian coast since at least 65 Ma
(Keller et al., 1997; Bouzari and Clark, 2002) suggest that only insignificant amounts of
Pacific moisture reached the proto-Andes through much or all of the Cenozoic. This is
consistent with evidence that arid/semi-arid conditions have prevailed along the Central
Andean littoral since the Oligocene or earlier (Hartley, 2003; Dunai et al., 2005; Hartley
et al., 2005). However, Poulsen and Jeffery (2011) propose that isotopic lapse rates
would have been reduced in orogenic settings during past warmer climates, and isotopic
data thus may significantly underestimate paleoelevations, concomitantly overestimating
surface uplift. Climatic modeling strongly suggests that this effect was pronounced
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during the Eocene and early Oligocene, when major shifts in global climate occurred and
mean annual global temperatures were significantly greater than those now prevailing.
However, during the late Oligocene-to-Pliocene interval, climate change events were less
severe and mean annual global temperatures were closer to today’s (Zachos et al., 2001;
Pangani et al., 2005), and such variables are unlikely to disguise altitude-induced isotopic
variation during the main metallogenetic episodes under study.
Additional factors which may influence the isotopic composition of precipitation
at low latitudes, include the intensity of precipitation, i.e., the “amount effect”
(Dansgaard, 1964), and changes in oceanic δ18O compositions, i.e., the reservoir effect,
related to ice sheet formation. However, variation in the amount effect over time due to
uplift may be minor at the low latitudes of the study area (e.g., Poulsen et al., 2010) and
changes in ocean isotopic composition are accounted for in the low-elevation data
referenced (Bird et al., 1993; Girard et al., 2000, 2002). Further, samples from the current
study probably incorporate long-term average meteoric water isotopic compositions as
reflected in the long-term time scales associated with hydrothermal processes and
oxidation of ore deposits, thus potentially reducing the effects of short-term or seasonal
climate variability. The study area is located at the height of land and meteoric water
incorporated in proxy minerals was probably locally derived, thus groundwater transport
via river systems may not be a consideration in the current study.

147

8.2 Stable-isotope data
δ18O and δD values are calculated for the aqueous fluids which coexisted with
hypogene alunite, montmorillonite, kaolinite, dickite, quartz, hydrated glass (whole-rock
samples) and supergene goethite and jarosite in the Lagunas Norte deposit (Table 8-1)
and several epithermal prospects in the Alto Chicama district (Table 8-2). Analytical
procedures and mineral separation techniques associated with the stable-isotope data
listed in Tables 8-1 and 8-2 are described in Appendixes C and D. In calculating fluid
isotopic compositions, an uncertainty of ± 5°C is used to accommodate possible errors in
the estimated temperatures of mineral precipitation (see Yapp, 2000; Garzione and
Libarkin, 2002; Blisniuk and Stern, 2005).
Formation temperatures for alunite were determined from Δ34Spyrite-alunite data for
the majority of the samples and those for clays, quartz and goethite were estimated from
isotopic compositions and mineral stability ranges (Tables 8-1 and 8-2). Δδ18Oppt values
are calculated on the basis of the low-elevation datum, as discussed above. Age
constraints include 40Ar/39Ar dates for alunite and jarosite (Chapter 6; Appendix A).
δ18O and δD compositions were determined for ten dated hypogene alunite
separates from the Lagunas Norte deposit and for an additional five samples from the
neighbouring Lagunas Sur (n=3), Milagros (n=1) and Alto la Bandera (n=1) centres
(Table 8-1; Fig. 8-1A). These data indicate that, during acid-sulphate alteration, volcanic
vapors mixed with meteoric waters with an average isotopic composition of ~ -6.5‰
δ18O/ -40‰ δD (Rye et al., 1992). A similar mixing of magmatic fluid and meteoric

148

Table 8-1: Mineral and calculated fluid stable-isotope data for the upper-Lower Miocene Lagunas Norte deposit and
Lagunas Sur, Milagros and Alto la Bandera prospects.

S a m ple

Lagunas Norte - Clays
DDH119-36.8m
DDH41-51.6m
DDH458-70.8m
DDH312-146.9m
MON504

m ine ra l (XR D)

δ34S

dickite
montmorillonite
montmorillonite
(chlorite)
Montmorillonite
(quartz/albite)
montmorillonite
montmorillonite
(albite)

MON307
average montmorillonite meteoric water (Fig. 8-1)
Lagunas Norte - Goethite
goethite (quartz)
DDH044-36.5 goe I
goethite (quartz)
DDH150-40.5 goe Ia
goethite
DDH196-158.1 lim I
goethite
DDH137-173.2 goeth-Ia
goethite6
DDH262-129.5 goeth II
goethite
DDH044-75.0 goe Ia
goethite
DDH072-89.6 goe I
goethite
DDH587-41.0 goe II
Lagunas Norte - Early Alunite
DDH079-199.3m
alunite (hypogene)
DDH046-213.3m
alunite
HUA-2 (DDH047-222.7m)
alunite
DDH644-165.2m
alunite
DDH079-257.1m
alunite
average early alunite meteoric water (Fig. 8-1)

Te m p. (°C )
4
(est.)

δ18O

δD

δ18O f luid1

δD f luid2

10.3

-84
-83

3.3
-0.2

-65
-62

175

10.0

150

~ 16.4 - 17.5
~ 16.4 - 17.5

10.3

-87

-0.2

-66

150

~ 16.4 - 17.5

14.3
15.7

-93
-89

-6.2
-4.8

-57
-53

50
50

~ 16.4 - 17.5
~ 16.4 - 17.5

19.7

-97

-0.8
-8.5

-61
-60

50

~ 16.4 - 17.5

-2.5

-179
-188
-178
-189
-158
-183
-183
-178

-13.6
-14.0
-12.3
-13.9
-9.5
-11.5
-12.0
-10.1

-93
-103
-92
-104
-70
-97
-97
-92

-6.4
-6.8
-5.1
-6.7
-3.5
-4.3
-4.8
-2.9

15
15
15
15
30
2
5
-2

<16.4
<16.4
<16.4
<16.4
<16.4
<16.4
<16.4
<16.4
Plateau Age

(±2σ)

-21
-27
-25
-27
-17

4.3
4.0
2.7
0.2
3.8
-4.9

-15
-21
-19
-21
-11
-29

17.36
17.31
17.28
17.21

0.14
0.1
0.2
0.11

-6.3
-6.7
-5.0
-6.6
-4.1
-4.1
-4.6
-2.7

Δδ18O ppt

Te m p.
(°C )
34
3
(Δ S )

δ18O (SO4)

30.2
25.3
27.4
29.3
29.9

17.7
13.4
14.5
13.5
18.7

149

161
227
163
143
>0

156
209
184
165
159

Age (M a )

5

S a m ple

m ine ra l (XR D)

Lagunas Norte - Late Alunite
MONT 203 (DDH216-22.1m) alunite
MONT 206 (DDH390-96.3m) alunite
DDH592-8.9m
alunite
DDH137-6.4m
alunite
MONT 200 (DDH073-3.6m) alunite
Lagunas Sur

δ34S

δ18O

δD

δ18O f luid1

δD f luid2

30.6
30.2
27.2
30.5
26.3

15.3
20.4
12.9
14.2
11.9

-29
-25
-28
-28
-36

1.2
7.6
1.2
0.2
0.9

-23
-19
-22
-22
-30

Δδ18O ppt

Te m p.
(°C )
34
3
(Δ S )

170

DHL006-105.8m
DHL043-48.6m
MONT 42
Milagros

alunite
alunite
alunite

22.5
21.6
18.4

7.7
6.7
11.2

-40
-56
-38

-0.8
-1.0
5.8

-34
-50
-26

247

LS1012
Alto la Bandera

alunite

16.9

11.5

-36

7.6

-18

397

18.9

8.1

-44

2.3
-7.0

-33
-45

MONT 88
alunite
average late alunite meteoric water (Fig. 8-1)

Te m p. (°C )
4
(est.)

Age (M a )

153
156
187
154
198

17.05
16.89
16.87
16.74
16.54

0.12
0.14
0.15
0.19
0.14

250
266
335

16.46

0.14

377

16.92

0.23

321

16.30

0.22

5

-1.0

Notes: 1 - calculated using fractionation factors reported by Stoffergen et al. (1994) for alunite (10 3 lnαalun(SO4)-H2O=3.09x10 6 /T 2 -2.94), by Savin and Lee
(1988) for montmorillonite (10 3 lnαsmec-H2O=2.580x10 6 /T 2 -4.19), by Sheppard and Gilg (1996) for dickite (10 3 lnαdi-H2O=-2.76x10 6 /T 2 -6.75) and by Yapp
(2007) for goethite (10 3 lnαG-W =1.66x10 6 /T 2 -12.6) (assuming mineral formation in equilibrium with meteoric water). 2 - calculated using fractionation
factors reported by Stoffergen et al. (1994) for alunite, by Yeh (1980) for montmorillonite (10 3 lnαmontmorillonite-H2O=-19.6x10 3 /T +25), by Gilg and
Sheppard (1996) for dickite (10 3 lnαdi-H2O=-2.2x10 6 /T 2 -7.7), and by Yapp (1987) (Dα=0.905) for goethite. 3 - calculated using fractionation factors:
10 3 lnαpy-H2S=0.40x10 6 /T 2 (Ohmoto and Rye, 1979) and 10 3 lnαalun(SO4)-H2S=6.463x10 6 /T 2 +.56 (Ohmoto and Lasaga, 1982); 4 - temperature estimated from
δ34 S value for alunite, estimated for goethites using fractionation factors of Yapp (1987) and Yapp (2007) (assuming mineral formation in equilibrium
with meteoric water), for montmorillonite and dickite on the basis of alteration mineralogy and geological criteria. 5 - hypogene alunite ages determined
by 40 Ar/39 Ar analysis; hypogene clay and supergene goethite age ranges estimated on the basis of geological relationships; goethite may have began
forming during or immediately following late-stage hydrothermal activity (Rainbow, 2009); montmorillonite samples collected east of Lagunas Norte
are interpreted to be similar in age to alunite from the depositon the basis of thier location within the propylitic halo. 6 - visual estimate.
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Table 8-2: Mineral and calculated fluid stable-isotope data for Paleogene - Neogene hydrothermal
centres, Alto Chicama district.
Sample
Cerro de O ro
whole-rocks (n=6)
Tres Cruces
T C1011
MONT 191 (DT C056-125.5m)
Silicious sinter/replacemnt (n=4)
DT C202-293.5m (vein)
La Arena
MON459
Deseado
MON625
MON625

δ18O 5

δD

δ18O f luid1

δD f luid2

Δδ18O ppt

Te m p. (°C )
3
(est.)

17.8

-76

-6.4

-40

-0.4

n/a

E. Mio.(?)

14.4
16.5
18.2
2.6

-76
-17
-

-8.0
-2.8
-2.5
-7.5

-53
-11
-

-2.0
>0
>0
-1.5

100
100
100
225

22.2 ±0.16
25.3
25.3

goethite (quartz)

-4.0

-153

-9.4

-64

-2.2

30

<25.8

goethite
Jarosite > quartz

-5.7

-173
-156

-13.0
-14.5

-87
-106

-5.8
-7.3

15
n/a

<15.6
~ 2.5

M ine ra l (XR D)

δ34S

glass
kaolinite (quartz)
alunite (quartz)
chalcedony
quartz

5.7

Age (M a )

4

≤25.3

Notes: 1 - calculated using fractionation factors reported by Stoffergen et al. (1994) for alunite (10 3 lnαalun(SO4)-H2O=3.09x10 6 /T 2 -2.94), by
Sheppard and Gilg (1996) for kaolinite (10 3 lnαkaol-H2O=-2.76x10 6 /T 2 -6.75) and by Yapp (2007) for goethite (103lnα G-W =1.66x10 6 /T 2 -12.6)
(assuming mineral formation in equilibrium with meteoric water), by Matsuhisa et al. (1979) for quartz (10 3 lnαqtz-H2O=3.340x10 6 /T 2 -3.31)
by T aylor (1968) for volcanic glass ( 18 OαG-W =1.0245); Jarosite value determined from δD fluid value and MWL formula. 2 - calculated
using fractionation by Stoffergen et al. (1994) for alunite, Gilg and Sheppard (1996) for kaolinite (10 3 lnαkaol-H2O=-2.2x10 6 /T 2 -7.7), by Rye
and Stoffergen (1995) for jarosite (10 3 lnαjar-H2O=-50‰), by Yapp (1987) (Dα=0.905) for goethite, by T aylor (1968) for volcanic glass
(DαG-W=0.965). 3 - temperatures estimated for kaolinite and alunite on the basis of their inferred steam-heated origin and for silica
deposits from T res Cruces on the basis of their inferred near-surface depositional environment. Vein quartz on the basis of mineral
assemblages. 4 - alunite and jarosite ages determined by 40 Ar/39 Ar analysis; kaolinite and goethite age ranges estimated on the basis of
geological relationships. 5 - δ18 O of MONT 191 is for SO 4 .

water is recorded by hypogene alunites from Pierina (Rainbow, 2009). The δ18O and δD
values for a single dickite sample from Lagunas Norte and five montmorillonite separates
from weakly-to-moderately-altered volcanic tuffs from sites 300 m to 1.7 km east of
Lagunas Norte are also presented here (Table 8-1; Fig. 8-1A), the latter interpreted to
form part of a propylitic halo associated with the deposit and therefore assigned a synmineralization age (Table 8-1). Assuming interaction with meteoric waters at low, but
variable temperatures (~ 50 - 150°C), as suggested by the high but variable δ18O values
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Figure 8-1: Oxygen and hydrogen stable-isotope data for alunite, goethite, jarosite,
clay, quartz, chalcedony and whole-rocks from the Alto Chicama district. A.
Lagunas Norte-Lagunas Sur-Milagros-Alto la Bandera corridor. Data include: early(17.2 – 17.4 Ma) and late- (16.4 – 17.0 Ma) stage hypogene alunites from the
Lagunas Norte deposit and from the surrounding prospects; hypogene dickite from
Lagunas Norte and montmorillonites from the propylitic halo east of Lagunas Norte;
and supergene goethites from Lagunas Norte. Regression line (R2=0.32) in A
calculated from hypogene alunite fluid compositions shown. B. Alunite, goethite,
kaolinite, quartz, chalcedony, jarosite and whole-rock data from the wider Alto
Chicama area.
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associated with the montmorillonite samples (straddling the “Supergene and Hypogene
Clay” fields of Taylor, 1979), an average meteoric water composition of ~ -8.5‰ δ18O/
-60‰ δD is determined (Fig. 8-1A; Table 8-1). This is more depleted than the average
composition estimated from the alunite samples.
Stable-isotopic analyses were also completed on eight supergene goethite mineral
separate samples from the Lagunas Norte deposit (Table 8-1). Samples were hand picked
under a binocular microscope (Appendix D) and their purities determined through X-ray
analyses (Table 8-1). Isotopic compositions of these samples range between -6.7‰ and 2.7‰ δ18O and -189‰ to -158‰ δD, forming an array which approximately parallels the
MWL (Fig. 8-1A) and falls within the field of natural goethite samples inferred to have
formed in equilibrium with meteoric waters at ambient temperatures (Yapp, 1987; Yapp,
2000). Formation temperatures determined for samples from Lagunas Norte, calculated
using Eq. 2 from Yapp (2000) and the fractionation factors of Yapp (1987) and Yapp
(2007), range between -2°C and 30°C (Table 8-1). It is unlikely that the goethite would
have crystallized at temperatures below 0°C (Yapp, 2000) and samples from Lagunas
Norte for which low temperatures (i.e., -2°C to 5°C) were calculated (n=3), were
collected from drill-core at depths of between 36 m and 173 m below surface, where
temperatures would approximate average annual air temperatures (Buol et al., 1997;
Yapp, 2000). Samples for which anomalously low temperatures have been calculated
may therefore have formed in association with meteoric waters which had undergone 18O
exchange with host volcanic or sedimentary rocks, and a temperature of 15 ± 5°C, the
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average calculated for the other samples, is adopted to estimate fluid isotopic
compositions.
In comparison to the isotopic compositions of inferred meteoric water associated
with hypogene alteration minerals at Lagunas Norte and adjacent centres, those
associated with the majority of supergene goethite samples from Lagunas Norte are
significantly depleted, with an average composition of ~ -12.1‰ δ18O/ -94‰ δD (Fig. 81A). A single sample in area “A” (Fig. 8-1) has a heavier isotopic composition of -70‰
δD/ -9.5‰ δ18O, but is similarly depleted relative to the hypogene minerals. Samples for
which fluid compositions plot to the right of the MWL are associated with anomalously
low temperatures and are probably not representative of pristine meteoric water.
Oxygen and hydrogen stable-isotope compositions were also established for a
limited suite of samples from other locations in the study-area (Fig. 8-1B; Table 8-2).
These include: hydrated glassy whole-rock samples from the barren Early Miocene or
late Oligocene (Rivera et al., 2005a) Cerro de Oro volcanic centre, ~ 30 km SSW of
Lagunas Norte; steam-heated alunite and kaolinite and banded chalcedony deposits and
vein quartz from the Tres Cruces prospect; supergene goethite from the La Arena
porphyry Cu-Au-(Mo) deposit; and supergene goethite and jarosite from the Deseado
vein prospect in the Quiruvilca district (Table 8-2). Anomalously high δ18O compositions
of glassy whole-rock samples from Cerro de Oro (Table 8-2; Fig. 8-1B) are consistent
with oxygen isotope exchange during the interaction of meteoric water and volcanic glass
in the matrix of these rocks, a process which commonly occurs at near-ambient
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temperatures soon after eruption (Taylor, 1968; Cassel et al., 2009). The isotopic
composition of meteoric water associated with hydration of volcanic glass in these
samples has been estimated from the oxygen and hydrogen fractionation factors of Taylor
(1968). The average composition of -6.2‰ δ18O and -40‰ δD (Fig. 8-1B; Table 8-2) is
comparable to that calculated for hypogene alunite samples from Lagunas Norte and
neighbouring prospects.
Kaolinite from the Tres Cruces low-sulphidation epithermal prospect was
collected at surface from a friable clay-quartz-alunite horizon located immediately below
a laminated massive silica horizon, plausibly representing the watertable at the time of
late Oligocene hydrothermal activity at ~ 25 Ma (cf. Simmons et al., 2005). On the basis
of these field relationships, the kaolinite is interpreted as a component of steam-heated
alteration. Its calculated fluid values (Fig. 8-1B) would be consistent with exchanged
meteoric water (Rye et al., 1992) and on this basis a ~ 25 Ma meteoric water composition
of ~ - 8‰ δ18O and - 53‰ δD is proposed (tie-line, Fig. 8-1B). However, the slightly
younger, 22.2 Ma, steam-heated alunite from Tres Cruces defines anomalously high δD
and δ18O fluid values of, respectively, -11‰ and -2.8‰ (Table 8-2; Fig. 8-1B),
corresponding to a negative elevation based on the lapse rate criteria. The alunite data
could either record mixing of meteoric water and isotopically-heavier (due to possible
evaporation) lake water (Fig. 3-1), or the input of magmatic vapour directly into the
steam-heated environment, as proposed for the Florida Canyon low-sulphidation
epithermal disseminated gold deposit, Nevada (Samal et al., 2005). The average
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calculated oxygen fluid composition of -2.5‰ δ18O (Table 8-2; Fig. 8-1B) for banded
chalcedonic deposits (n=4) at Tres Cruces, possibly including siliceous sinter, is similar
to that of steam-heated alunite. The spatially proximity of these deposits with lacustrine
sedimentary deposits of probable similar age (Fig. 5-13) would be consistent with
incorporation of isotopically-heavy lake waters during silica deposition. The isotopic
values of -7.5‰ δ18O (Table 8-2; Fig. 8-1B) calculated for fluids associated with vein
quartz from Tres Cruces is comparable to the average fluid isotopic value associated with
clay minerals from Lagunas Norte. The isotopic composition of meteoric water calculated
for supergene goethite from the upper Oligocene La Arena porphyry-epithermal centre
falls in area “A” (Fig. 8-1B), whereas fluids calculated for supergene goethite and ~ 2.5
Ma jarosite from the Middle Miocene Deseado prospect fall in area “B” (Fig. 8-1B).
8.2.1 Summary
Stable-isotopic composition of hypogene and supergene mineral separates
collected from upper Oligocene to mid-Miocene hydrothermal centres, including Lagunas
Norte, and those of whole-rock samples from the upper Oligocene or Lower Miocene
Cerro de Oro volcanic complex, WSW of the study-area, are interpreted overall as
revealing a progressive isotopic depletion of local meteoric waters in the Alto Chicama
district over the latest-Paleogene to late-Neogene interval. In particular, supergene
oxidation of the Lagunas Norte deposit is seen to have involved meteoric waters with
highly-variable and markedly-depleted isotopic compositions relative to those associated
with hypogene activity at the deposit, in permissive agreement with significant variation
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in paleoelevation, both during hydrothermal activity and during subsequent weathering of
the deposit.
8.3 Leaf-margin analysis
Leaf margin physiognomic (shape) analysis (LMA) is widely used to estimate
mean annual temperatures (MAT) and thus paleoclimates (e.g., Gregory-Wodzicki et al.,
1998; Greenwood et al., 2004). Although the reliability of this method has been
questioned (e.g., Kowalski, 2002; Little et al., 2010), the results of several recent studies
are consistent with a strong positive correlation between MAT and the ratio of smoothmargined versus toothed-margined leaf species (e.g., Steart et al., 2010; Su et al., 2010).
This method can be used to interpret the morphology of fossil leaves preserved in
the 16.7 Ma tuff at Lagunas Norte. These are predominantly, i.e., ≥ 80 %, smoothmargined species (see Section 4.1.1), consistent (Gregory-Wodzicki et al., 1998;
Greenwood et al., 2004) with mean annual temperatures during growth of approximately
20° - 25°C, i.e., ~ 10° - 15°C greater than the present day MAT of ~ 10°C (e.g., Seltzer
and Hastorf, 1990). Given global lapse rates of ~ 0.59°C/100 m (Gregory-Wodzicki et al.,
1998), a mid-Miocene paleoelevations of 1500 to 2500 ± 1000 m a.s.l. is suggested by
the data. However, a cooling global climatic trend over this period (Zachos, 2001)
suggests that analysis of leaf margins may underestimate average mid-Miocene
paleoelevations in the deposit area.
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Chapter 9
LIGHT STABLE-ISOTOPE CHEMISTRY OF HOST-ROCKS OF THE
LAGUNAS NORTE-LAGUNAS SUR-MILAGROS-ALTO LA BANDERA
HYDROTHERMAL SYSTEM
9.1 Background and methods
Host-rock depletion of 18O and D is documented in several low-sulphidation
epithermal districts (e.g., O’Neil et al., 1973; Criss et al., 1985; 2000; Naito et al., 1993;
Taylor, 1997; Rice et al., 2001), suggesting that whole-rock oxygen and hydrogen stableisotope data may be of practical use in the exploration for other types of epithermal
deposits. However, complex whole-rock stable-isotope signatures reflecting variations in
temperature, alteration mineralogy, water-rock ratios and isotopic fractionation may limit
the usefulness of these data in exploration (Nesbitt, 1996; Mauk and Simpson, 2007).
Further, areas of whole-rock 18O and D depletion may highlight areas of fluid flow but
not necessarily areas of economic mineralization, and isotopic signatures may or may not
extend beyond alteration that can be defined by field mapping, or beyond areas defined
by major and trace element geochemistry (e.g., Rice et al., 2001; Mauk and Simpson,
2007). Such data have not been reported for a major high-sulphidation epithermal system.
Herein, 94 δD, 70 δ18O and 14 δ13C whole-rock analyses are reported for 96
hydrothermally-altered to fresh, upper-Lower- to mid-Miocene, pre- to syn-mineral
andesitic and dacitic volcanic and subvolcanic rocks and Mesozoic metasedimentary
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rocks from the Lagunas Norte domain (Table 9-1). Samples include the immediate hostrocks of the Lagunas Norte deposit, the neighbouring Lagunas Sur high-sulphidation
epithermal and Milagros Cu-Au-Mo porphyry prospects, and the apparently
unmineralized Alto la Bandera advanced-argillic alteration zone.
Samples from this study include surface rocks from traverse lines transecting the
Lagunas Norte, Lagunas Sur and Milagros areas and extending into adjacent unaltered or
weakly-altered rocks, as well as drill-core samples from the Lagunas Norte deposit and
its eastern margin and from the Lagunas Sur and Milagros prospects. The mineralogical
characteristics of the samples were determined through standard transmitted and
reflected-light petrography, X-ray powder diffraction, and short-wavelength infrared
spectroscopic analysis. Unoxidized samples in the Milagros area and some samples east
of Lagunas Norte contained up to a few percent pyrite.

9.2 Results
Analytical results are listed in Table 9-1 and presented in Figures 9-1 - 9-3.
δD Values
Whole-rock δD values of Mesozoic metasedimentary and pre- to syn-mineral
volcanic rocks (Lagunas Norte and Milagros Formations and Sauco Volcanic Complex;
Fig. 3-1) range from -137‰ to -32‰ (Fig. 9-1; Table 9-1). δD values of macroscopically
unaltered Mesozoic Chimú Formation quartz arenite (n=3) range between -125‰ and 94‰ (average -114‰), mostly lower than, but overlapping with, δD values of clastic
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Table 9-1: Whole-rock stable-isotope data, Alto Chicama district.
Sample

Easting1

Lagunas Norte Deposit
MONT 171
803110
DDH033-40.5m
803865
DDH067-19.7m
803857
DDH076-146.2m
803482
DDH119-36.8m
803774
DDH130-186.5m
803723
DDH137-6.4m
803577
DDH140-143.7m
803948
DDH587-6.2m
803347
DDH644-165.2m
803940
Lagunas Norte Domain
MONT 52
803032
MONT 226
802440
MON209
805399
MON218
804740
MON219
804466
MON227
801817
MON232
802585
MON247
806155
MON253
801255
MON281
808095
MON282
808288
MON307
810748
MON421
800831
MON502
806183
MON503
806065
MON504
806116
MON604
812611
MON626
807770
MON629
804500
LN1001
804264
LN1002
804376
LN1003
804513
LN1004
804775
LN1005
804882
LN1006
805036

Northing1

Are a

δ18O

δD

δ13C

S a m ple De s c riptio n

-

Shulcahuanga dome
volcanic breccia
quartz arenite
moderately fractured quartz arenite
andesite porphyry
quartz arenite
lapilli tuff
mudstone
quartz arenite
quartz arenite

weak chlorite-calcite-smectite
quartz-vuhgy silica (~5ppm Au)
weak diaspore-rutile/quartz veins
moderate alunite-titanite
very strong dickite-kaolinite (PIMA)
weak dickite (PIMA)-alunite
very strong quartz-alunite
strong pyrophyllite
vughy silica, moderate diaspore-rutile
moderate alunite

andesite porphyry
T res Amigos dacite dome
andesite crystal-lithic tuff
altered volcanic
andesite porphyry
Cerro T res Amigos dacite porphyry
andesite porphyry
dacite porphyry
brecciated quartz arenite
andesite tuff
andesite porphyry
volcanic breccia
Cerro Negro dacite dome
volcanic
dacite porphyry
andesite lapilli tuff
andesite volcanic breccia
andesite tuff
volcaniclastic sandstone
dacitic pumice-rich ash-flow tuff
dacitic ash-flow tuff
dacitic crystal tuff
andesite crystal tuff
andesite volcaniclastic sediment
ash

weak chlorite/clays
weak argillic-carbonate
weak smectite
moderate-strong illite (PIMA)-chlorite-carbonate-(epidote)
moderate-strong chlorite-epidote-(calcite)
weak argillic
strong chlorite-magnetite-(carbonate)
weak argillic
moderate-strong kaolinite (PIMA)
moderate montmorillonite (PIMA)
weak smectite
very-weak montmorillonite
weak argillic
moderate kaolinite-(illite) (PIMA)
none
very-weak montmorillonite (XRD)
none
moderate beidillite (smectite group) (PIMA)
moderate-strong chlorite-epidote-calcite-illite-albite
strong smectite-kaolinite (PIMA)-(zeolite-chlorite-calcite)
moderate zeolite-smectite-kaolinite (PIMA)-(chlorite)
weak-moderate smectite-zeolite (PIMA)-(chlorite)
weak halloysite or illite (PIMA)
weak smectite
very weak beidillite (smectite group) (PIMA)-allophane (kaolinite group)

9120934
9121311
9121516
9122223
9120671
9121784
9121363
9120754
9121235
9120850

Dafne
Josefa
Josefa
Alexa
south Dafne
Alexa
Dafne
south end of pit
Dafne
south end of pit

15.2
14.6
12.9
13.7
15.2
14.2
15.5
13.3

-102
-95
-86
-65
-82
-83
-36
-71
-97
-32

9114954
9121033
9120056
9119542
9119849
9122372
9123281
9122694
9122909
9122448
9120437
9122290
9125063
9118119
9119768
9120170
9125501
9115905
9120900
9121435
9121205
9121135
9121273
9121362
9121377

1.5 km SW of Lagunas Sur
T res Amigos
1.1 km ESE of Lagunas Norte
9.8
850 m south of Lagunas Norte
10.0
500 m south of Lagunas Norte
8.8
Cerro T res Amigos
1.0 km NNW of Lagunas Norte
2.3 km ENE of Lagunas Norte
2.0 km NW of Lagunas Norte
4.0 km east of Lagunas Norte
2.6 km NE of Milagros
6.6 km east of Lagunas Norte
Cerro Negro
500 m east of Milagros volcanic field 1.5 km NE of Milagros
8.3
2.0 km east of Milagros alteration zoneeast Sauco volcanic field
Quesquenda volcanic centre
300 m east of Lagunas Norte
9.7
<100 m east of Lagunas Norte
9.9
150 m east of Lagunas Norte
9.5
300 m east of Lagunas Norte
8.4
500 m east of Lagunas Norte
9.8
700 m east of Lagunas Norte
9.4
850 m east of Lagunas Norte
11.4

-110
-109
-111
-90
-86
-106
-90
-118
-92
-110
-112
-122
-124
-100
-137
-118
-115
-115
-106
-111
-77
-83
-94
-86
-120

-15.90

-23.62
-21.67

-26.49
-9.71

-25.76
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Alte ra tio n

Sample

Easting1

Northing1

Are a

δ18O

δD

LN1010
LN1014
LN1017
LN1018
LN2003
LN2004
LN2005
LN2006
LN2008
LN2009
LN2013
LS1023
LS2011
LS2013
DDH041-51.6m
DDH041-63.4m
DDH060-2.5m
DDH060-39.2m
DDH060-65.0m
DDH060-114.0m
DDH068-25.2m
DDH312-146.9m
DDH458-7.9m
DDH458-70.8m
DDH458-134.5m
Lagunas Sur

805606
806371
806891
807076
803243
803199
803128
802893
802568
802533
801559
801788
802386
802280
804156
804156
804251
804251
804251
804251
804134
804490
804509
804509
804509

9121532
9121870
9121940
9121706
9122978
9123377
9123803
9124195
9125328
9125735
9127222
9117256
9120014
9120496
9121905
9121905
9121278
9121278
9121278
9121278
9121669
9121634
9121192
9121192
9121192

1.5 km east of Lagunas Norte
2 km east of Lagunas Norte
3 km east of Lagunas Norte
3 km east of Lagunas Norte
750 m north of Lagunas Norte
1.1 km north of Lagunas Norte
1.5 km north of Lagunas Norte
2.0 km north of Lagunas Norte
3.1 km north of Lagunas Norte
3.6 km north of Lagunas Norte
5.3 km north of Lagunas Norte
1.0 km west of Lagunas Sur
1.1 km west of Lagunas Norte
1.1 km west of Lagunas Norte
150 m east of Lagunas Norte
150 m east of Lagunas Norte
<100 m east of Lagunas Norte
<100 m east of Lagunas Norte
<100 m east of Lagunas Norte
<100 m east of Lagunas Norte
<100 m east of Lagunas Norte
370 m east of Lagunas Norte
400 m east of Lagunas Norte
400 m east of Lagunas Norte
400 m east of Lagunas Norte

12.3
9.0
10.6
11.1
13.9
14.0
13.4
14.6
15.6
11.0
9.8
7.3
7.5
7.3
8.1
8.1
12.8
15.7
8.8
11.2

-111
-101
-99
-124
-49
-125
-99
-68
-119
-94
-122
-95
-78
-100
-98
-92
-80
-126
-88
-77
-80
-110
-97
-88
-94

LS1001
LS1006
LS1009
LS1021
LS2004
LS2007
LS2008
LS2009
DDH005-50.3m
DHL039-101.1m

802560
803041
803559
802319
803605
803301
803223
802835
803197
803398

9117742
9117795
9117933
9117402
9117215
9118432
9118786
9119197
9117651
9117859

200 m west of Lagunas Sur
Lagunas Sur
Lagunas Sur
600 m west of Lagunas Sur
Lagunas Sur
200 m north of Lagunas Sur
500 m north of Lagunas Sur
1.0 km north of Lagunas Sur
Lagunas Sur
Lagunas Sur

20.1
13.7
11.9
16.2
14.2
14.9
14.9
14.2
14.2
12.8

-62
-56
-61
-80
-87
-80
-82
-76
-86
-77

δ13C

-23.46

-5.64
-18.45
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S a m ple De s c riptio n

Alte ra tio n

andesite crystal-lapilli tuff
dacite porphyry
dacite porphyry breccia
andesite porphyry
quartz arenite
quartz arenite
quartz arenite
quartz arenite
quartz arenite
quartz arenite
quartz arenite
quartz arenite
quartz arenite
quartz arenite
andesite breccia
andesite breccia
dacitic pumice-rich ash-flow tuff
andesite lapilli tuff
andesite lapilli tuff
crystal tuff
andesite breccia
andesite lapilli tuff
dacitic ash-flow tuffs
dacitic volcaniclastic
dacite porphyry

weak beidillite (smectite group) (PIMA)-chlorite
weak argillic
weak beidillite (smectite group) (PIMA)
none
weak alunite
none
very weak alunite (PIMA)
very weak alunite (PIMA)
very weak alunite (PIMA)
none
none
moderate-strong kaolinite-illite (PIMA)
very-weak dickite
weak-moderate illite
strong calcite-montmorillonite (XRD)-(chlorite)
moderate-strong smectite-calcite-chlorite-(illite?)
strong zeolite-(smectite)
strong smectite-laumontite-(calcite)
weak smectite
strong dickite
strong smectite-laumontite-calcite-(chlorite-illite) (XRD)
moderate-strong montmorillonite (XRD)-calcite-(chlorite)
moderate smectite-zeolite
moderate montmorillonite (XRD)-(illite-chlorite-carbonate)
weak smectite

fine-grained sandstone/mudstone
quartz arenite
brecciated quartz arenite
fine-grained sandstone/mudstone
quartz arenite
quartz arenite
quartz arenite
quartz arenite
quartz arenite
fractured quartz arenite

moderate kaolinite/quartz veins
very-weak alunite-dickite-diaspore
strong alunite-dickite-diaspore
weak kaolinite-illite
weak pyrophyllite-alunite
very-weak diaspore, dickite
moderate kaolinite/quartz veins
very-weak kaolinite-quartz
weak pyrophyllite (PIMA)-alunite-(diaspore)
moderate pyrophyllite-alunite-diaspose/quartz veins

Sample
Milagros

Easting1

Northing1

Are a

δ18O

δD

δ13C

MONT 33
MONT 45
MONT 101
MON418
MON508
LS1011
LS1012
LS1014
LS1015
LS1016
LS1017
DHL006-45.5m
DDH009-45.25m
DDH009-174.0m
DDH012-342.0m
Alto la Bandera

805167
803968
806157
804235
805367
803935
804206
804757
805061
805310
805486
803714
803909
803909
804225

9117164
9116342
9117534
9116118
9118754
9117969
9117988
9117975
9118091
9118061
9118121
9118003
9118145
9118145
9117933

south Milagros
Milagros (south of Lagunas Sur)
Milagros-east margin
south of Lagunas Sur
Milagros-east margin
Milagros
Milagros
Milagros
Milagros
Milagros-east margin
Milagros-east margin
80 m east of Lagunas Sur
Milagros
Milagros
Milagros

10.4
8.9
7.5
9.3
10.6
10.1
9.3
8.2
9.3
8.3
10.1
9.7
-

-87
-82
-98
-90
-102
-70
-49
-83
-101
-79
-80
-68
-88
-77
-81

-14.11
-9.48
-21.95

MONT 88
Cerro de O ro
AM1000
AM1005
AM1006
AM1009
AM1012
AM1015
AM1016
AM1017
AM1018

805568

9116766

1.8 km east of Lagunas Sur

-

799539
797822
797569
797068
796782
796569
795951
796568
797227

9092953
9093712
9094580
9096565
9098574
9100036
9100541
9100991
9101988

Cerro
Cerro
Cerro
Cerro
Cerro
Cerro
Cerro
Cerro
Cerro

9.0
13.5
15.9
16.5
18.4
19.2
19.5
17.1
12.1

de Oro
de Oro
de Oro
de Oro
de Oro
de Oro
de Oro
de Oro
de Oro

S a m ple De s c riptio n

Alte ra tio n

dacite porphyry
lapilli tuff
andesite volcanic breccia
Lagunas Sur andesite dome
reworked tuff
andesite porphyry
vughy silica altered volcanic
altered volcanic
patchy textured volcanic
dacite porphyry
andesite porphyry
altered volcanic
altered volcanic
brecciated quartz arenite
altered volcanic

strong epidote-chlorite-(illite/smectite?-carbonate)
strong calcite-smectite/illite-(epidote)
strong smectite-(chlorite)
weak calcite-chlorite
strong epidote-chlorite-(illite/smectite?)
very-strong sericite (PIMA)-quartz-diaspore
very-strong alunite-pyrophyllite (PIMA)-quartz-pyrite
very-strong quartz-sericite-(diapore-pyrophyllite) (XRD)
very-strong quartz-diaspore
strong illite-chlorite-epidote-(calcite)
moderate illite-chlorite-calcite
very-strong dickite-alunite-(quartz-pyrophyllite) (PIMA)
very-strong sericite-(quartz-pyrophyllite-diaspore-dickite) (XRD)
very-strong pyrophyllite (PIMA)-alunite-diaspore/cut by quartz veinlets
strong illite-chlorite (XRD)

-59

vughy silica altered volcanic

strong alunite-quartz (vughy)-(pyrophyllite)

-109
-101
-76
-77
-71
-72
-70
-89
-92

andesite porphyry
andesite porphyry
vitric ash
vitric ash
vitric ash
vitric ash
vitric ash
pumic-crystal rhyolite tuff
andesite lapilli tuff

weak carbonate
strong montmorillonite (PIMA)
strong montmorillonite (PIMA)
strong kaolinite (PIMA)-quartz
strong kaolinite (PIMA)
strong kaolinite (PIMA)
strong kaolinite (PIMA)
strong chlorite-calcite-montmorillonite (PIMA)
weak chlorite-calcite-montmorillonite

-21.99
-30.95

Notes: 1 - UT M Zone 17S PSAD
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Figure 9-1: Whole-rock hydrogen stable-isotope map of the Lagunas Norte – Lagunas
Sur/Milagros – Alto la Bandera corridor. Contours are drawn separately for areas underlain by
volcanic and sedimentary rocks. Note the generally high gradient in δD values both east and west
of Lagunas Norte, suggesting that fluid flow may have been focused within the quartz arenite.
The > -90‰ δD contour, which is highlighted, extends from north of Lagunas Norte to the Alto
la Bandera alteration zone, a distance of ~ 8 km. At Lagunas Norte, the zone of D enrichment
extends 600 m east and ~ 2 km north of the deposit. Very high (> -70‰) δD values located at the
northern margin of the Lagunas Norte deposit lie along the projection of an east-west trending
fault.

164

165

sedimentary rocks elsewhere (-100 to -40‰; Rollinson, 1993; Kelly et al., 2007).
Unaltered and very weakly-altered volcanic rocks (n=3) have δD values of between

-

137‰ and -115‰ (average -125‰). A NNW-elongate, ~ 20 km2 area defined by higher
δD (> -90‰) for both sedimentary and volcanic rocks encompasses and borders the
Lagunas Norte deposit, Milagros and Lagunas Sur prospects and the Alto la Bandera
alteration zone (Fig. 9-1). The highest δD values (> -70‰) are shown by samples from
Lagunas Norte (-32‰: alunite-altered quartz arenite; -36‰: alunite-altered tuff), by
quartz arenites to the north of the deposit and at the Lagunas Sur prospect, and, to a lesser
extent, by volcanic rocks in the Milagros and Alto la Bandera areas (Fig. 9-1). δD values
range between -100‰ and -90‰ (Fig. 9-1) east of the Milagros advanced-argillic sericitic alteration zone, east of the Lagunas Norte deposit, and south of Lagunas Sur.
Within this area, samples are weakly-to-moderately argillically- and propyliticallyaltered, with chlorite ± magnetite ± smectite/illite alteration of hornblende phenocrysts.
Most samples distal from hydrothermal centres are characterized by δD values of less
than -110‰ (Fig. 9-1).
δ18O Values
Whole-rock δ18O values vary widely from 7.3‰ to 20.1‰ (Fig. 9-2; Table 9-1).
δ18O compositions of metasedimentary rocks from the study-area range overall from
9.7‰ to 20.1‰ (Table 9-1), but the majority, including altered and mineralized quartz
arenites and mudstones from the Lagunas Norte deposit and most quartz arenite samples
from the Lagunas Sur prospect, have δ18O values in the much more restricted range of ~
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Figure 9-2: Whole-rock oxygen stable-isotope map of the Lagunas Norte – Lagunas
Sur/Milagros – Alto la Bandera corridor. Contours are drawn separately for areas underlain by
volcanic and sedimentary rocks, with > +15‰ δ18O (sedimentary rock) and > +10‰ δ18O
(volcanic rocks) contours shown. A narrow 18O depletion zone, as documented at other
epithermal deposits (e.g., Criss et al., 2000; Mauk and Simpson, 2007), occurs at the eastern
margin of the Lagunas Norte deposit. Intensely-altered volcanic rocks at the deposit, in
contrast, have high δ18O values (i.e., 15.2‰, n=2). Volcanic rocks from elsewhere in the
domain, including fresh to least-altered volcanic rocks, mostly have δ18O values of ~ 8-11‰
(not contoured), comparable to those of unaltered andesitic to rhyolitic volcanic rocks (Taylor,
1974).
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13.3‰ and 14.9‰, similar to values for detrital sedimentary rocks elsewhere, including
quartz arenite (i.e., ~ 10‰-20‰; Rollinson, 1993; Kelly et al., 2007). A single quartz
arenite sample from Lagunas Norte having a whole-rock δ18O value of 15.5‰ is strongly
silicified, probably reflecting the addition of hydrothermal quartz, but similar values (14.9
– 15.6‰) are also shown by weakly-altered quartz arenites north of Lagunas Sur and to
the west of Lagunas Norte (Table 9-1). Thus, weak-to-moderate alteration has in most
areas not significantly altered the oxygen isotopic composition of the Chimú Formation
quartz arenite in the study area. A quartz arenite sample from the Lagunas Sur prospect
and a second from a depth of 174m, ~ 300 m east of Lagunas Sur, have relatively low
δ18O values of, respectively, 11.9‰ and 9.7‰ (Fig. 9-2; Table 9-1). Both are brecciated
and strongly advanced-argillically altered, and their low δ18O signatures probably reflect
incorporation of hydrothermal minerals infilling breccia matrices. High δ18O values of
16.2‰ and 20.1‰ (Table 9-1) associated with two mudstone (Chicama Formation)
samples collected west of Lagunas Sur probably reflect higher δ18O values typical of finegrained detrital sediments (e.g., Longstaffe, 1987). Sample LS1001, with δ18O = 20.1‰,
located ~ 200 m west of Lagunas Sur, is moderately kaolinitized and cut by minor quartz
veining, suggesting that its elevated δ18O value may in part reflect hydrothermal
alteration.
δ18O values of volcanic rocks (Lagunas Norte and Milagros Formation and Sauco
Volcanic Complex; Fig. 3-1) in the Lagunas Norte-Lagunas Sur-Milagros-Alto la
Bandera corridor range overall between 7.3‰ and 15.7‰ (Table 9-1). Relatively
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unaltered volcanic rocks in the district (n=2) have δ18O values of 8.3‰ and 11.1‰ (Table
9-1, Fig. 9-2), within the range expected for andesites and rhyolites (~ 5.7-11‰;
Rollinson, 1993) and similar to those reported for host volcanic rocks at the Pierina
deposit (8.5‰ and 10.5‰; Fifarek and Rye, 2005). Volcanic rocks located up to 100 m
east of Lagunas Norte, however, have slightly lower δ18O values ranging between 7.3‰
and 8.1‰ (Fig. 9-2; Table 9-1). Numerous samples located up to ~ 3 kilometres east of
the deposit have elevated δ18O values of between 11.1‰ to 15.7‰ (with δD values of
between -124‰ and -97‰). Additionally, very strongly-altered and mineralized volcanic
rocks from Lagunas Norte (n=3) are also characterized by high δ18O values, i.e., between
12.9‰ and 15.2‰ (Table 9-1). Together, these samples delimit a high-δ18O field
extending up to ~ 700 m east of the deposit in weakly- to strongly-altered volcanic rocks
(Fig. 9-2), separated from its margin by a narrow (~ 100 m) zone of weak 18O depletion.
Host-rock 18O-depletion at several low-sulphidation epithermal deposits (e.g., Taylor,
1997) has been attributed to high-temperature alteration associated with low-18O,
meteoric water-dominated fluids, coupled with high water-rock ratios (e.g., Criss et al.,
1985; Taylor, 1997; Rice et al., 2001). In contrast, strongly-altered volcanic rocks from
the Milagros Cu-Au-Mo porphyry prospect are characterized by δ18O values overlapping
with those of unaltered andesite and dacite, although with elevated δD values of between
-90‰ and -49‰ (Table 9-1).
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δ13C Values
Carbon isotopic analyses and total carbon measurements were completed on fresh
and propylitically-, argillically- and sericitically-altered volcanic rocks cropping out and
intersected in drilling east of Lagunas Norte (n=8) and from the Milagros-Lagunas Sur
area (n=6) (Fig. 9-3; Table 9-1). The δ13C values range widely overall between -31.0‰
and -5.6‰ (Table 9-1). However, most samples, including unaltered andesites, have low
δ13C values of between -31‰ and -21‰ (Fig. 9-3; Table 9-1). Propylitically-altered
samples located east and southeast of the Lagunas Norte deposit, and at the southern
margins of the Lagunas Sur and Milagros prospects, have high whole-rock δ13C and total
carbon contents of, respectively, -18.5‰ to -5.6‰ and 0.02 to 0.71% (Fig. 9-3; Table 91). By analogy with the relationships documented in the host rocks of the Rosario, Ujina
and Quebrada Blanca porphyry copper deposits of the Collahuasi district, northern Chile
(Djouka-Fonkwe et al., in press), the high δ13C values and carbon contents in propylitized
rocks in the Lagunas Norte area are interpreted as reflecting the incorporation of
magmatic CO2 associated with epizonal magmatic-hydrothermal activity, whereas low
δ13C values and carbon contents in sericitized, argillically-altered and unaltered rocks
reflect a dominantly 13C-depleted carbon component which remains in magmatic rocks
after CO2 degassing during their ascent and eruption.
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Figure 9-3: Whole-rock carbon stable-isotope map for volcanic rocks of the Lagunas Norte –
Lagunas Sur/Milagros – Alto la Bandera corridor. Cross-hatched areas encompass samples with
magmatic δ13C values, which are relatively high (Djouka-Fonkwé et al., in press). Note strong
magmatic carbon isotopic signature in pre- to syn-mineral propylitically-altered volcanic rocks
east and southeast of Lagunas Norte, overlapping in part with the > -90‰ δD field (Fig. 9-1).
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III
DISCUSSION OF DATA
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Chapter 10
EVOLUTION OF THE OLIGOCENE-MIOCENE VOLCANIC ARC IN THE
ALTO CHICAMA DISTRICT: RELATIONSHIPS TO MINERALIZATION
The chronology of magmatic and hydrothermal activity in the Alto Chicama
district is herein defined by ninety-one incremental-heating 40Ar/39Ar age determinations
for high-quality mineral separates, mostly plateau dates with concordant inverse-isochron
and total-gas ages (Tables 3-1 and 6-1; Fig. 10-1). Plateau ages are reported for samples
in which a contiguous series of incremental heating steps lie within a 2-σ analytical
uncertainty of the error-weighted mean of the series and the group of steps accounts for ≥
50% of the total 39Ar released. Inverse-isochron ages are reported for those samples
which do not defined plateaux, but may contain different reservoirs of argon which can be
discerned on an isotope correlation diagram, such that meaningful ages can still be
obtained; inverse-isochron plots allow discrimination of samples for which trapped argon
may not be entirely of atmospheric composition. The close correlation between reported
plateau and isochron dates indicates that excess argon is generally not a consideration in
most of the samples analyzed. Total-gas (integrated) ages are reported for those samples
whose age spectra define neither plateau nor coherent isochron ages.
High-sulphidation epithermal, as well as less important intermediate- and lowsulphidation epithermal and porphyry Cu-Au-(Mo) mineralization, was associated in the
Alto Chicama district with upper Oligocene-to-Middle Miocene hypabyssal intrusions of
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the subaerial, andesitic-to-dacitic, medium- to- high-K calc-alkaline volcanic Calipuy
Supergroup. Volcanism locally commenced at 26 Ma (Fig. 10-1) in response to the breakup of the subducting Farallón Plate and the ensuing fast convergence (≥ 110 ± 8 mm/a:
Pardo-Casas and Molnar, 1987; Somoza, 1998) of the Nazca and South American Plates,
and persisted episodically to 12.4 Ma. The main period of high-sulphidation epithermal
Au-(Ag) mineral deposition, representing the most important metallogenetic episode in
the district, is shown to have overlapped temporally with the waning stages of a major
pulse of volcanism in the Lagunas Norte domain and with the latter stages of Quechua I
tectonic compression. In contrast to the neighbouring Santiago de Chuco area, where
Rivera et al. (2005a, b) document a thick, folded volcanic succession corresponding to the
Eocene-to-lower Oligocene Chururo Group of the Huaraz transect (Strusievicz et al.,
2000; 2001), evidence for Farallón Plate-related magmatic-hydrothermal activity is
restricted to the 29.5 Ma intermediate-argillic alteration of an intrusive dacite body at
“deep Milagros” (Table 6-1; Fig. 10-1).
Latest-Oligocene volcanism was focused in the Quiruvilca domain and generated
scattered pyroxene-phyric andesitic domes and flows in the Mina Quiruvilca and Los
Goitos prospect areas and a thick, dominantly andesitic, volcaniclastic sequence, possibly
representing a stratovolcano (Rivera et al., 2005a). Coeval intermediate intrusive activity
is recorded at the eastern margin of the district, where hypabyssal stocks cut folded
Mesozoic sedimentary strata. Hydrothermal activity associated with this period, coeval
with Aymará regional compression (e.g., Sebríer et al., 1988; Sandeman et al., 1995),
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Figure 10-1: 40Ar/39Ar geochronology of late Oligocene – Middle Miocene magmatic and
hydrothermal events of the Alto Chicama district. Data is from this study unless otherwise noted,
as represented by stars, and including that from the El Toro, Quiruvilca and Angasmarca (Noble
and McKee, 1999), La Virgen (Noble et al., 2004) and Milagros (Garcia, 2009) centres. Colours
of individual magmatic dates reflect host rock compositions, and letters attached to hydrothermal
ages represent minerals analyzed, as described in the figure legend.
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gave rise to weak high- sulphidation mineralization at Los Goitos, significant lowsulphidation epithermal Au mineralization at Tres Cruces and, at La Arena, an important
porphyry Cu-Au-(Mo) system.
Magmatism continued through the Early Miocene with the emplacement of a
dacitic stock and tuffaceous sequence east of Tres Cruces, while andesitic domes, flows
and related breccias erupted in both the Quiruvilca and Lagunas Norte domains. Although
weak gold deposition occurred further east at the El Toro high-sulphidation epithermal
prospect (Fig. 10-1), mineralization of this age is not known in the Alto Chicama district.
Volcanic activity increased dramatically in the Alto Chicama district during the
late-Early Miocene (Fig. 10-1), but had become restricted to the Lagunas Norte domain
prior to ore formation at the major Lagunas Norte high-sulphidation epithermal Au
deposit. Eruption extended from ca. 18.8 to 17.1 Ma, preceding and overlapping with
high-sulphidation activity, and was focused at the major Sauco centre, ~ 4 km east of
Lagunas Norte. Early voluminous explosive andesitic eruption and the emplacement of
both central and peripheral andesitic/dacitic flow-dome complexes were coeval with
dacitic subvolcanic intrusions in the peripheral Milagros prospect area (Fig. 3-1).
Subsequent stages in the evolution of the volcano are recorded by a 100 – 300 m-thick
andesite flow on the SE flank of the Sauco centre, a major block-ash flow at its eastern
flank, and 17.7-17.1 Ma fine-to-medium - grained andesitic-to-dacitic, volcaniclastic beds
deposited east of Lagunas Norte and in the Milagros area.
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The earliest hydrothermal activity related to the Sauco volcano is recorded by 17.7
Ma phyllic (quartz-muscovite/illite-pyrite) alteration at Milagros (Fig. 10-1). Subsequent
advanced-argillic alteration and Au mineralization at Lagunas Norte between 17.4 and
16.5 Ma occurred during the waning stages of activity at the Sauco volcano and was
associated with the emplacement of a cluster of small dacitic domes, including that at
Shulcahuanga (Fig. 3-2). A 16.7 Ma hornblende plateau date for an andesitic/dacitic
tuffaceous sequence east of the mine is interpreted as the age of lithologically identical,
but altered volcaniclastic strata at Lagunas Norte, assigned herein to the Lagunas Norte
Formation and plausibly expelled from the Dafne vent during mineralization. Weak-tomoderate high-sulphidation epithermal mineralization at the volcanic-hosted La Capilla
centre, 5 km SSE of the Sauco vent, and high-sulphidation epithermal mineralization at
the quartz arenite-hosted La Virgen deposit (Noble et al., 2004), 15 km ESE of the vent,
also formed at this time (Fig. 10-1). The late-Early Miocene hydrothermal and magmatic
activity recorded at Lagunas Norte was contemporaneous with Quechua I regional
compression (McKee and Noble, 1982; 1989; Noble et al., 1990).
Hydrothermal activity persisted, or was renewed, at the Milagros Cu-Au-(Mo)
porphyry centre (García, 2009; this study: Fig. 10-1) with continued phyllic intermediate-argillic alteration at 17.0 Ma, overprinted at ~ 16.9 by advanced-argillic
alteration. Temporal and spatial relationships between high-sulphidation activity at
Lagunas Norte and hydrothermal activity at the Milagros porphyry centre, ~ 2.5 km to the
south, are comparable to those at the Kupfertal Cu-Au porphyry centre in the Yanacocha
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district, where contemporaneous high-sulphidation epithermal activity occurred ~ 0.8 to 4
km laterally from the porphyry centre (Longo et al., 2010). Subsequently, overlapping
with the emplacement of the dacitic Cerro Ichal and Cerro Alto de la Flor domes (Fig. 32), representing the terminal eruptions of the Sauco volcano at 16.4 – 16.6 Ma, advancedargillic alteration occurred between 16.3 and 16.5 Ma at the contiguous, weaklymineralized Lagunas Sur and barren Alto la Bandera high-sulphidation epithermal
prospects, ~ 3 – 5 km south of Lagunas Norte (Fig. 10-1). The only evidence for further
hydrothermal activity around the SW periphery of the Sauco centre is given by 15.7 and
15.8 Ma dates for alunite, interpreted as hypogene on textural grounds, at Milagros
(García, 2009).
The subsequent focus of the waning arc in the district shifted ~ 5 – 10 km to the
WSW to the Quiruvilca domain (Fig. 10-1). Here, the eruption between 16.1 and 16.3 Ma
of a minor pyroclastic ash-flow, assigned to the Las Princesas Volcanic Complex, and the
subsequent eruption of scattered dacitic domes and related minor lava flows during earlyMiddle Miocene time (15.2 – 15.9 Ma), overlapped with the formation of the large
Quiruvilca, dominantly intermediate-sulphidation (cordilleran-type) vein deposit and the
small Las Princesas pyrite-chalcopyrite-sphalerite - bearing quartz vein system. The age
of mineralization at Quiruvilca (15.2 – 15.4 Ma) precludes a genetic relationship between
this centre and the Lagunas Norte deposit such as has been proposed for the contiguous
and coeval intermediate-sulphidation Santo Toribio and high-sulphidation Pierina
epithermal deposits in the Huaraz district (Rainbow, 2009).
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Early-Middle Miocene magmatic and hydrothermal activity in the Quiruvilca
domain was followed by a magmatic gap between ~ 15.2 and 12.5 Ma, followed by the
eruption, at 12.4 Ma, of the 2 km-diameter dacitic Quiruvilca Volcanic Complex, cutting
the western margin of the Quiruvilca deposit (Fig. 3-1) and signalling the termination of
magmatism in the Alto Chicama district (Fig. 10-1).
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Chapter 11
REGIONAL EVOLUTION OF THE CENOZOIC ARC IN NORTHCENTRAL – NORTHERN PERÚ: RELATIONSHIPS TO MINERALIZATION
New geochronological data which define magmatic and hydrothermal events in
the Alto Chicama district, in combination with the work of Rivera et al. (2005a and b) in
the contiguous Santiago de Chuco area, provide a link (Fig. 11-1) between the Cenozoic
stratigraphic columns previously established for the Ancash (Huaraz) transect to the south
(Strusievicz et al., 2000; 2001) and the Cajamarca transect to the north (Noble et al.,
1990; Longo and Teal, 2005; Longo et al., 2010), together forming a basis for the
refinement of Cenozoic metallogenetic relationships in north-central and northern Perú
(cf. Noble and McKee, 1999).
Eocene-to-Late Miocene stratigraphic, tectonic and geochronological relationships
along a ~ 350 km segment of the north-central and northern Peruvian magmatic arc (Fig.
11-1) define three metallogenetically-distinct lithotectonic assemblages, separated by
regional unconformities. The initial eruptive cycle comprises folded Eocene, i.e., ca. 35 –
55 Ma, lower Calipuy Supergroup andesitic-to-rhyolitic strata (Strusievicz et al., 2000),
assigned variously to the Chururo Group, Tablachaca Sequence and Llama-Chota,
Huambo Cancha, Huambos and Porculla Formations (Fig. 11-1), overlying basal
continental conglomeritic red-beds (Huaylas Formation).
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Figure 11-1: Cross-section of Calipuy Supergroup stratigraphy and older/younger units, northcentral and northern Perú. Stars depict major high-sulphidation epithermal Au-Ag deposits, as
well as the Quiruvilca cordilleran-type vein deposit and Antamina Cu-Zn porphyry/skarn.
Proposed correlation of major, regional unconformities indicated with heavy, dashed lines. Note
that major epithermal (Lagunas Norte, Pierina) and mesothermal (Quiruvilca) ore deposition
shortly preceded the interpreted “Quechua II” tectonic event at ca. 14-15 Ma, but that the largest
deposits (Yanacocha, Antamina) formed subsequently, during Yanacocha volcanism and
Cordillera Blanca and Antamina Group intrusive activity. Geological and age data for fences
from: Llama – Bambamarca (Noble et al., 1990); Yanacocha (Longo, 2005); Santiago de Chuco
(Rivera et al., 2005a, b); and Huaraz (Strusievicz et al., 2000; 2001; Love et al., 2004; Rainbow,
2009). Vertical thicknesses are approximate.
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This early assemblage widely incorporates a lower, predominantly andesitic
package and an upper andesite-rhyolite unit, separated by the mid- to late Eocene Incaic II
regional unconformity. In the Santiago de Chuco area, thick andesitic strata of the
Tablachaca Sequence are overlain by andesitic and rhyolitic rocks cut by a 27 Ma dacitic
stock and interpreted as mid-Oligocene or older (Rivera et al., 2005a). Their composition
and stratigraphic position are similar to those of upper Chururo Group rocks in the Huaraz
district and they may similarly be late Eocene in age (Fig. 11-1). Locally tightly-folded,
undated Huambo Cancha andesitic strata in the Yanacocha district (Longo et al., 2010)
could also represent lower or upper Chururo Group-equivalent rocks (Fig. 11-1). The
local absence of corresponding Eocene Chururo Group strata implies that the Alto
Chicama area either lay to the NE of, or represented a gap along, the main arc prior to the
late Oligocene (Fig. 11-1). The Eocene-to-early Oligocene precious-metal mineralization
documented in the Chururo Group of the Huaraz transect (Strusievicz et al., 2000; A.H.
Clark, unpubl. data) and at the Quicay high-sulphidation epithermal Au-Ag deposit in
central Perú (Bissig et al., 2008) is unrepresented in the Alto Chicama district.
A major angular unconformity, the “Incaic III” surface, documented in the Huaraz
district (Strusievicz et al., 2000; 2001) separates strongly-to-weakly deformed Eocene
volcanic strata and related rocks which record Incaic contractional deformation from
weakly-to-undeformed mid- to upper Oligocene to mid-Miocene, i.e., ~ 14 – 30 Ma,
andesitic-to-dacitic sequences and related intrusive units of the upper Calipuy Supergroup
(Huaraz Group: Fig. 11-1). This surface is inferred, on the basis of lithostratigraphic,
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structural and geochronological relationships in the Huaraz and other transects, to
represent a regional-scale discontinuity. It is thus adopted as a key inter-transect datum in
Figure 11-1. Mid- to upper Oligocene to mid-Miocene magmatic activity (Huaraz Group,
Sauco, Quiruvilca and Tres Cruces Volcanic Complexes and Calipuy Volcanic rocks in
the Yanacocha district: Fig. 11-1), predominantly andesitic-to-dacitic in composition,
occurred during fast plate convergence and overlapped successively with Aymará and
Quechua I regional compressional tectonic events (Fig. 11-1). Although early- to upper
Oligocene magmatic gaps are recorded in some areas of the central and northern Peruvian
arc (Davies, 2002; Bissig et al., 2008), the latter part of this interval was characterized by
widespread volcanic activity in the Huaraz and Santiago de Chuco areas (e.g., Strusievicz
et al., 2001; Rivera et al., 2005a, b). Tectonic activity during this period was accompanied
by uplift, which generated the multiple regional planar erosional surfaces documented in
the Alto Chicama (this study) and Huaraz (Myers, 1976) districts and high-angle reverse,
normal and strike-slip faulting in the Lagunas Norte domain.
Hydrothermal activity associated with the upper Calipuy Supergroup magmatism,
most important during the latter part of this period, i.e., late-Early to early-Middle
Miocene (ca. 20 – 14 Ma), generated numerous precious- and base-metal ore deposits and
prospects along the northern and central Peruvian arc (Fig. 11-1), including the major
Lagunas Norte and Pierina high-sulphidation epithermal deposits and several other barren
or weakly-mineralized high-sulphidation centres (e.g., A.H. Clark, unpubl.data; Noble et
al., 2004; Longo et al., 2010). Several large-to-giant (sensu Clark, 1993) porphyry Cu187

Au±Mo deposits were also emplaced during this period (Gustafson et al., 2004; Noble et
al., 2004), including, in the Cajamarca region, Michiquillay (631 Mt @ 0.69% Cu, 0.15g/t
Au, 100-200 ppm Mo: Davies and Williams, 2005), El Galeno (486 Mt @ 0.57% Cu,
0.14g/t Au: Davies and Williams, 2005), Peról (428 Mt @ 0.31% Cu, 0.78g/t Au) and
Chailhuagón (190 Mt @ 0.28% Cu, 0.77g/t Au: Gustafson et al., 2004). In contrast, only
modest polymetallic and skarn mineralization formed at this time in central Perú (~ 10 12°S Lat.: Bissig et al., 2008; Bissig and Tosdal, 2009; see also Benavides-Cáceres,
1999). This period also saw the formation of the Magistral porphyry ± skarn Cu-Mo
(Noble et al., 2004) and Aguila porphyry Cu-Mo (A.H. Clark, unpubl. data) prospects, SE
of Pasto Bueno (Fig. 2-1), as well as several Au and Ag-polymetallic epithermal deposits
and prospects in the Huaraz district (Noble and McKee, 1999; Rainbow, 2009). Middle
Miocene (≤ 16 Ma) magmatic and hydrothermal activity and related mineralization
recorded in central Perú (Bissig et al., 2008) may include that at the giant Cerro de Pasco
cordilleran-type base-metal (Zn-Pb-Cu-Ag-Bi) deposit (Baumgartner et al., 2008, 2009),
but late-Middle to early-Late Miocene 12.4 - 10.9 Ma dates for apparently hypogene
alunites related to Pb-Zn mineralization (Bissig et al., 2008, and references therein)
suggest a younger age.
Subsequent, mid- to Late Miocene, i.e., ~ 8.2 – 14.5 Ma, andesitic-to-rhyolitic
volcanism is recorded in the Cajamarca transect in the Yanacocha Volcanic Field (Longo
and Teal, 2005; Longo et al., 2010) and adjacent Llama-Bambamarca area (Noble et al.,
1990). In the Huaraz transect, the mid- to Late Miocene (ca. 6 – 14 Ma) Cordillera Blanca
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batholith and Antamina intrusive group and, in the Alto Chicama district, the Middle
Miocene (12.4 Ma) dacitic Cerro Quiruvilca dome complex, the terminal magmatic event
recorded in the study-area, are correlated, on the basis of petrochemical and
geochronological data, with Yanacocha Volcanic Complex magmatism (Fig. 11-1). Late
Miocene – Pliocene Yungay Formation acid volcanic deposits in the Huaraz area may
also be included in this upper assemblage. The inferred boundary between Huaraz Group
volcanic and related intrusive units and the subsequent Cordillera Blanca and coeval
intrusive activity and mid- to Late Miocene, andesitic to rhyolitic volcanic and intrusive
rocks coeval with the Yanacocha volcanic suite, corresponds broadly with a regional areal
contraction of the volcanic arc and a decrease in related hydrothermal activity (Fig. 11-2).
This event was coeval with a prolonged volcanic hiatus in the study-area, the termination
of volcanism in the Santiago de Chuco area, and with disconformities and/or
unconformities or magmatic gaps in the Cajamarca transect (Fig. 11-1). Reduced
volcanism may reflect increased compression (e.g., Ida, 2009) along the Peruvian margin,
plausibly associated with Nazca Ridge and Inca Plateau subduction, impeding magma
ascent (Gutscher et al., 1999; Chiarada et al., 2009). This period also corresponds broadly
with the resumption of foreland fold and thrust deformation (e.g., Allmendinger et al.,
2005) and initial slab-shallowing.
This mid- to Late Miocene period represents by far the most important
metallogenetic episode along the northern and central Peruvian arc as a whole. Magmatichydrothermal activity at this time was responsible for the emplacement of the world-class
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Figure 11-2: Extent of Calipuy Supergroup (≥ 17 Ma) and younger volcanism, central and
northern Perú.
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(i.e., ~ 55 M oz Au; Longo et al., 2010) Yanacocha high-sulphidation epithermal Au
deposit cluster, the giant (sensu Clark, 1993) 561 Mt @ 1.24 % Cu, 1.03 % Zn, 13.71 g/t
Ag and 0.029 % Mo (Love et al., 2004) Antamina Cu-Zn porphyry/skarn deposit, the
supergiant (sensu Clark, 1993) 3.20 Gt @ 0.61 % Cu, 0.013 % Mo and 0.04 g/t Au
(Cooke et al., 2005) La Granja porphyry Cu-Mo-Au deposit in northern Perú and,
possibly, as noted previously, the major Cerro de Pasco Cordillera-type base- and
precious-metal centre. Elsewhere, mid- to Late Miocene magmatic and hydrothermal
activity generated the world-class W- (Cu, Ag) Pasto Bueno vein system (Fig. 2-1) and
major Colquijirca cordilleran-type base- and precious-metal veins, amongst several other
important precious and base-metal deposits and prospects throughout the region (e.g.
Noble et al., 1999; Clark et al., 2000; Davies, 2002; Gustafson et al., 2004; Rosenbaum et
al., 2005; Bissig et al., 2008).
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Chapter 12
PETROGENETIC ENVIRONMENT OF HIGH-SULPHIDATION
MINERALIZATION AT LAGUNAS NORTE
Spatial, temporal and, by inference, genetic associations between arc magmatism
and major magmatic-hydrothermal ore deposits, including relationships documented
herein at the Lagunas Norte high-sulphidation epithermal centre, support the
interpretation (e.g., Hedenquist and Lowenstern, 1994) that epizonal magmas are the
source of both fluids and ore metals. Whether or not specific magma clans are inherently
fertile is therefore of direct relevance to the exploration for ore deposits. In the last
decade, research on gold districts along the South American margin (Kay et al., 1999;
Kay and Mpodozis, 2001; Bissig et al., 2003; Davies and Williams, 2003; Bissig and
Tosdal, 2009; Chiaradia et al., 2009) has highlighted temporal and spatial associations
between major high-sulphidation epithermal deposits, as well as allied ore deposit types,
and magmas having “adakite-like” characteristics (sensu Drummond and Defant, 1990;
see also Moyen, 2009), i.e., elevated Sr and fractioned REE patterns with, in particular,
moderately to strongly depleted HREE and Y. The petrogenetic significance of rocks
exhibiting some or all of the geochemical traits widely assigned to “adakites” remains
controversial (Moyen, 2009), but it is generally accepted that both partial melting of
mafic protoliths and fractionation of basaltic melts under garnet-stable P-T conditions can
produce adakitic melt compositions. How processes related to adakitic magmatism
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concentrate metals leading to the formation of ore deposits is, however, the subject of
ongoing debate. Thus, although the 1998 Au-rich adakitic melts erupted from Mt.
Pinatubo, Philippines, interpreted as the products of high-pressure fractionation of
hydrous, oxidized, primitive basalt that crystallized both garnet and hornblende, imply
that they may be the primary source of ore metals in porphyry-epithermal systems
(Borisova et al., 2006), it has also been argued that the adakitic geochemical traits of the
parental magmas of porphyry Cu deposits record routine upper-plate processes, including
coupled crustal assimilation and fractional crystallization, particularly of hornblende
(Richards, 2003; Richards and Kerrich, 2007; Richards, 2011). The geochemical
evolution and origin of the andesitic-to-dacitic rocks in the Alto Chicama district which
bracket major high-sulphidation epithermal activity at Lagunas Norte are herein
documented as a contribution to assessment of the metallogenetic significance of adakitelike petrochemistry.
Despite the broad geochemical consistency of the Cenozoic volcanic and
hypabyssal rocks of the Alto Chicama district, both MREE and HREE became modestly
more fractionated from the latest-Oligocene to the latest-Early Miocene (Fig. 7-2).
Further, Y was slightly depleted and Sr/Y ratios concomitantly increased over this 8 m.y.
period (Fig. 7-2). Thus, in the Lagunas Norte domain, early andesitic domes and flows of
the Sauco Volcanic Complex (Table 7-1) which were erupted 2 – 3 m.y. prior to ore
deposition at Lagunas Norte exhibit only weakly fractionated MREE + HREE (Sm/YbN
between 2.2 and 2.9) and relatively high Y (~ 18 – 20 ppm: Fig. 7-2C), whereas Lagunas
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Norte Formation andesitic-to-dacitic units emplaced immediately before and during
mineralization have Sm/YbN ratios ranging from 2.6 to 4.1 and Y contents of only 10 – 15
ppm (Fig. 7-2D). The ensuing magmatic gap between 15.9 and 12.5 Ma precludes the
establishment of petrochemical trends in the study-area immediately preceding arc
cessation, but the upper-Middle Miocene, post-ore, Cerro Quiruvilca dacite (Table 7-1)
has anomalously low Y (4.6 ppm) and more fractionated MREE + HREE (Sm/YbN = 4.4;
Fig. 7-2F) compared to earlier rocks, as well as a highly anomalous Sr/Y ratio of 145,
thus falling well within both the adakite field of Defant and Drummond (1990) and the
high-silica adakite (HSA) field of Martin et al. (2005). This youngest magmatic unit of
the area also plots in the adakite field on the Sr versus SiO2 diagram of Macpherson et al.
(2006).
Adakitic magmatism has been ascribed to a variety of petrogenetic processes
(Moyen, 2009), but the low mg# (23) and Ni and Cr contents of the Cerro Quiruvilca
adakite preclude its derivation from metasomatized mantle peridotite (Martin et al.,
2005), and such an origin is even more unlikely for the older rocks of the district.
Whereas the Alto Chicama suite shares many geochemical traits with the so-called highsilica adakites (HSA; Martin et al., 2005; Moyen, 2009), for which a slab melting origin
has been advocated, the relatively old age, > 25 Ma, of the downgoing oceanic plate along
the Peruvian margin in the mid-Miocene (Wortel, 1984) argues against this process (cf.
Kay et al., 1999). Further, although the Cerro Quiruvilca dacite and the pre- to synmineral andesites and dacites of the Lagunas Norte domain form an array extending from
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the “normal arc” to HSA fields on the La/Yb versus Sr/Y diagram of Moyen (2009; Fig.
12-1A), and their locations on Nb/Ta versus Sr/Y and mg# versus Sr/Y plots (Figs. 12-1B
and C) are within HSA fields associated with a high-pressure origin (Moyen, 2009),
higher SiO2-normalized K2O/Na2O ratios (~ 0.4 – 1.0) and lower mg# (19 – 50) and Ni
(<1 – 11 ppm) and Cr (most ≤ 20 ppm) contents distinguish the Alto Chicama suite from
HSA rocks. It is thus more closely aligned with the “continental adakite” group of Moyen
(2009), ascribed to lower-crustal rather than slab melting (e.g., Wang et al., 2005).
Whole-rock Dy/YbN ratios have been utilized (Davidson et al., 2007) to
distinguish between the fractionations of the two pressure-sensitive minerals, hornblende
and garnet. These preferentially incorporate the MREEs and HREEs, respectively,
Dy/YbN (or Gd/ YbN) ratios decreasing systematically with hornblende fractionation,
resulting in shallow inverse trends when plotted against SiO2, whereas garnet
fractionation generates steep positive trends (Macpherson et al., 2006; Davidson et al.,
2007). The Dy/YbN ratios of the volcanic and hypabyssal rocks of the Alto Chicama area
range overall from 1.0 to 1.5 (Table 7-1), values broadly comparable to those of other
Central Andean volcanic suites (e.g., Bissig et al., 2003; Longo, 2005) and arc volcanics
elsewhere (e.g., Davidson et al., 2007; Fig. 2B). However, whereas Dy/YbN ratios for the
earlier andesitic rocks generally decrease with increasing SiO2 (field “a”, Fig. 12-1D),
supporting MREE depletion through hornblende fractionation (inset, Fig. 12-1D) either at
the site of magma generation or during ensuing lower-pressure differentiation, Dy/YbN
ratios in the youngest pre- to syn-mineralization andesites and dacites are more variable
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Figure 12-1: Harker-type plots for selected trace, minor and major elements for upper Oligocene
– Miocene rocks of the Alto Chicama district. A. Sr/Y vs. La/Yb diagram (after Moyen, 2009)
showing that andesites and dacites from the Alto Chicama district form an array extending
between the “normal arc” and HSA (high-silica adakite; Martin, 2005) fields. The Cerro
Quiruvilca dacite (CQ) lies at the limit of the “LSA” (low-silica adakite) field. B. Sr/Y versus
mg# showing HSA data (circles and labelled field) and model lines (continuous curved lines) for
melting of a MORB-like mafic source (mg# = 70) at variable pressures (Moyen, 2009). Rocks
from the Lagunas Norte area plot in the HSA field. The Cerro Quiruvilca dacite (CQ) lies
between the 15 and 20 kbar melt paths. C. Nb/Ta versus Sr/Y diagram of Moyen (2009) showing
HSA data (circles) and the field of Archean adakites and TTGs (tonalite–trondhjemite–
granodiorite series rocks formed by melting of hydrous mafic crust at high pressure). The
composition of the 12.4 Ma Cerro Quiruvilca dacite (CQ) is consistent with a high-pressure
source. D. Dy/YbN versus SiO2 diagram for the Alto Chicama district. Samples in field labelled
“a” are early andesitic flows and domes from the Quiruvilca domain, those in field “b” are preand syn-mineralization (Lagunas Norte) andesites and dacites from the Lagunas Norte domain,
and the two samples along line “c” are late dacites from the Quiruvilca domain. Inset shows
hornblende and garnet fractionation trends from Davidson et al. (2007). Field “b”, although
lacking a well-defined trend (R2 ~ 0.1), shows a greater Dy/YbN range relative to SiO2, a feature
consistent with variable garnet fractionation (e.g., Davidson et al., 2007).
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and the hornblende trend with differentiation is not observed (field “b”, Fig. 12-1D).
These relationships imply the presence of garnet (inset, Fig. 12-1D) at the site of melt
generation (Davidson et al., 2007) and the subsequent fractionation of both garnet and
hornblende. The late, post-mineral, dacites also record hornblende fractionation (arrow
“c”, Fig. 12-1D), but may have been derived from garnetiferous parental magma with a
higher initial Dy/YbN ratio (e.g., Davidson et al., 2007: their Fig. 2B).
The compositions of the upper-Lower Miocene, pre- and syn-mineral andesites
and dacites from the Lagunas Norte domain and of the Middle Miocene, adakitic, Cerro
Quiruvilca dacite are therefore consistent with a transition to a high-pressure, garnetstable mineral assemblage during partial melting or fractionation of mafic lower-crustal
lithologies (e.g., Petford and Atherton, 1995). The increasingly fractionated “transitional”
geochemical characteristics of pre- to syn-mineral rocks in the Lagunas Norte domain,
taken in the context of increasingly “adakitic” petrochemical signatures in mid-Miocene
rocks throughout northern and central Perú (e.g., Davies and Williams, 2003; Bissig and
Tosdal, 2009), suggest that the Lagunas Norte deposit formed early in a regional, lateEarly to Late Miocene transition to strongly adakitic magmatism. The evolving
compositions of volcanic and hypabyssal units in the Alto Chicama district would be
consistent with significant crustal thickening (Davies and Williams, 2003) during, but
mainly following, emplacement of the major Lagunas Norte high-sulphidation epithermal
system.
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Chapter 13
COMPARISON OF THE PETROGENETIC RELATIONSHIPS AT LAGUNAS
NORTE WITH THOSE IN OTHER CENTRAL ANDEAN HIGHSULPHIDATION EPITHERMAL/PORPHYRY DISTRICTS
Pre- to post-ore magmatic suites in major Miocene Peruvian, Chilean, Argentinian
and Ecuadorian high-sulphidation epithermal, porphyry and polymetallic districts,
including the Alto Chicama district, record a transition to “adakite-like” compositions
(Drummond and Defant, 1990; Moyen, 2009). Thus, this transition is documented for
Yanacocha ( Davies, 2002; Davies and Williams, 2003; Longo, 2005; Chiaradia et al.,
2009), Pierina (Atherton and Petford, 1993; Strusievicz et al., 2000; 2001; Rainbow et al.,
2005; Rainbow, 2009), the El Indio district (Kay et al., 1999; Kay and Mpodozis, 2001;
Bissig et al., 2002; 2003), Los Pelambres (porphyry Cu-Mo-Au: Reich et al., 2003), Cerro
de Pasco (Pb-Zn-Ag-Cu±Au carbonate replacement: Bissig et al., 2008; Baumgartner et
al., 2009; Bissig and Tosdal, 2009), Antamina (Cu-Zn skarn/porphyry: Bissig and Tosdal,
2009) and porphyry-related deposits in Ecuador (Schütte et al., 2010). Similar trends are
shown along other convergent plate boundaries (e.g., Thiéblemont et al., 1997; Sajona
and Maury, 1998; Hou et al., 2009; Hollings et al., 2011). Such a consistent relationship
implies that petrogenetic processes leading to the development of adakite-like magmatism
favour the generation of precious- and base-metal magmatic-hydrothermal mineralization,
and particularly larger deposits. However, the nature of this relationship remains
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contentious (e.g., Kay and Mpodozis, 2001; Oyarzun et al., 2001; Bissig et al., 2003;
Davies and Williams, 2003; Reich et al., 2003; Chiaradia et al., 2009; Richards, 2011), in
part reflecting the sparse geochemical and, particularly, geochronological databases in
some districts.
Petrochemical data from the Neogene rocks of the Alto Chicama district are
coherent (Figs. 1, 13-1A-D) overall with REE and trace element patterns from the
flanking Cajamarca (Yanacocha: Davies and Williams, 2003; Longo, 2005; Chiaradia et
al., 2009) and Huaraz (Pierina: Strusievicz et al., 2001; see also Petford and Atherton,
1996) high-sulphidation epithermal districts and from the central Peruvian polymetallic
province (Bissig and Tosdal, 2009). Thus, each area records a transition from “normal arc
ADR” (andesite-dacite-rhyolite) to strongly adakitic compositions between ca. 10 and 20
Ma, overlapping temporally with major ore deposition along the central to northern
Peruvian arc (e.g., Rosenbaum et al., 2005; Bissig et al., 2008) and supporting the
contention that adakitic magmatic events are directly linked to ore deposition (e.g., Bissig
and Tosdal, 2009). The similar secular petrochemical trends along this > 500 km-long arc
segment imply that the mid-Miocene transition to adakitic magmatism, including that in
the Alto Chicama district, occurred in response to regional-scale petrogenetic and
geodynamic changes, as has been proposed in other arc transects (e.g. Schütte et al.,
2010), rather than simply to local-scale processes associated with magmatic
differentiation.
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Figure 13-1: Cenozoic petrochemical data from the Alto Chicama, Yanacocha and Huaraz highsulphidation epithermal Au-Ag districts and surrounding areas, from central Perú and from the
El Indio district, Chile/Argentina. Data sources: Alto Chicama (this study); Yanacocha (Longo,
2005; Chiaradia et al., 2009); Cajamarca (Davies, 2002); Calipuy Supergroup, Huaraz
(Strusievicz et al., 2001); Central Perú (Bissig and Tosdal, 2009); Cordillera Blanca Batholith
(CBB) and Yungay volcanics (Atherton and Petford, 1993; 1996; Petford and Atherton, 1995). A.
Sr/Y vs. Y. Adakitic and andesite-dacite-rhyolite (ADR) fields from Drummond and Defant
(1990). The dashed line illustrates the trajectory of partial melt products of a mafic high-pressure
mineral assemblage with 555 ppm Sr and 26.5 ppm Y (Macpherson et al., 2006). B. Sr/Y vs. age.
Age data including those of mineralization (triangles at bottoms of Figures B-D) from references
listed. Triangles include Lagunas Norte (LN), Pierina (P), Yanacocha (Y), El Indio (El Indio,
Pascua-Lama) (EI), Veladero (V), La Arena (LA) and Michiquillay (M). Age data from El Indio
and Veladero (Filo Federico zone) from Bissig et al. (2001; 2003), Chouinard et al. (2005) and
A.H. Clark (unpubl. data). Black triangles represent the main Au deposition events; arrows
associated with the Yanacocha and El Indio districts represent the age range of mineralization.
Horizontally-lined fields represent data from the El Indio district from Bissig et al. (2003).
Diagonally-lined fields and other symbols in B-D are as in A. Filled crosses at left margin of
Figures B – D represent geochemical data for the CBB and Yungay volcanics for which exact
ages are unknown, although the CBB and Yungay volcanics are Late Miocene. C. Sm/YbN vs.
age. Chondrite data from Boynton (1984). D. Y vs. age. Field for Adakite from Defant and
Drummond (1993). E. Dy/YbN vs. SiO2 for the Alto Chicama (this study) and Yanacocha (Longo,
2005; Chiaradia et al., 2009) districts. Dark grey-shaded field shows samples from the Yanacocha
district which predate the most important period of Au deposition (~ 40 M oz) between ~ 9 and
11 Ma (Longo, 2005), light grey-shaded fields show syn-ore samples from Yanacocha district,
medium grey-shaded field shows pre- to syn-ore samples from the Alto Chicama district, and
white symbols for both Alto Chicama and Yanacocha districts are for rocks which predate the
main periods of Au deposition. F. Sr vs. SiO2 data from the Alto Chicama, Yanacocha and
Huaraz districts. Outlined data fields, e.g., “Yungay Volcanics”, from Petford and Atherton
(1995; 1996). CBB = Cordillera Blanca Batholith.
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Figure 13-1 continued: The “Calipuy Volcanics” group probably includes Paleogene Chururo
Group rocks. Circles = Alto Chicama; squares (Longo, 2005) and crosses (Chiaradia et al., 2009)
= Yanacocha; triangles = Huaraz district; diamonds = Cajamarca district. Data sources are as
listed above. Shaded data points are late-Middle Miocene to Early Pliocene, i.e., ≤ 13.3 Ma, and
blank symbols (dark-grey shaded field) are > 13.5 Ma. “Adakite field” of Macpherson et al.
(2006) represents adakitic Pleistocene magmatic rocks from the Surigao peninsula, eastern
Mindanao, Philippines, which are interpreted to have been derived from differentiation of garnetbearing basalt.
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Although the transition to strongly adakitic magmatism in these areas was broadly
coeval throughout north-central and Central Perú, the timing of major high-sulphidation
epithermal activity relative to its onset differs from district to district (Fig. 13-1C). Thus,
whereas the steep, positive trend of Dy/YbN vs. SiO2 shown by pre- to syn-mineral units
in the Lagunas Norte domain (Fig. 13-1E) suggests that garnet became stable at the
inferred lower-crustal site of melt generation immediately before ore formation, implying
moderate crustal thickening from < 30 km to ~ 35 - 40 km (Rapp and Watson, 1995), the
modest Sr contents (Fig. 13-1F) indicate that plagioclase survived in the residuum.
Subsequent to ore formation at Lagunas Norte, but prior to that at Quiruvilca, increasing
fractionation of the MREE and HREE, with Sm/YbN attaining 4.3, but Sr/Y ratios (55)
remaining modest, is documented prior to a magmatic gap between 15.2 and 12.5 Ma.
However, magmatism became strongly adakitic, with high Sr/Y (145), low Y (4.6 ppm)
and moderately to strongly fractionated REE patterns, i.e., Sm/YbN = 4.4 and La/ YbN =
20.3, only with the emplacement of the dacitic Cerro Quiruvilca dome (“CQ” on Figures
13-1A-F), 4 m.y. after major high-sulphidation activity and 2.8 m.y. after the
emplacement of the Quiruvilca intermediate-sulphidation vein system. A similar
relationship is evident in the Huaraz district, where a single large high-sulphidation
epithermal centre, Pierina, and numerous formerly productive intermediate-sulphidation
Ag-base metal vein systems were emplaced at 14.1 – 15.3 Ma (Rainbow, 2009; A.H.
Clark, unpubl. data) in association with magmas with compositions transitional between
normal arc and adakitic suites, and strong depletion in HREE and Y did not occur until
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the intrusion of the granitoids of the Antamina and Cordillera Blanca Groups after 12 - 13
Ma (Petford and Atherton, 1996; Strusievicz et al., 2001; Bissig and Tosdal, 2009). In that
area, therefore, the petrochemical environment of high-sulphidation epithermal gold
mineralization was directly comparable to that at Lagunas Norte. However, although
strongly adakitic magmatism in the Huaraz district was responsible for large-scale, but
Au-poor, polymetallic mineralization at Antamina, the similarly adakitic Cerro Quiruvilca
dacite field in the Alto Chicama district is not known to be mineralized.
In contrast to the Lagunas Norte deposit, major epithermal Au mineralization at
Yanacocha was delayed until ca. 13 Ma, with peak Au deposition occurring after ca. 11
Ma, coinciding with the onset of strongly adakitic volcanism characterized by Sr/Y ratios
of ~ 70 – 150, moderately-to-strongly fractionated MREE + HREE, i.e., Sm/YbN ~ 3 –
5.5, Dy/YbN ~ 1.1 – 1.7, and moderate-to-low Y values of 5 – 13 ppm (Longo, 2005;
Longo et al., 2010). Similarly, in the El Indio - Pascua-Lama - Veladero belt, central
Chile/Argentina, economic high-sulphidation centres formed between ca. 11 and 5 Ma
(Fig. 13-1B; Bissig et al., 2001; 2002), beginning at least 2 m.y. after the inception of
strongly adakitic magmatism (Bissig et al., 2003).
The temporal relationship between the inception of adakitic magmatism and
Central Andean porphyry mineralization similarly varies. Thus, at the super-giant (sensu
Clark, 1993; 4.1 Gt @ 0.63% Cu, 0.016% Mo and 0.02 g/t Au; Cooke et al., 2005) Los
Pelambres porphyry deposit hydrothermal activity began 2 m.y. after the inception of
strongly adakitic magmatism (Reich et al., 2003; Bertens et al., 2006). In contrast, in
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northern Perú, the large (sensu Clark, 1993) La Arena (403 Mt @ 0.33% Cu and 0.24g/t
Au; Rioaltomining.com) and giant Michiquillay (631 Mt @ 0.69% Cu, 0.15g/t Au and
100 – 200 ppm Mo; Davies and Williams, 2005) porphyry Cu-Au-(Mo) deposits formed
from normal arc (ADR) magmas prior to the evolution to adakitic magmatism.
These relationships suggest a bipartite division of both epithermal and porphyry
deposits in terms of their relationship to strongly adakitic magmatism. The differing
timing of high-sulphidation - Au-rich mineralization relative to the inception of highpressure magmatism distinguishes districts which, although economically important, host
only single large deposits, viz., Alto Chicama (Lagunas Norte) and Huaraz (Pierina),
surrounded by numerous barren or weakly-mineralized centres, from truly giant systems
comprising several major deposits, viz., the Yanacocha cluster and the El Indio- PascuaLama –Veladero district. In the context of the Central Andean cordillera, therefore, the
geodynamic and petrogenetic processes responsible for the initial stabilization of
hornblende and garnet at the site of melt generation, plausibly in response to ongoing
crustal thickening, may have been sufficient for the genesis of isolated world-class, highsulphidation, epithermal deposits, but districts with numerous such deposits developed
only during subsequent strongly adakitic magmatism. These relationships therefore
permit petrochemical discrimination between “giant” and “supergiant” Au concentrations.
In contrast, in the allied context of porphyry Cu-Mo-Au mineralization, where worldclass centres such as Antamina and Los Pelambres exhibit an association with strongly
adakitic magmatism, smaller but still important centres such as La Arena and
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Michiquillay were generated by normal arc magmas lacking adakitic geochemical
signatures. The initial crustal thickening recorded by the transition from normal ADR to
adakitic magmatism was therefore apparently more critical for the genesis of highsulphidation epithermal Au-rich mineralization than for economically-significant
porphyry systems.

13.1 Petrogenetic models of adakitic magmatism
Although a number of processes have been invoked to account for adakitic
magmatism at convergent plate boundaries (e.g., Moyen, 2009), the term adakite was
initially applied to geochemically-distinct, subduction-related volcanic rocks in the
Aleutian arc, interpreted as the product of the partial melting of young, i.e., < 5 Ma, and
thus hot, subducting slabs of basaltic lithosphere (Kay, 1978; Defant and Drummond,
1990; Peacock et al., 1994). It has subsequently been shown that high-pressure partial
melting of any hydrous basalt composition under garnet-stable P-T conditions could
generate adakitic rocks (e.g., Kay et al., 1987; 1991; Rapp and Watson, 1995; Drummond
et al., 1996; Petford and Atherton, 1996; Kay and Mpodozis, 2001; Bissig et al., 2003;
Garrison and Davidson, 2003) and, as Kay et al. (1999, 2005) have argued, a lowercrustal rather than slab locus of melting is probable for all or most Central Andean
adakitic suites. Geochemical data, particularly Dy/Ybn and Gd/Ybn ratios predicating the
fractionation of garnet (e.g., MacPherson et al., 2006; Davidson et al., 2007), suggest that
it was abundant in such lower crustal mafic parental melt zones during mineralization in
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all of the major high-sulphidation epithermal Au districts considered, most plausibly as a
result of crustal thickening (e.g., Atherton and Petford, 1993; Kay and Abbruzzi, 1996;
Bissig et al., 2003; Davies and Williams, 2003; Kay and Mpodozis, 2001; Bertens et al.,
2006; Coldwell et al., 2008, 2011). Although hydrous conditions reduce the pressure at
which garnet is stabilized in basaltic systems (to 0.8 – 1.2 kb; Alonzo-Pérez et al., 2009;
Chiaradia et al., 2009), so that high Dy/Ybn (or Gd/Ybn) ratios are not unequivocal
evidence for exceptional crustal thicknesses, it has been demonstrated that for magmatichydrothermal ore-forming systems including high-sulphidation epithermal and allied
systems in the El Indio district (Bissig et al., 2002), an abundance of water alone does not
predispose such systems to fertility (cf. Richards, 2011). Moreover, in the study-area,
stable-isotope based paleoaltimetry data from this study support the interpretation that
increasing crustal thickness in northern and central Perú drove these geochemical
changes. Thus, although Chiaradia et al. (2009) argue that the transition to hydrous
conditions at the site of magma generation may have contributed to the development of
strongly “adakitic” magmatism in the Yanacocha district, this model does not adequately
explain its development along a >500 km-long segment of the Peruvian arc.
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Chapter 14
RELATIONSHIPS BETWEEN ORE FORMATION AND RIDGE
SUBDUCTION, SLAB FLATTENING AND CRUSTAL THICKENING IN
MAJOR CENTRAL ANDEAN HIGH-SULPHIDATION
EPITHERMAL/PORPHYRY DISTRICTS
The northern and southern flat-slab regions of the Central Andean cordillera which
host many of the world’s largest-known high-sulphidation epithermal Au±Ag deposits
(e.g., Fig. 1-1B; Sillitoe, 2008) record episodes of ridge subduction, slab flattening,
crustal thickening and large-scale uplift during the mid- to Late Miocene and Pliocene.
This has led to the proposal that such crustal-scale geodynamic events were directly
responsible for ore formation (e.g., Kay and Mpodozis, 2001; Bissig et al., 2002; 2003;
Davies and Williams, 2003; Chiaradia et al., 2009). The timing of high-sulphidation
activity in the Alto Chicama district in the context of these processes is herein considered
and their possible roles in the formation of the Lagunas Norte deposit appraised.

14.1 Ridge subduction
Aseismic ridge and oceanic plateau subduction along the northern and central
Peruvian margin between ca. 10 and 15 Ma (Gutscher et al., 1999; Hampel, 2002;
Rosenbaum et al., 2005) overlapped broadly with major metallogenetic episodes along
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much of this transect (e.g., Noble and McKee, 1999; Bissig and Tosdal, 2009; Fig. 14-1).
The impingement of the Nazca Ridge and postulated “Lost Inca Plateau” at the Perú
Trench (Fig. 14-1), as well as that of the Juan Fernández Ridge at the Chilean Trench
(Fig. 1-1A), have therefore been suggested to have triggered widespread magmatichydrothermal ore deposition, including that in the major high-sulphidation epithermal
centres, through tectonic activity caused by the subduction of overthickened sequences of
oceanic basalt and their sedimentary covers (Reich et al., 2003; Rosenbaum et al., 2005;
Cooke et al., 2005). Thus, gold mineralization in the Yanacocha high-sulphidation
epithermal district (Fig. 14-1A-C) coincided with the proposed timing of subduction of
the “Lost Inca Plateau”, an inferred mirror image of the western Pacific Marquesas
Plateau (Gutscher et al., 1999). In particular, the main period of Au deposition between
ca. 10.8 and 8.4 Ma (Longo, 2005) occurred as the bulk of the plateau was being
subducted at the trench (Fig. 14-1A and B). Subduction of the Inca Plateau at ca. 10 - 12
Ma (Fig. 14-1B and C; Gutscher et al., 1999) has been specifically implicated in the onset
of the compressional tectonism associated with mineralization at Yanacocha, envisaged to
have allowed mantle-derived magmas to evolve through a crustal “distillation process”
(Chiaradia et al., 2009).
Rosenbaum et al. (2005) further propose that the older, Middle Miocene, Pierina
deposit may similarly have been a by-product of the subduction of the Nazca Ridge.
Rainbow (2009) has shown that advanced-argillic alteration at this deposit began at ca.
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Figure 14-1: Maps showing the positions of the Nazca Ridge and inferred “Lost Inca Plateau”
relative to the Peruvian trench and major high-sulphidation epithermal ore deposits in northcentral Perú (Gutscher et al., 1999; Hampel, 2002; Rosenbaum et al., 2005). Stars depict the
location, Au endowment and age of high-sulphidation centres. Bars indicate areal extent of
Calipuy Supergroup arc activity based on the references cited in text. Note the contraction of
the arc during local subduction of the Nazca Ridge (A-D).
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15.3 Ma. Although this long predated the time of subduction of the ridge inferred by
Hampel (2002), the revised global plate kinematic analysis of Rosenbaum et al. (2005)
and, particularly, their proposed NE extension of the ridge (the mirror-image of the
Tuamotu Plateau) show that initial hydrothermal activity was contemporaneous with the
arrival of the ridge at the trench (Fig. 14-1D). In linking these processes, Rosenbaum et
al. (2005) concluded that the impingement sufficed to generate tectonic changes 300 km
to the northeast at Pierina. However, it is unlikely that slab dewatering and sub-arc
petrogenesis in the terminal stages of Calipuy Supergroup arc volcanism would have been
influenced by the arrival of a thickened basalt section at the outer lip of the trench, or that
the latter event would have caused contraction of an entire orogenic crustal keel.
Nevertheless, the timing of Nazca Ridge subduction at the trench coincided with the
transition from volcanism to intrusion in the Huaraz district and, broadly, with a hiatus in
volcanic activity in the Alto Chicama district. Increased intrusive activity in the Huaraz
district could reflect magma storage during contraction (e.g., Kay et al., 2005), plausibly
associated with interaction between the Nazca Ridge and trench. Subsequent, Middle- toLate Miocene reduction of the arc as the Nazca Ridge and Inca Plateau moved landward
(Fig. 14-1A-C) may support this argument.
Despite these possible linkages, the age relationships documented in the present
study demonstrate that hydrothermal activity at the Lagunas Norte deposit had terminated
ca. 2 m.y. before the Nazca Ridge began subducting at the Peruvian trench (Fig. 14-1E).
At 17.4 Ma, the inferred northeasternmost extremity of the ridge would have been ~ 150
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km seaward of the trench and an unrealistic area of influence would be required to permit
a causal relationship between the migration of the ridge and hydrothermal activity (Fig.
14-1E; cf. Rosenbaum et al., 2005).
On this basis, it is concluded that ridge subduction was not a prerequisite for the
generation of world-class high-sulphidation Au deposits in the Central Andes, although
the multiplicity of major centres in the Yanacocha district may have resulted from
repeated reactivation of parental magma chambers as the Inca Plateau was subducted
beneath the district.

14.2 Slab flattening
The greater gold endowment at Yanacocha relative to that of the Alto Chicama
district implies more fertile magmatic chemistry and/ore metal extraction and/or ore
deposition in the former. Apart from the relative timing of ridge subduction, the most
obvious distinction between these districts is the timing of mineralization relative to slab
shallowing and the concomitant termination of arc magmatism. Thus, the formation of the
Lagunas Norte deposit predated the demise of the Calipuy Supergroup volcanic arc in
north-central Perú by ~ 8 - 12 m.y. (e.g., Noble et al., 1990; Petford and Atherton, 1995;
Bissig et al., 2008), there was no net migration of the axis of arc activity in the Alto
Chicama district between ~ 26 and 12 Ma, and the areal distribution of Calipuy
Supergroup volcanism in the late-Early Miocene records no significant expansion or
continentward migration such as would result from slab flattening (Kay and Abbruzzi,
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1996; Kay et al., 2005; Bissig and Tosdal, 2009). It therefore seems unlikely that slab
flattening influenced ore deposition at Lagunas Norte. Similarly, no significant
continentward migration or areal contraction of Calipuy volcanism occurred after ~ 20
Ma in the Huaraz district (Strusievicz et al., 2000), implying that slab flattening did not
contribute to ore deposition at the Pierina high-sulphidation deposit. In contrast, the main
Late Miocene episode of gold deposition at Yanacocha between ~ 10.8 and 8.4 Ma (Fig.
14-1) overlapped temporally with terminal-stage volcanism and slab flattening. Migration
of hydrothermal activity at Yanacocha from west to east between ~ 13.6 and 8.2 Ma
(Longo, 2005) could reflect slab flattening.
The apparently more favourable timing of mineralization at Yanacocha in relation
to slab flattening and overall termination of arc activity parallels relationships in the
Chilean/Argentinean transect (e.g., Bissig et al., 2003), where ore deposition at the
Pascua-Lama and Veladero deposits (~ 30 M oz Au overall; Chouinard et al., 2005;
Charchaflié et al., 2007) was precisely coeval with the establishment of a flat-slab
environment (Bissig et al., 2003). Given the similar timing of ore deposition relative to
slab shallowing, ore formation at Yanacocha could reflect a process favouring metal
endowment analogous to the influx of metalliferous slab-derived fluids into mafic lower
crust proposed for the El Indio district (Bissig et al., 2003). In contrast, in the Alto
Chicama district, the release of slab-derived, possibly metalliferous, supercritical fluids or
melts (e.g., Mungall, 2002; Bissig et al., 2003; Borisova et al., 2006), or even of slab
melts necessary to oxidize the mantle sufficiently to destabilize sulphides during melt
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generation (Mungall, 2002), is unlikely to have generated magmas associated with highsulphidation epithermal mineralization, because the slab would have been neither
sufficiently hot (young; i.e., < 25 Ma; Müller et al., 1997) nor subhorizontal at the time of
mineralization. A significant slab-derived component is also unlikely at the Pierina
deposit, where ore deposition similarly significantly predated slab flattening and arc
termination. Thus, in contradistinction to the more richly endowed Yanacocha and El
Indio - Pascua-Lama - Veladero districts, the Lagunas Norte and Pierina highsulphidation epithermal Au centres in the Peruvian flat-slab region appear to have formed
prior to attainment of flat-slab conditions.

14.3 Crustal thickening
The development of regionally-extensive planar erosional surfaces before and
during high-sulphidation activity in the Alto Chicama district, as well as correlative
stable-isotope paleoaltimetry data (see Chapters 15 and 18), indicate that the Lagunas
Norte deposit formed during the early stages of a late Early-to-Late Miocene period of
major uplift and, therefore, that crustal thickening could have influenced ore deposition
(e.g., Schütte et al., 2010). Further, fossil leaf morphologies preserved in syn-mineral tuff
at Lagunas Norte, although not unequivocal (Little et al., 2010), conform to
paleoelevations of only ~ 1500 - 2500 ± 1000 m a.s.l., suggesting that the deposit formed
considerably below its present elevation (~ 4100 m a.s.l.). Paleoaltimetric data also
suggest that major uplift and hence crustal thickening took place during ore formation at
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Pierina and Yanacocha, and that by the Late Miocene elevations along the cordillera of
north-central Perú were approaching 3000 m a.s.l. However, the ~ 300 km NW-SE extent
of Miocene uplift in north-central Perú far exceeds that which could have been caused by
subduction of the Nazca Ridge (Gutscher et al., 2000; see also Kay and Mpodozis, 2002)
or Inca Plateau (cf. Cooke et al., 2005). More critically, the northward migration of uplift
from southern to northern Perú proposed by Picard et al. (2008) would not favour its
development mainly in response to the opposed, north-to-south, migration (Hampel,
2002) of the subducting Nazca ridge. Kay and Mpodozis (2002) argue that, in the case of
the southern flat-slab region, subduction of the Juan Fernández Ridge may have enhanced
crustal shortening and uplift, but was not the main driving force. A similar model may be
applicable to the northern flat-slab region. Thus, inferred mid- and Late Miocene crustal
thickening and associated uplift in northern and central Perú coincided with a period of
fast plate convergence (Pardo-Casas and Molnar, 1988) and with the latter stages of a
prolonged and intense, regional, late Oligocene – Neogene magmatic episode. This
implies that magma addition (“underplating”) and/or crustal shortening and lower-crustal
ductile flow (e.g., Yang, 2001; Sempere et al., 2008, and references therein), rather than
ridge subduction, were the principal causes of crustal thickening and associated uplift of
the north-central Peruvian Andes.
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14.3.1 Petrogenetic arguments for crustal thickening as a mechanism leading to
major high-sulphidation epithermal ore formation
The near-vertical trend of Dy/YbN versus SiO2 exhibited by pre- to syn-mineral
andesites and dacites in the Lagunas Norte domain (Fig. 12-1D) suggests that the
stabilization of garnet at the site of melt generation (e.g., Davidson et al., 2007) occurred
broadly at the time of mineralization at Lagunas Norte, in permissive agreement with
inferred late-Early to Late Miocene crustal thickening to at least 50 km and resulting
uplift in north-central Perú (e.g., Noble et al., 1990; Atherton and Petford, 1993; Davies
and Williams, 2003; Garver et al., 2005; Montario et al., 2005a; Coldwell et al., 2008).
Recycling of lower-crustal hornblende cumulates (cf., Kay and Mpodozis, 2001;
Davidson et al., 2007), with the potential to release volatiles and metals into lower crustal
melts (Davidson et al., 2007) and hence to contribute to the generation of suprasubduction or post-subduction Cu-Au porphyry and epithermal Au deposits (Richards,
2009), may represent a viable mechanism to account for the generation of Au-rich melts
during early-stage crustal thickening, as proposed here for Lagunas Norte. The garnet
signature associated with pre- to syn-ore andesites and dacites in the Lagunas Norte
domain would be consistent with pressure and temperature conditions associated with the
initial supplanting of hornblende by garnet (i.e., ~ 8 - 16 kb, < 1050°C; Rapp and Watson,
1995), corresponding to crustal thicknesses of 30 to 50 km, the minimum depths of
garnet-amphibolite or eclogite P-T conditions. Thus, initial, late-Early Miocene crustal
thickening may have triggered the breakdown of hornblende in the lower crust,
potentially leading to the generation of hydrous, Au-rich magmas at Lagunas Norte.
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Although Bissig et al. (2003) demonstrate that the availability of hydrous fluids was not a
determinant in the generation of metalliferous magma in the El Indio district,
Chile/Argentina (cf. Kay et al., 1999), where highly-oxidizing slab-derived supercritical
fluids (Mungall, 2002) transferred directly from the flat slab to the lower crust are
envisaged to have destabilized sulphide phases in the latter, this model cannot apply to
Lagunas Norte or Pierina. If oceanic slab melts or supercritical fluids are a prerequisite
for an oxidizing potential sufficient to generate magmas capable of transporting metals
into the upper crust (Mungall, 2002), in the case of Lagunas Norte and Pierina this may
have occurred prior to these magmatic-hydrothermal events, possibly during earlier slab
flattening (e.g., Bissig et al., 2009) or other geodynamic events (e.g., Fig. 3, Mungall,
2002).
Ore deposition at the giant Yanacocha deposit cluster followed significant crustal
thickening (Davies and Williams, 2003) and hornblende breakdown which may have
contributed metals and volatiles in lower crustal melts (Richards, 2009). Therefore,
widespread cooling of the lower crust as the flux of mantle-derived melts diminished may
have promoted the release of incompatible volatile- and metal-enriched fluids into latestage adakitic melts. In this case, wholesale cooling of the arc in its terminal stages could
account for the greater metal endowment at Yanacocha relative to that at the older
Lagunas Norte and Pierina centres, where these processes would not have progressed as
far. The sharply-increasing Sr contents in melts (i.e., from ~ 450 ppm to >1000 ppm
between ~ 15 and 11 Ma: Longo, 2005; Chiaradia et al., 2009) distinguish the immediate
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pre-ore petrochemical evolution at Yanacocha from those at Lagunas Norte and Pierina.
These high Sr contents may reflect plagioclase elimination in the residuum, plausibly in
response to fluid release during widespread hornblende breakdown at pressures of the
order of ~ 15 – 20 kbar (Allen and Boetcher, 1983; Rapp and Watson, 1995). Hornblende
destruction coupled with garnet-stable conditions recorded in melts associated with
mineralization at Yanacocha (Fig. 13-1E; Longo et al., 2010) could have been facilitated
by either increasing pressure at the base of a thickening crust or, more efficiently, by the
upward propagation of isotherms during crustal thickening, possibly abetted by thermal
maturation associated with a protracted magmatic episode (e.g., Chiaradia et al., 2009).
Extensive dehydration of hornblende (e.g., Davidson et al., 2007) may itself have
promoted the formation of garnet, which becomes stable in the presence of increasing
water content (Alonso-Perez et al., 2009), but stable-isotope paleoaltimetry data presented
herein favour significant mid- to Late Miocene crustal thickening. In either case,
breakdown of deep-crustal hornblende cumulates, which may reflect input of ore metals
(Richards, 2009) from prolonged magmatic histories such as that characterizing the
Central Andean continental margin (Clark, 1993), may account for the association of
episodes of major high-sulphidation epithermal mineralization with crustal thickening and
garnet fractionation. This model would suggest that magmatic and geodynamic processes
associated with the generation of metalliferous magmas at Alto Chicama and Yanacocha
were fundamentally similar.
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14.3.2 Conclusions
The age of the Lagunas Norte epithermal deposit indicates that ridge subduction,
although possibly influencing ore formation in the much larger Yanacocha district, was
not a factor in its development. Further, the major precursor crustal thickening and
associated slab flattening implicated in ore formation in both the El Indio and Yanacocha
transects (Bissig et al., 2003; Davies and Williams, 2003; this study) were also not
critical. However, ore formation at Lagunas Norte may have been a direct result of
evolving petrogenetic processes linked to the initial stages of major late-Early to Late
Miocene crustal thickening. Where repeated hydrothermal events have generated multiple
world-class deposits, as in the Yanacocha and El Indio - Pascua-Lama - Veladero
districts, crustal thickening and slab flattening had progressed further.
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Chapter 15
STABLE-ISOTOPE – BASED PALEOALTIMETRY OF NORTH-CENTRAL
AND CENTRAL PERÚ: IMPLICATIONS FOR THE STIMULATION OF
PRECIOUS-METAL MINERALIZATION BY CRUSTAL THICKENING
Stable-isotopic data for alunite, goethite, montmorillonite, quartz, kaolinite and
jarosite from the Alto Chicama district, including age-constrained samples from Lagunas
Norte and elsewhere, together with data reported for goethite, clays and fluid inclusions
from other central and north-central Peruvian hydrothermal centres (Landis and Rye,
1974; Rye and Sawkins, 1974; Kamilli and Ohmoto, 1977; Norman and Landis, 1983;
Campbell et al., 1984; Deen et al., 1994; Fifarek and Rye, 2005; Rainbow et al., 2005,
2006; Rainbow, 2009), form a basis for estimation of Cenozoic paleoelevations in the
north-central and central Peruvian Andes. In combination with geomorphological
evidence for uplift-induced pediplanation and leaf-margin morphological constraints (e.g.,
Greenwood et al., 2004), these data link the epithermal and porphyry mineralization of
the study-area with episodes of thickening of the sub-arc crust. The progressive temporal
D and 18O isotopic depletion preserved in samples is interpreted herein as a record of
increasing paleoelevation over the mid- to Late Miocene, possibly initiated during the late
Oligocene.
The oldest samples from the study area for which parental meteoric water isotopic
values have been estimated include hydrated glassy volcanic whole-rock samples from
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the upper Oligocene or lowermost-Miocene (Rivera et al., 2005a) Calamarca sequence in
the Cerro de Oro area, and upper Oligocene vein quartz and banded silica deposits and
lowermost-Miocene (22.2 Ma) alunite and kaolinite of steam-heated origin from the Tres
Cruces low-sulphidation epithermal centre (Fig. 15-1; Table 15-1). Volcanic glass has
been demonstrated to preserve the stable-isotope composition of devitrifying waters as
old as early Oligocene (Cassel et al., 2009), while hydration commonly occurs soon after
deposition of glassy volcanic strata (Taylor, 1968). On this basis, it is inferred that the
average isotopic composition of -6.4‰ δ18O and -40‰ δD (Fig. 15-1) of glassy volcanic
samples from the Cerro de Oro area reflects the isotopic composition of meteoric water
during or shortly after deposition of host volcanics, i.e., during the upper Oligocene or
lowermost-Miocene. The relatively enriched stable-isotope composition of these samples
could reflect low elevations at this time (Table 15-1). The estimated isotopic composition
of ~ - 8‰ δ18O and - 53‰ δD (Fig. 15-1) for meteoric water associated with kaolinite at
Tres Cruces (Fig. 15-1) would also support relatively low paleoelevations in the studyarea, possibly ≤ 1000 m a.s.l. The markedly higher isotopic values estimated for fluids
associated with banded silica deposits and with the Early Miocene alunite from Tres
Cruces probably reflect significant isotopic enrichment from lake waters (e.g., Samal et
al., 2005), rather than a response to a warmer climate, and are therefore rejected as a basis
for paleoelevation estimation. Supergene goethite from the upper Oligocene La Arena
Cu-Au-(Mo) porphyry-epithermal deposit could also potentially incorporate late
Oligocene meteoric water, but its relatively depleted isotopic composition implies that
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Figure 15-1: Stable-isotope data and calculated fluid compositions for Cenozoic hydrothermal
processes in north-central and central Perú, including: from the Alto Chicama district (this
study), upper Oligocene and Lower Miocene clay, alunite, quartz, chalcedony and whole-rock
data from the Tres Cruces and Cerro de Oro areas, dated upper-Lower Miocene hypogene alunite
and clays from Lagunas Norte and surrounding hydrothermal centres, supergene goethite and
jarosite from Lagunas Norte and neighbouring hydrothermal centres; hypogene alunite and clays
from the younger, Middle Miocene, Pierina deposit, Huaraz district (Fifarek and Rye, 2005;
Rainbow et al. 2006); fluid inclusions from several Late Miocene-Pliocene hydrothermal centres
located in central and north-central Perú (Landis and Rye, 1974; Rye and Sawkins, 1974; Kamilli
and Ohmoto, 1977; Norman and Landis, 1983; Campbell et al., 1984; Deen et al., 1994); average
δ18Ofluid of latest-Miocene carbonate samples from the Callejón de Huaylas, Huaraz district
(Giovanni et al., 2010); and the range of δ18Ofluid of modern ice cores from the Huascarán glacier
(Vimeux et al., 2009). Note the progressive depletion of D and 18O recorded in latest-Early to
Late Miocene supergene goethite and jarosite samples from the Alto Chicama and Huaraz
districts and in fluid inclusion data from central Perú, shown in areas A-C. Reference lines and
fields are: FMW-felsic magmatic water (Taylor, 1992); Volcanic vapour (Giggenbach, 1992);
Meteoric Water Line (Craig, 1961); kaolinite 25°C line calculated from fractionation factors of
Sheppard and Gilg (1996); 0°C and 30°C goethite lines calculated using fractionation factors of
Yapp and Pedley (1985), Yapp (1987; 2007).
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Table 15-1: Stable-isotope - based paleoelevation estimates.

Area/Sample

XR D Ana lys is /m a te ria l

ALT O CHICAMA DIST RICT
Cerro de O ro
whole-rock (n=6)
glass
La Arena
MON459
Goethite (quartz)
Tres Cruces
T C1011
Kaolinite (quartz)
MONT 191
Alunite (quartz)
banded silica deposits
(n=4)
chalcedony
quartz
DT C202-293.5m
Lagunas Norte
montmorillonite (n=5)
ddh044-36.5
ddh150-40.5
ddh196-158.1
ddh137-173.2
ddh262-129.5 goeth II

Montmorillonite
Goethite (quartz)
Goethite (quartz)
Goethite
Goethite
Goethite1

ddh044-75.0
Goethite
ddh072-89.6
Goethite
ddh587-41.0
Goethite
early alunite (n=5)
alunite
late alunite (n=10)
alunite
Deseado
Mon625
Goethite
Mon625
Jarosite > quartz
OT HER NORT H-CENT RAL PERU
Pierina (Rainbow et al., 2006)
PRN-A
PRN-B
PRN-80
PRN-94a
A-7
PRN-94b
Colqui 2
Pasto Bueno 2
Julcani 2
Casapalca 2
San Cristóbal 2
Callejón de
Huaylas

-0.4

~ 4000

300

±1200

±100-200

l. Olig. - E. Mio.

-2.2

~ 3400

1300

±1000

±400-500

<25.8

-2.0
>0

~ 4100
~ 4100

1200
<0

±1100
n/a

±400-500
n/a

≤25.3
22.2 ±0.16

>0
-1.5

~ 4100
~ 3850

<0
1000

n/a
n/a

n/a
±400-500

≤25.3
≤25.3

-2.5

1500

-1.0

~ 4100
4095
4176
4070
4026
4013
~ 4100
~ 4100
~ 4100
~ 4100
~ 4100

-5.8
-7.3

~ 4100
~ 4100

3000
3500

±700
±300

±900-1100
±1100-1300

<15.6
~ 2.5

-3.0
-5.2
-2.1
-5.3
-2.4
-3.7
-6.6
-9.4
-10.8
-9.3
-11.3
-8.7

~ 3900
~ 3900
~ 3900
~ 3900
~ 3900
~ 3900
> 4000
~ 4250
~ 4350
~ 4400
~ 4800
~ 3700

1800
2700
1300
2800
1400
2000
3300
4100
4400
4100
4600
3900

±1100
±900
±1200
±800
± 1200

±500-700
±900-1000
±400-500
±900-1000
± 400-500

± 1000
±700
±600
±400
±600
±400

± 650-700
±1100-1200
±1300-1500
±1400-1550
±1300-1500
±1400-1550
±1200-1400

≤14.1
≤14.1
≤14.1
≤14.1
≤14.1
≤14.1
~10.5
~7.2
~7 - 9.7
~5-10
~5
5.4

-6.4
-6.8
-5.1
-6.7
-3.5
-4.3
-4.8
-2.9
>0

δ18O miner al

δD miner al

δ18O f luid

δD f luid

Goethite
Goethite
Goethite
Goethite
Goethite (quartz)

-4.8
-7.0
-6.0
-8.2
-2.0
-3.5

-162
-177
-155
-177
-180
-191

fluid inclusion
fluid inclusion
fluid inclusion
fluid inclusion
fluid inclusion
carbonate (n =10)

-74
-91
-66
-91
-94
-106
-100
-123
-128
-122
-138

-14.5

-10.2
-12.4
-9.3
-12.5
-9.4
-10.9
-13.8
-16.6
-18.0
-16.5
-18.5
-15.9

Goethite (hematite)

Δδ18O ppt

Appro x.
c urre nt
e le v. (m
a .s .l.)

Es tim a te d
pa le o e le va tio n Es tim a te d
3
(m a .s .l.) e rro r (m )

3200
3400
2700
3300
2000
2300
2600
1600
<0
700

~ 2 σ e rro r

4

n/a
±400-500
±700 ±1000-1100
±700 ±1100-1200
±800
±900-1000
±700 ±1000-1200
±1200
±650-700
±1000
±800-900
± 900
±900-1000
± 1200
±400-500
n/a
n/a
n/a
±100-300

Age (M a )

~ 16.5 - 17.4
<16.5
<16.5
<16.5
<16.5
<16.5
<16.5
<16.5
<16.5
17.2 - 17.4
16.5 - 17.1

Notes: 1 - visual estimate; 2- see references in Figure 50; 3 - errors estimated using ± 5°C; 4 - 2σ errors associated with isotopic lapse rate (Rowley et al.,
2001; Rowley, 2007; Rowley and Garzione, 2007).
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the oxidation may have occurred later, consistent with an 40Ar/39Ar quasi-plateau date of
ca. 14 Ma (this study) for fine-grained, plausibly supergene alunite from this centre.
Fifteen hypogene alunite samples from the Lagunas Norte deposit and the
neighbouring prospects, for which 40Ar/39Ar plateau ages have been established, define a
mixing array (Rye et al., 1992; heavy arrow, Fig. 15-1) between magmatic vapours and
meteoric water with an average composition of ~ -6.5‰ δ18O/ -40‰ δD. In more detail,
late (16.3 – 17.1 Ma) alunites from Lagunas Norte and neighbouring prospects have lower
δ18Ofluid and δDfluid values (~ -7‰ δ18O/ -45‰ δD) than early (17.2 – 17.4 Ma) alunites (~
-5‰ δ18O/ -30‰ δD) from the deposit, suggesting that meteoric waters became
progressively depleted in 18O and deuterium in the course of hydrothermal activity (Fig.
15-1, Table 15-1), implying increasing synmineralization elevation and crustal
thickening, and the attainment of slightly more depleted fluid isotopic compositions by
the latest-Early Miocene. Hypogene montmorillonites from the propylitic halo at the
eastern margin of the Lagunas Norte centre are interpreted to have formed from meteoric
water having an average composition of ~ -8.5‰ δ18O/ -60‰ δD (Fig. 15-1), depleted
relative to that estimated for all alunite samples from the deposit (Fig. 15-1). Thus,
calculated stable-isotopic compositions of meteoric waters associated with the formation
of uppermost-Oligocene to upper-Lower Miocene hypogene minerals in the study area
range overall between ~ -8.5‰ and -5‰ δ18O and -60‰ and -30 δD, implying relatively
low, but plausibly increasing, paleoelevations.
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A similar magmatic-meteoric mixing trend for hypogene alunite samples
documented by Rainbow (2009) at the younger, 14.10 – 15.29 Ma, Pierina highsulphidation epithermal deposit, Huaraz district, is interpreted to represent a mixing curve
between magmatic and meteoric waters of composition ~ -10‰ δ18O/ -70‰ δD.
Calculated alunite fluid compositions are thus shifted to lower δD values relative to those
of the 16.3 – 17.4 Ma alunites from the Lagunas Norte domain (Fig. 15-1), evidence for
the progressive stable-isotope depletion of meteoric fluids during the Middle Miocene
along a ~ 180 km stretch of the Cordillera Occidental (Fig. 15-1). The depletion of δD
fluid values associated with inferred late-stage vein-filling clay minerals (Fifarek and
Rye, 2005) at Pierina, relative to those of earlier-formed alunite and clays at this deposit
(Fig. 15-1; cf., Fifarek and Rye, 2005; Rainbow et al., 2005; Rainbow, 2009), would also
be in agreement with progressive late-Early to Middle Miocene uplift.
Calculated isotopic compositions of fluids associated with unambiguously
supergene goethite samples (n=8) from Lagunas Norte, as well as goethite and jarosite
from elsewhere in the study-area and goethite from Pierina (n=5; Rainbow et al., 2006),
are on average significantly more depleted than those of hypogene alteration minerals,
ranging overall between -14.5‰ and -9.3‰ δ18O and -106‰ and -64‰ δD (Fig. 15-1),
evidence that the supergene oxidation of these centres occurred at significantly greater
paleoelevations than those attending late Oligocene and Early Miocene hypogene
mineralization. Further, the wide range of δ18O and δD (fluid) compositions associated
with supergene minerals from Lagunas Norte implies that meteoric waters with a wide
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range of isotopic compositions were involved in the oxidation of the deposit, plausibly
reflecting weathering over a significant altitudinal range, possibly as much as 2000 m
(Table 15-1). A similar range of goethite-associated fluid compositions at Pierina implies
that oxidation of this deposit also occurred over a wide range of elevation (Fig. 15-1,
Table 15-1). At Pierina, supergene alunite and cryptomelane 40Ar/39Ar dates of,
respectively, ca. 14 and 5 Ma (Rainbow, 2009) imply that uplift may have occurred over
this interval.
The ranges of mineral and calculated fluid isotopic data for goethite from both
Lagunas Norte and Pierina overlap (Fig. 15-1), strongly supporting the existence of
similar altitudes and altitudinal ranges during supergene activity in the two widely
separated deposits, imply that oxidation in the two districts was broadly
contemporaneous. Further, the majority of calculated fluid values associated with
supergene goethite from these deposits define two data clusters along the Meteoric Water
Line, i.e., areas “A” and “B” in Figure 15-1, implying that supergene oxidation of both
deposits occurred during discrete pulses of uplift and erosion, plausibly during or shortly
following hydrothermal activity at the Pierina deposit, i.e., ≤ 14.1 Ma, as implied by the
initiation there of supergene activity soon after, or even during, late hydrothermal activity
(Rainbow et al., 2006; Rainbow, 2009). However, the overlap between calculated fluid
isotopic compositions for goethites from Lagunas Norte and Pierina and that of
paleometeoric water in fluid inclusions at the ~ 10.5 Ma Finlandia vein system, Colqui
district, central Perú (Kamilli and Ohmoto, 1977), latest-Miocene lake waters from the
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Callejón de Huaylas basin, Huaraz district (Giovanni et al., 2010), and those associated
with the formation of a ~ 2.5 Ma jarosite from the study-area (i.e., area “B”, Fig. 15-1),
demonstrate that uplift also occurred during Late Miocene to Pliocene time. Such
youngest event or events may have been contemporaneous with Quechua II and/or III
tectonism (McKee and Noble, 1989; Wise et al., 2008).
Isotopic compositions of fluid inclusions documented in several Upper Miocene Pliocene (~ 5-10 Ma) ore deposits in the central and north-central Peruvian Andes
(-18.5‰ to -13.8‰ δ18O and -138‰ to -100‰ δD: Table 15-1; Area “C”, Fig. 15-1;
Landis and Rye, 1974; Rye and Sawkins, 1974; Kamilli and Ohmoto, 1977; Norman and
Landis, 1983; Campbell et al., 1984; Deen et al., 1994) also document decreasing δ18O
and δD values for meteoric waters contributing to progressively younger hydrothermal
systems, suggesting that elevations continued to increase regionally through much of Late
Miocene time. Moreover, by the end of the Miocene, the north-central Peruvian Andes
may have attained elevations similar to those now extant (Giovanni et al., 2010). Stableisotope data for latest-Miocene lacustrine deposits from the Callejón de Huaylas,
contiguous with the Pierina deposit, indicate that surface waters reaching the basin in the
latest-Miocene were sourced from elevations comparable to those currently established in
the Cordillera Blanca (~ 6000 m; Giovanni et al., 2010), and further support mid- to Late
Miocene uplift and crustal thickening across the region. Moreover, the similarity of the
δ18O values (-20‰ to -16.5‰) of ice cores from Huascarán, Perú (9°S, 6050 m a.s.l.:
Vimeux et al., 2009) to those of meteoric waters preserved in fluid inclusions at Late
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Miocene-to-Pliocene hydrothermal centres (-18.5‰ to -16.6‰) in central and northcentral Perú, currently located between ~ 4200 and 5000 m a.s.l. (Fig. 15-1), is consistent
with the interpretation that elevations at the end of the Miocene may have been
approximately equivalent to those extant in central and north-central Perú.
Although the compositional range of late Oligocene or earliest-Miocene to latestMiocene - Pliocene meteoric waters documented in Figure 15-1 could have been
influenced by a cooling climate or changing weather patterns (e.g., Giovanni et al., 2010;
Poulsen et al., 2010; Poulsen and Jeffery, 2011), such global influences may have been
modest in middle-latitude sites such as the study-area (7° 57´ S; Barron and Washington,
1985), particularly during the Miocene and later when global climates experienced only
minor cooling and temperatures more closely resembled those of today (Zachos et al.,
2001). These affects may, however, have been more pronounced during the Eocene to
early Oligocene interval. The overall compositional range of ~ 12‰ (-18.5‰ to -6.4‰)
for the δ18O of meteoric water (Fig. 15-1) would far exceed that potentially imprinted on
these compositions as a result of global cooling during the latest-Oligocene or lowermostMiocene to latest-Miocene – Pliocene, which would probably not have exceeded 3‰ at
high elevations and even less in lower-lying areas (Poulsen and Jeffery, 2011).
Furthermore, the development of planar erosional surfaces before and during highsulphidation activity in the Alto Chicama district, as well as fossil leaf morphologies in
syn-mineral tuffs at Lagunas Norte, which suggest that the deposit formed at a
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significantly lower elevation than its current location, are consistent with latest-Oligocene
and mid- to Late Miocene uplift.

15.1 Inferred late Oligocene-to-Pliocene uplift history of north-central and central
Perú
Estimated paleoelevations based on the stable-isotopic data reported herein
constrain the mid-to-late Cenozoic uplift history of the central and north-central Peruvian
Andes (Fig. 15-2). Data from the late Oligocene-to-Pliocene interval, including those for
dated alunite samples from Lagunas Norte and neighbouring prospects, suggest that
elevations in the study-area may have been close to sea-level during the mid-Oligocene,
although these may be somewhat underestimated if isotopic lapse rates were lower at this
time (Poulsen and Jeffery 2011). Thereafter, elevations may have increased in the late
Oligocene to over 1000 m a.s.l., probably in response to Aymará compression, and then
increased sharply, i.e., at a rate of ~ 0.2 mm/y, in the late-Early Miocene, during or
immediately following Quechua I compression. The resulting high uplift rates were
maintained until at least the end of the Miocene (Fig. 15-2). Stable-isotope compositions
of supergene minerals from the study-area and from the Huaraz district suggest that
oxidation may have occurred in response to episodic rapid uplift during regional tectonic
events (Fig. 15-2). Uplift may have been more rapid during the Late Miocene in central
Perú and at the northern extremity of the Cordillera Blanca batholith in the Pasto Bueno
area than in the study-area (Fig. 15-2).
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Figure 15-2: Late Oligocene – through – Late-Miocene stable-isotope-based paleoelevation
estimates, north-central and central Perú. Thick, black dashed line is preferred paleoelevation
interpretation for north-central Perú transect, including Alto Chicama district. Partial curves,
determined on the basis of published fluid inclusion δ18O and δD values from Late Miocene
mineralized centres, represent inferred Late Miocene- Early Pliocene elevations/ uplift histories
of central Perú (~Lima transect) and the Pasto Bueno area. Numbered data points: 1-Kamilli and
Ohmoto (1977); 2-Landis and Rye (1974), Norman and Landis, 1983; Clark et al., 2000; 3-Deen
et al. (1994); 4-Rye and Sawkins (1974); 5-Campbell et al. (1984); Noble and McKee, 1999.
Pierina goethite data from Rainbow et al. (2006). Supergene alunite data for Kori-Kollo and
Potosí, Bolivia, unpubl. data, D. Cunningham. Uplift proposed on the basis of three-dimensional
viscous flow modeling by Yang et al. (2003) shown for comparison (thin dashed line). The latestMiocene elevation for central and northern Perú proposed on the basis of the evolutionary
patterns of potato parasite nematodes (Picard et al., 2008) is also shown. Callejón de Huaylas
carbonate datum (Huaraz district) is from data presented by Giovanni et al. (2010) calculated
using lapse rate and low-elevation datum discussed here. Age error-bars attached to some data
points are based on 40Ar/39Ar data and geological relationships. Ages assigned to goethite samples
represent maximum possible ages determined from the ages of related hydrothermal centres. Tieline extending to the right of goethite data in area “B” to area “B' ” represents age uncertainty (see
text) associated with these data. Estimated errors (not shown) associated with elevations range
between ± 300 and 1200 m, calculated on the basis of an assumed ± 5°C temperature variability
when calculating fluid isotopic compositions and ± 1‰ variability when calculating Δδ18Oppt
values.
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At Pasto Bueno, major uplift between ~ 9.5 and 7.3 Ma can account for the revival
of the hydrothermal fluid system in the absence of new magmatism (Clark et al., 2000).
The data presented here suggest that by latest-Miocene time uplift rates in north-central
and central Perú and along the northern segment of the Cordillera Blanca batholith had
abated and that, during Pliocene and Quaternary time, extension due to gravitational
forces associated with high topography (e.g., Dalmayrac and Molnar, 1981) may have
been an important tectonic influence. The rapid uplift and exhumation of the Cordillera
Blanca batholith along the major Cordillera Blanca normal fault at this time (Garver et al.,
2005) would be consistent with this interpretation (Giovanni et al., 2010).
Rapid late-Early to Late Miocene uplift of the north-central and central Peruvian
Cordillera would be in general agreement with geological and geomorphological evidence
for the construction of the northern-Central Andean cordillera by the end of the Miocene
(Myers, 1976; Noble et al., 1990; Davies and Williams, 2003; Giovanni et al., 2010). The
inferred uplift history presented herein is compatible both with mid- to Late Miocene
uplift histories proposed for the wider Central Andes (e.g., Lamb and Hoke, 1997; Barke
and Lamb, 2006; Gregory-Wodzicki, 1998; 2000) and with models for crustal thickening
and uplift for the Central Andes invoking lateral crustal flow and largely Neogene uplift
(Fig. 15-2; Yang et al., 2003). However, accelerated mid- to Late Miocene uplift of the
northern limb of the Central Andes, i.e., as much as 2-3 km surface uplift between ca. 17
and 5 Ma, would predate the rapid Late Miocene-Pliocene uplift postulated by some
authors for the Central Andes (Garzione et al., 2006; 2007; Schildgen et al., 2007),
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although rapid uplift at this time may have been overestimated (Poulsen et al., 2010). The
proposed timing of major uplift also predates that proposed for central and northern Perú
on the basis of the evolutionary patterns of potato parasite nematodes (Fig. 15-2; Picard et
al., 2008). Although the postulated earlier uplift in the central and northern Peruvian
Andes could be an artefact of imprecise age constraints for goethite stable-isotopic data
(i.e., B', Fig. 15-2), distinctly depleted isotopic compositions for meteoric water preserved
in Late Miocene/Pliocene fluid inclusions and lacustrine carbonates also suggest the
attainment of high elevations along the central and north-central Peruvian margin by the
latest Miocene (Fig. 15-2).
Earlier crustal thickening and related uplift along the northern limb of the Central
Andes resulting from the higher strain rates existing in narrower orogenic belts (Yang et
al., 2003) would be consistent with the uplift chronology proposed herein. Regional uplift
around the main Bolivian orocline has been ascribed to thermal weakening and resultant
deformation/thickening of the lower crust during increased plate convergence rates
(Allmendinger et al., 1997; Yang et al., 2003). Similar processes may have been active in
north-central Perú following increased magmatism during late Oligocene and Miocene
time. The proposed latest-Paleogene – Neogene episode of increasing elevations and
hence crustal thickening overlapped temporally with the onset of high plate convergence
rates (>100 mm/y; Pardo-Casas and Molnar, 1987). Thus, although the northern Peruvian
magmatic arc was active since at least the early Eocene (Fig. 4: Noble et al., 1990; Rivera
et al., 2005a and b), increased magmatic activity in response to fast convergence rates
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may have resulted in thermal weakening and resultant shortening of the lower crust,
possibly involving lateral crustal flow (Yang et al., 2003) and causing surface uplift
during mid- to Late Miocene time through isostatic adjustment. The preservation in northcentral Perú at ~10°S of five planar erosional surfaces which are inferred to record
episodic surface uplift totalling ~ 3500m since the Paleocene and prior to the latestMiocene (≥ 5.8 Ma: Myers, 1976) lends support to the uplift history proposed herein.
Although no direct genetic link is established, the temporal overlap of major
cordilleran uplift and the formation of all major high-sulphidation epithermal Au-(Ag)
deposits in north-central and northern Perú, viz. Yanacocha, Lagunas Norte and Pierina,
suggests that crustal thickening and related tectonic activity favoured this style of
epithermal mineralization. That Lagunas Norte and Pierina may have formed at lower
elevations (~ 1000 – 2000 m a.s.l.), and thus over thinner crust, than the much larger
Yanacocha deposit cluster (Davies and Williams, 2003) further suggests that, as crustal
thickening progressed, the evolving tectonic and magmatic environments became
increasingly favourable for concentrating and depositing metals.
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Chapter 16
TECTONIC SETTING OF HYDROTHERMAL ACTIVITY IN THE ALTO
CHICAMA DISTRICT
The Alto Chicama district experienced economically-significant magmatichydrothermal episodes over a period of 10 m.y., extending from the late Oligocene to the
Middle Miocene. Geological and geomorphological mapping, supported by 40Ar/39Ar
geochronology, demonstrates that hydrothermal activity, including that at Lagunas Norte,
was broadly contemporaneous with regional compressional events and related uplift and
erosion (Fig. 16-1). The earliest hydrothermal centres in this transect, viz., the La Arena
porphyry Cu-Au-(Mo) deposit and the Tres Cruces low-sulphidation and Los Goitos highsulphidation epithermal centres, were emplaced during orogen-wide Aymará contraction,
whereas the world-class Lagunas Norte high-sulphidation Au (-Ag) deposit, the La
Capilla and Lagunas Sur high-sulphidation prospects, the Milagros porphyry Cu-Au-(Mo)
prospect and the younger cordilleran-type Ag-polymetallic Quiruvilca vein system
formed during the subsequent Quechua I orogenic event. This areally-restricted
metallogenetic district therefore contributes to an understanding of the interrelationships
of mineralization and tectonism in a mid-Cenozoic interval which saw major
mineralization throughout the Central Andes. Exceptionally, however, the Lagunas Norte
deposit itself was unambiguously nucleated by a considerably older, Incaic, fold, a feature
undocumented in other Andean porphyry and epithermal centres.
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Figure 16-1: Late Oligocene – Middle-Miocene tectonic evolution of the Alto Chicama district.
Alternating extension and compression characterized the tectonic setting of the district during
this period, leading to reactivation of high-angle Andean-trending structures as both normal and
reverse faults which may have controlled magmatism and the deposition of volcanic units, as
well as hydrothermal activity. Hydrothermal events, including that associated with the worldclass Lagunas Norte high-sulphidation epithermal deposit, occurred during regional
compression (B, E – G) associated with uplift and erosional episodes.
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Hydrothermal activity in the study area during the late Oligocene was broadly
coeval with development of the Pampa la Julia erosional surface and with regional
Aymará compression (e.g., Sebríer et al., 1988; Sandeman et al., 1995). However, the
overprinting at ~ 25.8 Ma of high-sulphidation epithermal mineralization on the ~ 26.1
Ma La Arena Cu-Au-(Mo) porphyry centre (combined indicated and inferred resource of
2.9 G lb Cu and 4.0 M oz Au; rioaltomining.com) in the eastern part of the district
suggests, by analogy with the Rosario (Collahuasi) porphyry-epithermal system, Chile
(Masterman et al., 2005), the involvement of extensional block faulting before Aymará
compression. This could account for the brief hiatus (< 0.5 m.y.) between epithermal and
porphyry events at La Arena and for the juxtaposition, west of La Arena, of Valanginian –
Barremian Santa/ Carhuaz Formation and Tithonian Chicama Formation strata (Fig. 3-2,
section B-B'). Extension preceding Aymará uplift and erosion is also implied by
geological and geochronological relationships in the Quiruvilca domain, where a thick
Paleogene volcaniclastic sequence filled a depocentre bounded, to the east, by a steeply
west-dipping, arc-parallel (NNW-SSE), normal fault at the eastern margin of the domain
(Fig. 3-2).
Low-sulphidation epithermal mineralization at the 25.3 Ma Tres Cruces centre in
the Quiruvilca domain also supports the interpretation of late Oligocene extension (e.g.,
Sillitoe, 2008), but the timing of hydrothermal activity at this centre, broadly coeval with
or immediately following development of the Pampa la Julia erosional pediplain, requires
that such extension alternated with Aymará compression, uplift and erosion (Figs. 16-1A240

C). East of Tres Cruces, the occurrence of a strongly sheared, medium-grained, Lower
Miocene age (Table 3-1; Appendix A) equigranular dacite intrusion cut by the normal
fault marking the eastern margin of the Quiruvilca domain (Fig. 3-1) implies reactivation
of this structure, possibly as a reverse fault. Late Oligocene extension thus may have
generated a series of west side-down blocks which controlled magmatic and related
hydrothermal activity in the district. This would be consistent with proposals that
extension stimulated Cenozoic volcanism along the north-central Peruvian arc (Petford
and Atherton, 1995; Rivera et al., 2005a) and with the concept (e.g., Ida, 2009, and
references therein) that extensional stress conditions are most favourable for volcanic
activity. Normal faults may have been periodically reactivated as reverse faults.
The early-Early Miocene period may overall have been one of relative tectonic
quiescence or weak compression (Davies and Williams, 2003), but the eruption in both
the Quiruvilca and Lagunas Norte domains of monogenetic volcanic centres (domes and
coeval lava flows), including the Cerro Negro and Yanahuanca domes north of Lagunas
Norte (Fig. 3-1), would be consistent with extension during the Early Miocene (i.e., ~ 19
– 21 Ma) (Fig. 16-1D; Nakamura, 1977; Ida, 2009). Preservation at depth of lowerOligocene volcanic strata in the Milagros area would also be consistent with lower-Early
Miocene or late Oligocene extension. Although modest high-sulphidation epithermal
activity occurred at this time at the El Toro prospect to the east of the study-area,
mineralization of this age is not known in the Alto Chicama district, suggesting that this
period of relative tectonic quiescence was unfavourable for hydrothermal activity.
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The main period of late-Early Miocene high-sulphidation epithermal Au-(Ag)
mineral deposition, representing much the most important metallogenetic event in the
study-area, was broadly coeval with Quechua I regional compression (Figs. 16-1E and F;
McKee and Noble, 1982; 1989; Noble et al., 1990), and coincided with the waning stage
of a protracted episode of andesitic-to-dacitic magmatic activity centred at the domerelated Sauco Volcanic Complex ~ 4 km east of the deposit (Fig. 16-1F). This
voluminous polygenetic volcanic activity supports the interpretation of a transition to
compressional regional stresses (e.g., Ida, 2009) preceding and during hydrothermal
activity at Lagunas Norte, consistent with uplift and erosion between 17.0 and 17.7 Ma of
the Milagros porphyry Cu-Au-(Mo) centre (Fig. 16-1E). These events support the
interpretation that tectonic contraction accompanied fertile hydrothermal activity at
Lagunas Norte, while the incision of the Río Chicama valley-pediment system (Fig. 161F) at ca. 16 – 17 Ma, which may have localized hydrothermal activity and ore deposition
(cf. Bissig et al., 2002), directly records the resulting crustal thickening.
Although a regional compressional tectonic setting is indicated by events
immediately preceding and overlapping with high-sulphidation activity at Lagunas Norte
(Fig. 16-1E), ~ EW-oriented extensional structures documented at the deposit (Lewis,
2002; Rehrig, 2004) record local extension during hydrothermal activity. Further
evidence for N-S extension in the deposit area during and preceding hydrothermal activity
include the ~E-W orientation of Au grade-thickness contours there (Fig. 3-9), as well as ~
ENE- to ESE-striking normal faults documented south of Lagunas Sur (Fig. 3-1) and
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north and south of Lagunas Norte (Lewis, 2002; this study) which may delimit an en
echelon series of south side-down structural blocks (Lewis, 2002; Fig. 16-2A). Thus,
local or transient ~ NS-directed extension occurred during hydrothermal activity and ore
formation (Fig. 16-1F). Evidence for episodic stress reversals during mineralization at
Lagunas Norte (Rehrig, 2004) implies that late-Early Miocene Quechua I compression
may have periodically been supplanted by ENE-WSW extension (Fig. 16-1F), as is also
implied by the NNW-SSE elongation of the syn-mineral Tres Amigos dome (Nakamura,
1977) and by Andean-trending syn-volcanic normal faults (Fig. 16-1F). ENE- and
Andean-trending normal faults documented in the deposit area are interpreted herein to
delimit a syn- to post-volcanic extensional or pull-apart basin centred east of Lagunas
Norte (Fig. 16-2A), plausibly developed between inferred NNW-trending dextral strikeslip faults. The latter may represent reactivated Andean-trending thrusts or high-angle
normal faults, possibly a response to a late-Early Miocene shift from near-orthogonal to
oblique plate convergence azimuths in central Perú (Somoza, 1998). Strike-slip
movement along Andean-trending structures is consistent with horizontal movement
indicators on NNW-trending high-angle faults documented herein in the district. This
inferred pull-apart also corresponds with an area of down-dropped Mesozoic strata (as
determined from drill-hole data and geological interpretation; Fig. 16-2) east of Lagunas
Norte (Fig. 3-2, section B-B') and with the central dome-flow complex of the pre- to syn-
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Figure 16-2: Proposed district-scale Miocene and Eocene structural controls on mineralization at
Lagunas Norte. A. Late-Early Miocene (Quechua I) structural setting. Extension within an overall
compressional regime during Quechua I regional contraction within a pull-apart basin centred
east of the deposit focused both magmatism at the pre- to syn-mineral Sauco volcano to the east
of Lagunas Norte and hydrothermal activity at the deposit. Thick solid lines represent inferred
and mapped faults, including NNW-SSE – trending inferred strike-slip and ENE-WSW and
NNW-SSE – striking normal (ornamented lines) faults. Au grade-thickness contours at Lagunas
Norte are indicated, as in Figure 3-9B. B. Proposed Eocene (Incaic) structural setting and controls
on mineralization at Lagunas Norte and Lagunas Sur. Thick lines represent configuration of
inferred strike-slip faults and related structures at restraining bends developed during fold and
thrust-related deformation at Lagunas Norte and Lagunas Sur. Inset shows fault and fracture
configuration of analogue models of restraining stepovers in strike-slip fault systems (McClay
and Bonora, 2001) which approximates the structural setting at Lagunas Norte.
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mineral Sauco volcano (Fig. 16-2A). The Sauco magmatic centre, plausibly the source of
fluids and metals at Lagunas Norte, thus may have been focused at a zone of structural
weakness developed at the intersection of Andean (NW)- and ENE-trending faults (cf.
Tosdal and Richards, 2001). The ~ ENE orientation of grade-thickness contours and
extensional fractures at Lagunas Norte implies that ~ NS extension within the basin was
active during ore formation. The proposed model could account for the location of the La
Capilla high-sulphidation prospect, which on the basis of this model, evidently formed in
a structural setting similar to that at Lagunas Norte, i.e., proximal to intersecting NNW
strike-slip and ENE-oriented normal faults (Fig. 16-2A). ENE-trending vughy silica zones
at La Capilla may reflect a ~ NS extensional control during mineralization, similar to that
recorded at Lagunas Norte.
That subsequent, Middle Miocene tectonic activity in the district (Fig. 16-1G)
involved ENE-WSW compression is suggested by vein and fault orientations in the
Quiruvilca Ag-polymetallic deposit, indicating that the overall tectonic regime during this
terminal metallogenetic event was probably comparable to that attending earlier highsulphidation activity. The interpretation of early-Middle Miocene compression and
related uplift is supported by a ca. 14 Ma date for very fine-grained alunite of possible
supergene origin from the La Arena porphyry centre, and by stable-isotopic data for
supergene goethite from both La Arena and Lagunas Norte, which together suggest midMiocene oxidation, and thus uplift and erosion, in the district. These events may have
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occurred in response to regional compression associated with the subduction of the Nazca
Ridge (Rainbow, 2009).
Although late-Early Miocene Quechua I tectonic activity and erosion in response
to crustal thickening and uplift were critical in the development of the Lagunas Norte
centre, the deposit itself was unambiguously nucleated by a considerably older fold
developed during Eocene, Incaic, fold and thrust-related deformation. The Mesozoic
strata in the deposit area describe a km-scale fan-fold (Huiqi et al., 1992; Price, 2000)
indicating a high degree of shortening relative to the surrounding areas. The nucleation of
the Lagunas Norte deposit within a complexly-folded segment of the Chimú Formation
strata along the eastern limb of this regional anticline, with an upwardly-fanning
geometry referred to by mine personnel as a “flower-structure” (Fig. 3-8), implies that
older, Incaic fold and thrust-related structures may also have contributed to the
development of mineralization. This interpretation is supported by intense fracturing and
brecciation of Chimú Formation quartz arenite strata at the deposit, attributed mainly to
fold and thrust-related deformation associated with this complex fold (Lewis, 2002), and
contrasting with unmineralized Chimú formation strata to the north and west of the
deposit, which are characterized by planar bedding relationships and only minor
fracturing and brecciation. The absence of similar structures in the overlying late-Early
Miocene volcanic sequence at Lagunas Norte is consistent with this interpretation.
Comparable, but less strongly developed, structural complexity within the Mesozoic
strata at the Lagunas Sur prospect suggests a similar control.
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The structural setting at Lagunas Norte may be analogous to a strike-slip faultrelated “pop-up” or “positive flower structure” (e.g., Sylvester, 1988; McClay and
Bonora, 2001), such as have been documented at transpressional restraining bends or
step-overs in other fold and thrust settings (e.g., Cunningham and Mann, 2007; Zampieri
and Massironi, 2007). The nature and distribution of faults in the Alto Chicama district
would accommodate this model (Fig. 16-2B). A transfer structure south of Lagunas Norte
would also account for the truncation of Chimú Formation strata in that area (Fig. 16-2B).
Thus, the close spatial relationship between fold and thrust-related deformation and
mineralization at Lagunas Norte suggests that magmatic and hydrothermal processes
were, in part, also controlled by structures significantly older than the mineralization and
that this deformation was probably a prerequisite (Montoya et al., 1995) for development
of the outsized Lagunas Norte deposit. Further, the intensity of mineralization in the
several hydrothermal centres of the Lagunas Norte – Lagunas Sur district directly reflects
that of the considerably older mesoscopic Incaic deformation.

16.1 Summary
Although high-sulphidation epithermal deposits may form within extensional or
near-neutral regional stress fields (e.g., Tosdal et al., 2009), recent studies suggest that
emplacement of the largest Central Andean high-sulphidation deposits, including the
giant Yanacocha and Veladero – Pascua-Lama clusters, coincided with, or immediately
followed, contractional episodes (Sillitoe, 2008, and references therein; Chiaradia et al.,
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2009). Such settings have also been linked to large Andean porphyry Cu deposits (Sillitoe
and Perelló, 2005; Skármeta, 2005), which are envisaged as having formed in response to
rapid surface uplift and exhumation during periods of crustal thickening. Compressional
settings may favour the transport of Au from the porphyry to the epithermal environment
(Heinrich et al., 2004). Major ore formation at Lagunas Norte also occurred within an
overall contractional setting, albeit during periodic or local extension, possibly related to
changes in regional stress fields during or following the later stages of Quechua I
compression, which may have been critical to ore formation at the deposit. Unlike the
syn-mineral extensional faulting at the Veladero high-sulphidation epithermal deposit,
ascribed (Charchaflié et al., 2007) to gravitational collapse at high paleoelevations (Bissig
et al., 2002), extension associated with hydrothermal activity at Lagunas Norte occurred
at much lower elevations (see sections 3.5 and 10.5) within an overall compressive
environment (Lewis, 2002). This setting is broadly analogous with those proposed for the
Yanacocha (Chiaradia et al., 2009; Teal and Benavides, 2010) and Pierina (Rainbow,
2009) centres and for the Chelopech high-sulphidation Cu-Au-Ag epithermal deposit,
Bulgaria (Chambefort and Moritz, 2006). Thus, extensional (e.g., Masterman et al., 2005;
Charchaflié et al., 2007) or possibly transtensional events (e.g., Tosdal and Richards,
2001; Chambefort and Moritz, 2006; Teal and Benavides, 2010) within overall
compressional regimes (e.g., Charchaflié et al., 2007; Teal and Benavides, 2010; this
study) may favour the development of large high-sulphidation epithermal deposits.
However, the nucleation of Lagunas Norte at an Eocene, Incaic, fold and thrust-related
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structure indicates that significantly older deformation was, perhaps uniquely, also critical
to the formation of this major high-sulphidation deposit.
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Chapter 17
REGIONAL-SCALE CROSS-STRIKE DISCONTINUITIES AND THE
LOCALIZATION OF HYDROTHERMAL ACTIVITY IN THE ALTO
CHICAMA DISTRICT
An increasing body of data (Vidal and Noble, 1994; Rivera, 1996; Turner, 1997;
Love et al., 2004; Bissig and Tosdal, 2009; Longo et al., 2010; Teal and Benavides, 2010)
supports the interpretation that transverse crustal-scale structures have influenced the
locations of major ore deposits along the Peruvian margin. Geological relationships in the
study area and in the surrounding region suggest that late Oligocene-to-mid-Miocene
magmatic and hydrothermal activity in the Alto Chicama district, including that at the
Lagunas Norte deposit, may have been focused along a ca. 200 km-long by 20 km-wide,
ENE-trending, transverse structural corridor, herein termed the “Alto Chicama – Patáz
cross-strike discontinuity” (or CSD; Wheeler, 1978).
As emphasized above, Mesozoic sedimentary strata in the Alto Chicama district
are well-exposed in a central uplifted block (Fig. 3-1) within which, at Lagunas Norte,
Incaic deformation was particularly intense, generating a tight, upwardly-fanning,
strongly-faulted anticline (Figs. 5-1 and 5-2; defined by detailed structural mapping at the
deposit by Lewis, 2002), while a similar, but less intense structural configuration is
evident at the nearby Lagunas Sur prospect. The Lagunas Norte anticline is herein
interpreted as a “pop-up structure” (sensu Sylvester, 1988; McClay and Bonora, 2001)
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which developed at a transpressional restraining bend or step-over along an Incaic thrust
(Fig. 16-2B: cf. Cunningham and Mann, 2007; Zampieri and Massironi, 2007), recording
a right-lateral offset. The pronounced thin-skinned fold-and-thrust related deformation at
the deposit contrasts with the planar bedding relationships of the Mesozoic sedimentary
strata for several kilometres to the north of the deposit (as defined by geological mapping,
this study, Figs. 2-1 and 3-1). Strong fold-and-thrust - related deformation in the deposit
area along the proposed Alto Chicama – Patáz CSD may be analogous to structural
complexities documented in other fold-and-thrust belts where crustal-scale transverse
structures have been demonstrated to exert a strong control on deformation geometries
(e.g., Pohn, 2000; De Vera et al., 2005; Sepehr and Cosgrove, 2007; Lund, 2008). Highangle faults and structural discontinuities documented within the Mesozoic strata
elsewhere in the Alto Chicama district (mapping this study, Fig. 3-1) could also reflect
focused deformation along the inferred ENE-trending transverse structural zone.
ENE of the study area, along its ~ 200 km length, the transverse structural zone
coincides with structural heterogeneities in Paleozoic and Mesozoic strata and with
focused Neogene magmatism (as evident on regional government geological maps,
referenced in Fig. 2-1). Marked deflections of major Eocene, Incaic fold axes and thrust
faults, as well as fold plunge reversals and increased faulting, occur within the Mesozoic
sedimentary strata along this corridor east of the Alto Chicama district (Figs. 2-1 and 171). A regional right-lateral offset consistent with that inferred at the Lagunas Norte
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Figure 17-1: Inferred CSD (cross-strike discontinuity; Wheeler, 1978) through the Alto Chicama
district. Also shown are the Casma-Pasto Bueno Megafracture (Rivera, 1996), the Querococha
Arch and inferred CSD projected through the Huaraz district (Inset; Love et al., 2001; 2004), and
the Pierina-Quebrada Honda CSD (A.H. Clark, unpubl. data). These long-lived transverse
structural zones probably controlled the distribution of magmatic and hydrothermal activity along
the north-central and central Peruvian margin. A Casma-age aillikite intrusion at Lagunas Norte,
an apparently unique occurrence in the Peruvian Andes, strongly suggests that deeply penetrating
structures along the inferred projection of the Alto Chicama – Patáz CSD were repeatedly
activated during magmatic and tectonic events, including those associated with formation of the
major Lagunas Norte high-sulphidation epithermal deposit.
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transfer structure is suggested by fold interference patterns east of the study-area (Fig. 171). Further east, the trend of Albian - Upper Cretaceous shelf carbonate strata is deflected
from NW-SE to N-S across the corridor (inset, Fig. 17-1), similarly implying a dextral
movement. The structural deformation attributed to this corridor may extend further to the
ENE into basement strata at the Paleozoic proto-continental margin (Cardona et al., 2006;
Fig. 2-1), where offsets in the Paleozoic stratigraphy coincide with a cluster of
Carboniferous orogenic gold vein deposits (Fig. 17-1) in the ~ 6 M oz Patáz sub-province
(Haeberlin et al., 2004).
To the WSW of the study area, the proposed CSD coincides with the northern
limit of the Albian - Turonian Casma rift basin and its associated Casma Group mafic
volcanism (Figs. 1-1 and 17-1; e.g., Jacay et al., 2008), suggesting that major back-arc
rifting at the mid-Cretaceous Peruvian margin was delimited by this transverse suture.
Further, Casma-age (105 Ma) aillikitic intrusive activity identified during this study at the
margin of the Lagunas Norte deposit (Fig. 17-1) would be in agreement with channelized
melting in the lower sub-continental lithospheric mantle during continental extension
(Foley, 2008; Tappe et al., 2009), linking the inland projection of this CSD with the
Casma basin. The proposed CSD was therefore already a fundamental tectonic
discontinuity in the mid-Cretaceous. Subsequently, the areal extension of Cenozoic
magmatism, including the major Sauco volcano east of Lagunas Norte and late Oligocene
and Neogene intrusions, to the east of the main arc axis (Fig. 17-1), coincided with the
ENE-WSW array of mineral deposits and prospects along the CSD (i.e., El Toro – La
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Arena – Lagunas Norte – Quiruvilca, etc.). Focused magmatism along crustal-scale
transverse structures has also been documented in other fold-and-thrust belts (e.g., Pohn,
2000). The proposed CSD also aligns approximately with the Viru fracture zone on the
subducting Nazca plate (Huchon and Bourgois, 1990).
Together, these observations imply that unusual tectonic activity occurred
intermittently along this corridor between at least the Late Paleozoic and the Neogene,
and may have contributed to the focusing of both late Cenozoic magmatism and
hydrothermal centres, including the Lagunas Norte deposit. The CSD may, however,
reflect older tectonic patterns (e.g., Benavides-Cáceres, 1999). Neoproterozoic breakup of
Rodinia is inferred (Thomas, 2006) to have formed a series of regional-scale
promontories and embayments delimited by major transform faults along the continental
margin of eastern North America, overprinted during later orogenic events by regionalscale fold and thrust related salients and recesses (Thomas, 2006; Allen et al., 2009).
Thus, these crustal-scale breaks imparted a strong control on younger fold-and-thrust belt
geometries. The Peruvian proto-continental margin, the mirror image of the eastern North
American margin (Wasteneys et al., 1995; Cardona et al., 2010), although less well
studied, also incorporates a series of crustal-scale transverse structures (e.g., BenavidesCáceres, 1999) which may similarly be rooted at the boundaries of Neoproterozoic rift
segments and which may have influenced Incaic fold and thrust patterns. The inferred
structural corridor transecting the Alto Chicama district may thus correspond with an
offset along the Proterozoic proto-continental margin.
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Fold and thrust complications, focused magmatism and related hydrothermal
activity similar to those along the Alto Chicama – Patáz corridor have been documented
elsewhere in north-central Perú along the “Casma-Pasto Bueno Megafracture” (CPBM:
Rivera, 1996) and the “Querococha Arch” CSD (Love et al., 2004), both of which are
associated with major magmatic-hydrothermal ore deposits (Fig. 17-1). A series of
transverse crustal-scale faults, the “Cutervo-Cajamarca structural zone” (Longo et al.,
2010), has also been recognized in the region surrounding the world-class Yanacocha
district, where mineral deposits are aligned along ENE-trending structure corridors (Teal
and Benavides, 2010). This transverse structural zone also corresponds broadly with a
major curvature in the trend of Eocene fold axis and thrust faults.
The CPBM hosts the Upper Miocene, i.e., 7.2 – 7.3 Ma (Clark et al., 2000), worldclass Pasto Bueno W (Cu-Ag) vein system and the neighbouring Middle Miocene (14.6 15.4 Ma: Noble et al., 2004; A.H. Clark, unpubl. 40Ar/39Ar data) Magistral Cu-Mo
porphyry/skarn and coeval (14.49 Ma: A.H. Clark, unpubl. data) Aguila porphyry CuMo-Au prospects (Fig. 17-1). This transverse structural corridor aligns with the Mendaña
fault zone on the subducting Nazca plate (Huchon and Bourgois, 1990; Rivera, 1996) and
is postulated to have localized faulting, Calipuy Supergroup volcanism, and multistage
intrusive activity along the continental margin, including segments of both the Albian-toPaleocene Coastal Batholith and the Neogene Cordillera Blanca Batholith. The deflection
of Incaic thrust faults and fold axes across both the CPBM east of Pasto Bueno (Fig. 17-1)
and across the eastern projection of the Alto Chicama – Patáz CSD together define a zig257

zag pattern which would be consistent with paired fold and thrust belt recesses and
salients mimicking rift-related promontories and embayments at a transform rift segment
(e.g., Thomas, 2006). The CPBM also coincides with a major right-lateral deflection of
the northernmost axis of the upper-Middle Miocene (Stewart et al., 1974; Clark et al.,
2000) Cordillera Blanca Batholith (Fig. 17-1), which is paralleled by regional Incaic fold
axes and thrusts, implying focused tectonic activity at this time. The parallelism of Incaic
structures and the axis of the Cordillera Blanca batholith suggests that the deflection of
these NW-trending structures also occurred in the Late Miocene. Thus, fold-and-thrust
belt deflections formed during Incaic contraction were enhanced during later tectonic
activity.
Further south (inset, Fig. 17-1), the major, Upper Miocene (9.9 – 10.2 Ma)
Antamina skarn/porphyry Cu-Zn-Ag-Mo deposit is associated with fold and thrust
deflections similar to those on the proposed Alto Chicama – Patáz CSD, and Love et al.
(2004) argue that a local lateral ramp within the deposit reflects structural inheritance
along the Querococha Arch, similarly interpreted as a transverse segment of the rifted
proto-continental margin along which Neogene magmatic and hydrothermal activity was
focused. These authors conclude that deeply-penetrating transverse crustal-scale
structures provided fluid and magma pathways which localized the Antamina deposit.
Further, a gap in the Mississippian – Lower Jurassic continental shelf siliciclastic and
carbonate sedimentary strata along the Querococha Arch northeast of Antamina has been
interpreted to reflect non-deposition across a topographic high corresponding to the CSD
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(Love et al., 2001). The structural corridor transecting the Alto Chicama district may have
represented an analogous persistent topographic high, where Mississippian-to-Lower
Jurassic shelf siliciclastic and carbonate sedimentary strata (Inset, Fig. 17-1), including
Upper Triassic-to-Lower Jurassic Pucurá Group carbonate strata and shales (Fig. 17-1),
and Upper Cretaceous – Paleocene Casapalca Group continental redbeds (Fig. 17-1), are
all thin or absent according to regional geological data. Similarly, as previously discussed,
neither the Eocene Huaylas Formation redbeds at the northwest margin of the Alto
Chicama – Patáz CSD (Cossio, 1964) nor Eocene volcanic strata, which attain a thickness
of ~ 1000 m only 20 km south of the proposed Alto Chicama – Patáz CSD (Rivera et al.,
2005a), occur in the study-area (Fig. 11-1), where mapping during this study indicates
that upper Oligocene – Miocene volcanic units lie directly on folded Mesozoic strata.
These data support the interpretation of a topographic high along this proposed structural
corridor, at least prior to the Oligocene.
The concept that intermittent tectonic activity at transverse structures along the
Peruvian margin may have focused magmatic and hydrothermal activity (Vidal and
Noble, 1994; Rivera, 1996; Quiroz, 1997; Love et al., 2004; Sillitoe, 2008; Bissig and
Tosdal, 2009) is consistent with the relative timing of hydrothermal activity and tectonic
events along proposed CSD’s. Plagioclase and Al-in-hornblende thermobarometry data
(Love et al., 2001; A.H. Clark, unpubl. data) and systematically reset hornblende and
biotite 40Ar/39Ar ages across the 16 Ma Cahuish pluton indicate that focused extension on
major west-dipping normal faults occurred along the Querococha arch at ~ 10 Ma, coeval
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with Quechua II tectonism, while geobarometry at Antamina defines major
contemporaneous uplift during magmatic-hydrothermal activity.
Block-faulting associated with west-dipping normal faults and repeated
extensional events recorded herein in the Alto Chicama district (Fig. 3-2), including the
generation of east-west - oriented extensional structures at Lagunas Norte, could similarly
reflect focused extensional deformation during late Oligocene and later uplift events
along the inferred Alto Chicama – Patáz CSD, which may have influenced the
localization of both the Au-rich Tres Cruces low-sulphidation epithermal centre and later
mineralization, including that at Lagunas Norte. East-west extensional structures in the
Yanacocha district are similarly interpreted to have developed at the intersection of
Andean-trending transpressional faults and ENE-trending transverse structures (Teal and
Benavides, 2010), possibly overlapping with Quechua II tectonism.
Within the CPBM corridor, intrusion and early barren hydrothermal alteration and
subsequent W (-Cu, Ag) ore deposition at Pasto Bueno corresponded (Clark et al., 2000)
with, respectively, Quechua II (e.g. Wise et al., 2008) and III (Noble and McKee, 1990)
tectonism, whereas the Middle Miocene ages of the Magistral and Aguila porphyry
centres suggests that this structural corridor may also have been active during or
following earlier Quechua I contraction. The late-Early Miocene age of magmatism and
hydrothermal activity focused along the proposed Alto Chicama - Patáz CSD, associated
with major high-sulphidation epithermal activity, as defined herein, also overlapped
temporally with the Quechua I tectonic event (e.g., McKee and Noble, 1982). This may
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similarly reflect late Cenozoic reactivation of pre-existing crustal-scale structures. The
inferred ~ E-W-oriented regional compression during hydrothermal activity at Lagunas
Norte (Lewis, 2002) would presumably have generated dextral shear and, possibly,
extension along the Alto Chicama corridor (Fig. 17-1). Similar dextral movement is
implied at the inferred transfer structure or step-over proposed for the immediate Lagunas
Norte area (Fig. 16-2B). Further, the temporal association between ~ E-W-directed
regional contractional episodes and Oligocene and mid-Miocene hydrothermal events in
the study-area (Fig. 16-1) favours the interpretation of periodic reactivation of structures
aligned at a low angle to σ1 and thus experiencing shear or extensional strain, as at the
major Quiruvilca Ag-base metal vein system (Lewis, 1956).

Summary and Metallogenetic Implications

Eocene fold and thrust heterogeneities, including an inferred fold and thrust-related
transform fault, a related restraining bend and the tight fan-fold at Lagunas Norte, which
evidently provided enhanced permeability during ore formation, are therefore inferred to
have been localized along a transverse crustal-scale structural corridor. The corridor was
initially developed during Neoproterozoic rifting and periodically reactivated during
subsequent tectonic events, including during the formation of the Casma basin and
associated basaltic volcanism and subsequent Paleogene and Neogene contractional
events. The Alto Chicama – Patáz and other CSD’s recognized along the Peruvian margin
evidently localized hydrothermal and magmatic activity associated with multiple
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metallogenetic episodes and intermittent tectonism (Fig. 17-2). Further, fault activity
along these structural corridors may have offset or deflected metallogenetic belts (Fig. 172). The distribution of Cenozoic hydrothermal centres along the central and northern
Peruvian cordillera may thus reflect the intersection of the continental margin-parallel arc
with oblique-trending transverse structures which initially developed during
Neoproterozoic continental margin rifting. Ore deposits of diverse ages cluster broadly
along the arc at these locations (Figs. 17-2 and 14-1; e.g., Lagunas Norte-Quiruvilca-Tres
Cruces- Patáz: Pasto Bueno-Magistral; Yanacocha-Michiquillay; Pierina-Antamina;
Figure 1, Noble et al., 2004). This model refines the widely held concept of arc-parallel
magmatic-hydrothermal belts (e.g., Noble and McKee, 1999).
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Figure 17-2: Late Oligocene – to – Late-Miocene metallogenetic belts and districts along a ~ 450
km segment of the north-central and northern Peruvian magmatic arc. Ages of hydrothermal
centres from A.H. Clark and O.R. Strusievicz, unpublished data (Magistral, Aguila, Las Pavas,
Parón, California IV, Nueva California, Collón, Alto Ruri, San Cristóbal, Rodeo, Pira, Collaracra,
Hercules, Huinac, Santa Elinita, Malves, Conococha, Chururopampa), D.A. Love, unpublished
data (Contonga), Noble and McKee (1999), Clark et al. (2000), Gustafson et al. (2004), Noble et
al. (2004), Davies and Williams (2005), Rainbow et al. (2006), Longo et al. (2010) and this study.
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Chapter 18
VOLCANOLOGICAL AND EROSIONAL CONTROLS ON LAGUNAS
NORTE HYDROTHERMAL ACTIVITY
The near-surface setting in which epithermal and, to a lesser extent, porphyry
copper hydrothermal systems evolve renders their development susceptible to
contemporaneous geomorphological modifications (e.g., Moyle et al., 1990; Masterman
et al., 2005). Both Sillitoe (1994) and Hedenquist et al. (2000) emphasized the
contributions of local, volcanological processes, the former arguing for the importance of
catastrophic stratocone sector collapse in stimulating magmatic vapour saturation. In
contrast, Bissig et al. (2002) proposed that rapid and profound pediment erosion in
response to regional uplift under semi-arid conditions has played a direct role in
localizing and intensifying epithermal processes not associated with major volcanic
edifices, as in the El Indio – Pascua-Lama – Veladero district, a model supported by
Rainbow (2009) at Pierina. This model posits direct correlations between ore deposition
and orogen-scale tectonism.

18.1 Sector collapse
Stratigraphic relationships in the Lagunas Norte domain, constrained in age by
incremental-heating 40Ar/39Ar data (Tables 3-1 and 6-1; Fig. 10-1), imply that
volcanological processes were critical to hydrothermal activity at Lagunas Norte. In
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contrast to most major Central Andean high-sulphidation epithermal centres, where
coeval volcanic edifices are either absent (El Indio: Jannas et al., 1999; Pascua-Lama:
Bissig et al., 2001; Chouinard et al., 2008; Veladero: Bissig et al., 2001; Charchaflié et
al., 2008) or of very modest extent (Pierina: Rainbow, 2009), this deposit formed at the
western base of a major volcanic field, the Sauco volcano, interpreted as a polygenetic
eruptive centre (Figs. 3-1, 3-2 and 18-1A). The source of extensive upper-Lower Miocene
andesitic-to-dacitic volcaniclastic deposits, this records a transition from monogenetic to
polygenetic volcanism prior to mineralization, plausibly in response to the initiation of a
near-neutral or compressional tectonic regime (Ida, 2009) associated with late-Early
Miocene Quechua I regional contraction (McKee and Noble, 1982; 1989; Noble et al.,
1990). The axial zone of the volcano, probably originally standing 500 – 1000 m above
the surrounding landscape, lay ~ 4 km east of Lagunas Norte, and is dominated by a
cluster of 17.9 Ma andesitic-to-dacitic domes, which presumably overlay a large, shallow
magma chamber (Table 3-1; Figs. 3-2 and 18-1A). However, the deposition of a thick
succession of block-ash flows, with minor ash, debris flows and basal surge deposits on
the eastern and southeastern flanks of the dome complex is interpreted as evidence of
edifice collapse (Fig. 18-1B). These coarse volcaniclastic units comprise (Fig. 18-1C)
crenulated, breadcrust-weathered (McPhie et al., 1993) bombs identical in texture and
mineralogy to the axial andesites and dacites, in a largely juvenile glassy matrix
dominated by crystals, lapilli and ash. Phenocrystic biotite in one clast yielded an
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Figure 18-1: Volcanological setting of Lagunas Norte hydrothermal system.
Conceptual perspective view (looking NNE) of the evolving Sauco volcanic centre
showing the temporal and spatial relationships of the Lagunas Norte deposit and other lateEarly Miocene hydrothermal activity.
A. Mid-Early Miocene, before dome collapse. Central dome complex, surrounding early
pyroclastic deposits (~18.8 – 17.9 Ma) and initial Quesquenda flow-dome centre deposits
(18.35 Ma).
B. Late-Early Miocene, syn-mineralization. Shown are the Pampa la Julia, Milagros and
Río Chicama erosional surfaces, pre- to syn-mineralization andesitic to dacitic domes and
flows (black) and late-Early Miocene hydrothermal centres. Age relationships constrained
by: (a). Cerro Tres Amigos dome (16.75 Ma) flows define the minimum age of the Río
Chicama valley-pediment west of Lagunas Norte; (b). eastern margin of the Rio Chicama
valley-pediment west of Alto Chicama incises altered (17.1 Ma alunite age) tuffs of the
Alexa zone of the Lagunas Norte deposit, providing additional age constraints on the
timing of pediment incision west of the deposit; (c). flows from the Tres Amigos dome
erupted onto the wall of a parallel branch of the Río Chicama pediment system constrain
its development to the late-Early Miocene or earlier; (d). Cerro Ichal dacite dome (16.44
Ma) erupted onto a remnant of the Río Chicama erosional surface; (e). and andesite flow
dated at 17.56 ± 0.12 Ma further constrains the age of Río Chicama erosion in the district
to the late-Early Miocene or earlier.
C. Unsorted to poorly reverse-graded, coarse monolithic block-ash flow on the eastern
flank of the Sauco volcano. Andesitic-to-dacitic blocks, < 1 cm to over 3 m in diameter,
lithologically identical to the central domes, include massive and irregularly-shaped to
sub-rounded or ovoid-shaped, crenulated, breadcrust-textured (inset) blocks and bombs
and radially-jointed and flow-banded clasts, all textures indicative of hot emplacement
(Cas and Wright, 1987; McPhie et al., 1993). The matrix comprises finer lithic clasts and
rare fiamme-shaped juvenile clasts, biotite, plagioclase, hornblende and quartz crystals and
very fine ashy and glassy matrix. The block-ash flow is fresh to weakly-altered. Minor ash,
debris flows and basal surge deposits form part of the block-ash flow sequence.
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Ar/39Ar plateau date of 18.02 ± 0.16 Ma, overlapping with ages determined for the axial

domes, whereas biotite phenocrysts in the ashy matrix yielded an age of 17.58 ± 0.12 Ma,
interpreted as the time of explosive collapse of the volcano. The evidence for shallow
magma intrusion, i.e., the eruption of coeval flows, domes and pyroclastic material (Table
3-1), the absence of hydrothermal-alteration in the block-ash flow deposits, and the
dominantly juvenile nature of the matrix of these deposits, indicate that the central domecomplex was destroyed by precursor or contemporaneous shallow magma intrusion into
the edifice (cf., Mt. St. Helens: Voight et al., 1983) rather than by weakening through
intense hydrolytic alteration, as documented at Mt. Rainier (Reid et al., 2001; Reid,
2004).
At Lagunas Norte, the inferred catastrophic failure of the Sauco volcanic edifice
immediately preceding or during initial hydrothermal activity (Fig. 18-1) would be
consistent with volatile saturation and fluid release from a central magma chamber below
the Sauco volcano in response to magma injection and sudden decompression (e.g.,
Sillitoe, 1994; Burnham, 1997). The timing of sector collapse, coinciding broadly with
Quechua I compression, suggests that it may have been ultimately triggered by seismic
activity. The subsequent transition in the Sauco volcano from central to peripheral, flank
eruptions (i.e., the Tres Amigos and Shulcahuanga domes; Figs. 3-2 and 18-1B),
following its collapse, would be consistent with extension, possibly triggered by a brittle
failure event (Takada, 1997; 1999) during hydrothermal activity or associated with the
waning stages of Quechua I contraction. Extension is envisaged to have permitted the
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migration of late-stage dacitic melts and associated metal-rich fluids associated with highsulphidation mineralization, plausibly released from the cooling and contracting
hypabyssal magma chamber subjacent to the collapsed Sauco centre. Dacitic melts and
associated fluids probably ascended along regional structures (Acocella and Neri, 2003),
possibly including Andean-trending faults undergoing extension (Fig. 16-1F), as is
implied by the NNW-SSE elongation of the syn-mineral Tres Amigos dome (Nakamura,
1977), and/or ENE-trending extensional faults. Fluid release would also have been
enhanced by the overall cooling of the magmatic system during its waning stages. The
longevity of hydrothermal activity at Lagunas Norte, at least 0.9 m.y., implies that it was
promoted by repeated injections of magma and fluids (e.g., Sillitoe, 1994), presumably
reflecting periodic tectonic activity.
Sector collapse also played a critical role (Sillitoe, 1994) in the formation of the
major Ladolam gold deposit, Lihir, Papua New Guinea (Moyle et al., 1990), but it there
caused widespread brecciation and release and mixing of ore fluids and groundwater, the
probable primary ore deposition mechanism (Carman, 2003), at the centre of the
collapsed stratovolcano. However, no comparable volcanological processes have been
documented (Longo et al., 2010) for the cluster of major high-sulphidation deposits
associated with the large Yanacocha multivent volcano.
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18.2 Regional pediment incision
Planar erosional surfaces recognized in the Alto Chicama district are interpreted as
a response to regional uplift from the late Oligocene to the Late Miocene, focused in the
late Oligocene and late-Early Miocene (Fig. 16-1) and corresponding broadly with
Aymará and Quechua I regional compressional episodes. Whereas Bissig (2003)
recognized the role of erosion during hydrothermal activity at Lagunas Norte, his
proposed syn-mineral erosional surface below “post-mineral” volcanic cover east of
Lagunas Norte is disproved by geochronological data presented here, which indicate a
pre- to syn-mineral age (17.1 – 17.7 Ma) for the volcanic sequence east of Lagunas Norte.
Any inferred underlying erosional surface must therefore have pre-dated hydrothermal
activity at the deposit. In contrast, the incision of a flat-bottomed, steep-walled segment
of the Río Chicama valley-pediment network recognized herein at the western margin of
the Lagunas Norte deposit (locn. A, Fig. 18-1B) is constrained in minimum age by a
precise biotite plateau date of 16.75 ± 0.09 Ma (Table 3-1) for the Tres Amigos dacite
dome west of the deposit (Fig. 3-1), lava flows from which extend across the pediment
surface (Figs. 3-8, 18-1B and 18-2). Further, this valley-pediment truncates stronglyaltered (17.05 Ma: alunite, Table 6-1) tuffaceous deposits in the Alexa zone (locn. B, Fig.
18-1B, Fig. 18-2) at the northern margin of Lagunas Norte, which lie atop a ~ 200 m high
escarpment at the pediment backscarp. Thus, this pediment had advanced to the western
margin of the deposit between 17.05 and 16.75 Ma. Further, a lava flow extending west of
the Tres Amigos dome erupted onto the wall of a parallel, westerly branch of the
pediment system (locn. C, Fig. 18-1B), constraining its development to the late-Early
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Figure 18-2: View (looking south) of Lagunas Norte deposit and the syn-mineralization Río
Chicama valley-pediment. Note location immediately east of ~ 200 m high Río Chicama erosional
back-scarp of 17.05 Ma hypogene alunite in the Alexa Zone at the northern margin of the deposit.
Note drill masts on far-left of photo.
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Miocene or earlier. Eruption of the 16.44 ± 0.15 Ma Cerro Ichal dacitic dome, ~ 13 km
SE of Lagunas Norte (Fig. 3-1; locn. D, Fig. 18-1B), onto the Río Chicama surface (Fig.
18-1B) and, in the same area, the eruption of an andesitic flow dated at 17.56 ± 0.12 Ma
(Table 3-1; Fig. 18-1B) onto a back-scarp of the Río Chicama valley-pediment system
(locn. E, Fig. 18-1B) further constrain the age of Río Chicama erosion in the district to the
late-Early Miocene or earlier. Further, a N-S - trending segment of the Río Chicama
valley pediment east of the Lagunas Norte deposit incises the central dome complex and
adjacent deposits of the Sauco volcano (Fig. 3-2, section B-B'), dated between 17.7 and
17.9 Ma (Table 3-1), thereby providing a maximum age for Río Chicama pediment
incision. Thus, the Río Chicama erosional event between ca. 16.7 and 17.9 Ma coincided
temporally with major high-sulphidation activity at Lagunas Norte (16.5 – 17.4 Ma). The
syn-mineralization, late-Early Miocene fluvial topography in the immediate Lagunas
Norte mine area has apparently been little modified by uplift and subsequent fluvial and
glacial erosion.
As major fluid-flow boundaries, pediment back-scarps would represent an integral
component of the shallow hydrothermal/hydrological environment in which epithermal
centres form. Their development, as suggested by bedrock erosion rates attaining or
exceeding 1 km/m.y. in semi-arid environments (Saunders and Young, 1983), possibly
much faster in response to tectonic activity (e.g., Kong et al., 2007; Henck et al., 2011),
would constitute drastic modification of geomorphological settings commensurate with
the time-frames over which major high-sulphidation epithermal systems commonly
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develop (e.g., Rainbow, 2009; Longo et al., 2010). Thus, advancing pediment scarps
would almost certainly influence fluid flow in near-surface depositional environments at
high-sulphidation centres, promoting mixing between meteoric and magmatic fluids in
meteoric water-saturated depositional environments, such as that documented at Lagunas
Norte (Fig. 18-3). Fluid mixing and concomitant cooling thus represent depositional
processes likely to be enhanced by pediment incision (Bissig et al., 2002). Stable-isotope
data for hypogene alunite in the Lagunas Norte deposit define a mixing line, or lines,
between meteoric water and magmatic vapours (Fig. 15-1), the latter generated through
volatile saturation in high-level magma chambers caused by decompression attending
major exhumation.
Pediment incision at Lagunas Norte may have triggered the development of the
Dafne diatreme breccia through decompression of an inferred shallow magma chamber
below Lagunas Norte, as suggested by their similar timing and spatial contiguity, i.e.,
emplacement at the western margin of the deposit of the Dafne diatreme between ca. 16.9
and 17.2 Ma and the local incision of the Rio Chicama pediment between ca. 16.8 and
17.1 Ma (Fig. 18-4A). Emplacement of the diatreme caused intense brecciation of the
surrounding rocks, potentially affecting the hydrothermal/hydrological regime, and was
immediately followed by a major pulse of hydrothermal alteration (Fig. 6-4). At the
Pascua-Lama high-sulphidation epithermal Au-Ag deposit (Chouinard et al., 2005),
Chile/Argentina, emplacement at ~ 8.9 Ma of the Brecha Central diatreme, similarly
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Figure 18-3: Cross-section through the Dafne and Josefa zones, Lagunas Norte, and east of the
deposit, indicating meteoric water- and magmatic fluid - dominant domains delimited on the
basis of the stable-isotope compositions of hydrothermal alteration mineral separates.
Temperatures shown calculated from pyrite-alunite sulphide-sulphate pairs.
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Figure 18-4: Google Earth images of the (A) Lagunas Norte and (B) Pascua - Lama deposit areas
showing adjacent, syn-mineralization, erosional surfaces, and the approximate locations of the
Dafne diatreme breccia at Lagunas Norte and Brecha Central (projected onto the valleypediment headwall) at Pascua. Vertical and horizontal scales are approximate. Horizontal scale
applies to foreground, background scale is ~ 7 times that indicated. Note that scale in B is 3 times
that in A, that Brecha Central is ~ 3 times the diameter of the Dafne diatreme at surface, and the
total resource (Au+Au equiv.) at Pascua-Lama (~ 28 M oz) is twice that at Lagunas Norte (14 M
oz.).
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occurred at the ~ 500m-high head-wall of an advancing valley-pediment (Los Ríos
surface: Bissig et al., 2002; Fig. 18-4B). The diatreme, which localized the main Au-AgCu mineralization event (Chouinard et al., 2005), attains an area of ~ 68,000 m2 at the
erosional surface Chouinard et al., 2005), three-times the size of the Dafne diatreme
(~ 150 m diameter at surface). The greater size of the Pascua-Lama deposit, ~ 27 M oz
Au-equiv. (Au+Ag: Chouinard et al., 2005), relative to that of Lagunas Norte (~ 14 M oz
Au) implies that the scale of pediment incision, i.e., ~ 500 m back-scarp at Pascua-Lama
versus ~ 200 m at Lagunas Norte, may be directly reflected in those of diatreme-focused
explosive activity and subsequent precious metal endowment (Fig. 18-4).
Advanced-argillic alteration at 16.5 Ma at the Lagunas Sur prospect, located ~ 3
km south of Lagunas Norte adjacent to the upper reaches of the Río Chicama valleypediment branch west of the Tres Amigos dome (Figs. 5-1 and 18-1), is inferred to have
coincided with the southward extension of erosion, stimulating further hydrothermal
activity, albeit uneconomic. Subsequently, advanced-argillic alteration at the
unmineralized Alto la Bandera centre developed between 16.3 and 16.4 Ma when
pedimentation, and, by inference, uplift were terminating.

18.3 Summary
The volcanological and geomorphological settings of the Lagunas Norte deposit
and its slightly younger associated epithermal centres therefore record the influence of
both sector collapse of a major volcano and intense valley-pediment erosion. However, in
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contrast to Ladolam (Sillitoe, 1994), the mineralized intrusive activity was not focused
within the collapsed sector. Moreover, whereas the larger-scale mineralization in the
Pascua-Lama – Veladero district accompanied the terminal stages of Los Ríos pediment
erosion (Bissig et al., 2002), in the Alto Chicama district the intensity of both
hydrothermal activity and, particularly, precious metal endowment decreased markedly
between 16.5 and 16.3 Ma, after the development of the Lagunas Norte centre.
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Chapter 19
IMPLICATIONS OF ANOMALOUS HOST-ROCK WHOLE-ROCK δ18O,
δD AND δ13C VALUES FOR THE EXPLORATION FOR HIGHSULPHIDATION EPITHERMAL DEPOSITS
Whole-rock stable-isotope data have been used to characterize the nature of fluids
and their flow patterns in the envelopes of magmatic-hydrothermal systems and are
potentially useful in the exploration for such deposits, including epithermal systems (e.g.,
Nesbitt, 1996; Taylor, 1997). In the present study, hydrogen, oxygen and carbon wholerock stable-isotope data provide insight into the nature and migration of fluids around the
Lagunas Norte-Lagunas Sur-Milagros-Alto la Bandera hydrothermal centres and are
evaluated for their usefulness in exploration for, specifically, high-sulphidation
epithermal mineralization.

19.1 Hydrogen and oxygen
Despite the inherently unreactive nature of the dominant Chimú Formation quartz
arenite host-rocks in the district, whole-rock data delimit a ~ 20 km2 area of elevated δD
values, i.e., > -90‰, encompassing, and extending beyond, the Lagunas Norte, Lagunas
Sur, Milagros and Alto la Bandera hydrothermal centres (Fig. 9-1). Thus, highly variable
and anomalously high δD values, but relatively constant δ18O values, are exhibited by
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moderately-to-strongly, advanced-argillically altered and silicified Chimú Formation
quartz arenite and volcanic rocks at Lagunas Norte, as well as weakly-altered quartz
arenite located up to 2 km north of the deposit and quartz arenite from the Lagunas Sur
prospect (field “A” in Fig. 19-1, Table 9-1). Volcanic rocks at Lagunas Norte exhibit
pervasive and strong alteration, including central vughy silica zones and adjacent welldeveloped advanced-argillic alteration, whereas alteration of Chimú Formation quartz
arenite at the deposit is strongly fracture-controlled and characterized by narrow zones of
silicification and disseminated alunite, dickite, kaolinite, pyrophyllite and minor rutile.
Quartz arenite samples collected north of the deposit, for which anomalous δD values are
recorded, appear macroscopically fresh but, in thin section, minor (typically <<1%) finegrained alunite is evident along micro-fractures and as disseminations. Samples which
comprise field “A” in Figure 19-1 are interpreted to reflect the addition, during advancedargillic alteration, of hydrous mineral phases (mainly alunite, kaolinite, dickite and
pyrophyllite) by magmatic and mixed magmatic-meteoric fluids having high-δD values.
This interpretation is consistent with stable-isotope data for alunite and clay mineral
separates (Fig. 15-1; Appendix B), which demonstrate that advanced-argillic and clay
alteration at Lagunas Norte and Lagunas Sur was generated by magmatic fluids with
stable-isotopic compositions of ~ -10 to -30‰ δD and ~ 5-8‰ δ18O that had mixed to
varying degrees with meteoric water with a composition of ~ -55‰ to -40‰ δD and -8‰
to -6‰ δ18O (Fig. 15-1).
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Figure 19-1: Whole-rock oxygen and hydrogen stable-isotope values of volcanic and sedimentary
rocks from the Lagunas Norte – Lagunas Sur – Milagros – Alto la Bandera corridor. Fields A-C
discussed in text. Reference lines and fields are: FMW-felsic magmatic water (Taylor, 1992);
Volcanic vapour (Giggenbach, 1992); Meteoric Water Line (Craig, 1961); smectite 25°C and
50°C lines calculated from fractionation factors of Yeh (1980) and Savin and Lee (1988).
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Those samples of quartz arenites and altered volcanic rocks in field “A” (Fig. 19-1) with
the highest δD values, i.e., -68‰ to -32‰, are mainly alunitized (Table 9-1), whereas
those with lower values (-87‰ to -71‰) are typically altered to dickite, kaolinite ±
pyrophyllite (± alunite) (Table 9-1). This relationship is consistent with mineral-water
fractionation at 150°C - 250°C, the approximate range of formation temperatures for
these minerals at Lagunas Norte and Lagunas Sur (Appendix B), i.e., ΔDalunite-water is ~
10‰ less than ΔDdickite-water. Anomalously high whole-rock δD values (-49‰, -68‰)
associated with macroscopically fresh Chimú Formation quartz arenite located up to ~ 2
km north of Lagunas Norte (Fig. 9-1) reflect the addition of minor amounts of alunite
which, in the absence of primary hydrous mineral phases, has a disproportionate effect on
the whole-rock δD values.
The high δD values and lack of a corresponding δ18O shift in altered quartz
arenites from the Lagunas Norte deposit, as well as in samples located north of the
deposit and at the Lagunas Sur prospect (Figs. 9-2 and 19-1), reflect low water-rock ratios
associated with the advanced-argillic alteration of this unit (e.g., Rice et al., 2001), as is
implied by the strongly fracture-controlled nature of both alteration and mineralization
(see Fig. 5-2B). However, given the broadly overlapping δ18O values of unaltered quartz
arenite

(~ 13‰ ± 2‰) and of alunite separates (n=10) from Lagunas Norte (median

value ~ 14‰), large shifts in δ18O during advanced-argillic alteration of quartz arenite
would not be expected. Lower δ18O values (9.7‰ and 11.9‰) associated with two
brecciated Chimú Formation quartz arenite samples from Lagunas Sur and at the western
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margin of the Milagros prospect are inferred to reflect both the addition of significant
pyrophyllite, alunite, dickite and quartz in the matricies of these breccias and the lower
average δ18O values of alunites (n=4) from these prospects (i.e., 6.7‰ – 13.0‰) relative
to those at Lagunas Norte (Table 9-1).
Advanced-argillically altered and silicified volcanic rocks collected from the
Lagunas Norte deposit (Area “A”, Fig. 19-1) are, in contrast, characterized by elevated
whole-rock δ18O values relative to their fresh counterparts (Figs. 9-2 and 19-1; Table 91), implying high water-rock ratios and in keeping with the generally higher δ18O values
of alunite at the deposit relative to those of fresh volcanic rocks (~ 8-11‰). For example,
alunite separated from strongly quartz-alunite altered volcanic rock sample DDH1376.4m (Fig. 19-1) has a δ18O value of 14.2‰ (Table 8-1). Addition of this alunite to a
volcanic rock having an initial whole-rock δ18O value of ~ 8-11‰ would increase its
whole-rock δ18O composition. Although no stable-isotope data for quartz separates are
available from Lagunas Norte, a δ18O value of 15.2‰ for a sample of a vughy silicaaltered dacite (sample DDH033-40.5m, Table 9-1) at the deposit indicates that the
addition of hydrothermal quartz would have an effect similar to that of alunite. Thus, high
whole-rock δ18O values of altered volcanics at Lagunas Norte reflect the relatively high
δ18O values associated with the advanced-argillic alteration and silicification.
East of Lagunas Norte, a group of weakly- to- moderately, dominantly smectitealtered volcanic rocks, located between ~ 400 m and ~ 3 km from the deposit, have
elevated δ18O values of between 11.1‰ and 15.7‰, but low δD values (-124‰ to -97‰)
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similar to those for fresh volcanic rocks in the district (Figs. 9-1 and 9-2; Table 9-1).
These samples parallel the meteoric water line and plot within the “Supergene Clay” field
of Taylor (1997; Area “B” in Figure 19-1), strongly suggesting either the involvement of
low-temperature meteoric water-dominant fluids during alteration and hydration and
weathering of volcanic glass (e.g., Hoefs, 2009). The samples located nearest Lagunas
Norte (i.e., ~ 400 m east of the deposit: DDH312-146.9m, DDH458-7.9m; Table 9-1) are
the most altered of this group, suggesting that their isotopic compositions in part reflect
hydrothermal activity centred at the deposit, rather than weathering.
A second, isotopically-distinct, group of volcanic rocks located <100 to ~ 700
metres east of Lagunas Norte and mainly weakly- to- strongly argillically- and
propylitically-altered (i.e., smectite ± laumontite ± illite ± chlorite ± calcite ± epidote), are
characterized by elevated whole-rock δD values (δD > -90‰) and δ18O values that range
between 7.3‰ and 9.5‰, mostly within the range of unaltered samples but including
lower values (Figs. 9-1, 9-2 and 19-1, Area “C”; Table 9-1). Samples collected within 100
m of Lagunas Norte deposit have the lowest δ18O values (7.3‰ to 8.1‰; Table 9-1), and
define a narrow (~ 100 m wide) zone of 18O-depletion at the deposit margin (Fig. 9-2).
Oxygen and hydrogen isotopic compositions of montmorillonite (10.0 – 14.3‰ δ18O/
-93‰ – -79‰ δD), chlorite (11.7‰ δ18O/ -87‰ δD), epidote (-62‰ δD) and laumontite
(7.6‰ δ18O) mineral separates (Appendix B) from this area overlap with those of wholerock samples (Fig. 19-1) and thus can account for their anomalous δD and δ18O values.
Fluid compositions estimated from montmorillonite separates (Fig. 15-1) and the
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alteration assemblages of whole-rock samples, which indicate formation temperatures of
~ 150° - 250°C (cf. Reyes, 1990), together suggest that alteration of these samples either
involved moderate- to high-temperature fluids having low-δ18O and high-δD values,
dominantly meteoric but possibly with a magmatic fluid component, or exchanged
meteoric water. This resulted in only weak 18O-depletion in volcanic rocks at the deposit
margin but a more extensive area of D enrichment.
Strongly-altered volcanic rocks at the Milagros Cu-Au-Mo porphyry prospect
south of Lagunas Norte mostly have whole-rock δ18O and δD values of, respectively,
7.5‰ to 10.6‰ and -90‰ to -49‰ (Figs. 9-1 and 9-2), similar overall to the isotopic
signatures of altered volcanic rocks east of Lagunas Norte (Area “C”, Fig. 19-1; Table 91), albeit mainly with higher δD values. Volcanic rocks at Milagros are variably altered to
advanced-argillic (alunite-pyrophyllite-dickite-diaspore-quartz), illitic-propylitic (illitechlorite-calcite-smectite-epidote-albite) and phyllic (quartz-sericite/illite-pyrite)
assemblages (Table 9-1). Samples with alunite and sericite (illite/muscovite) have the
highest δD values (Table 9-1). Alunite and sericite mineral separates from the Milagros
area have correspondingly high δD values, i.e., -67‰ to -36‰ (Appendix B). Their
somewhat higher δD values relative to those of altered volcanic rocks east of Lagunas
Norte reflect both the greater involvement of magmatic fluids with high δD versus Ddepleted meteoric water and the higher temperatures associated with advanced-argillic
and sericitic alteration at Milagros. Illitic and propylitized whole-rock samples from the
Milagros prospect have, on average, lower δD values. The relatively narrow range of
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whole-rock δ18O values in altered volcanic rocks at Milagros (7.5‰ – 10.6‰; Table 9-1)
overlaps with the range of δ18O values in mineral separates (6.5‰ – 11.5‰; Appendix
B).

19.2 Carbon isotopic data
High whole-rock δ13C and total carbon contents in propylitically-altered igneous
rocks surrounding major porphyry Cu-Mo deposits in the Collahuasi district, northern
Chile have been interpreted to reflect incorporation of magmatic CO2 associated with
magmatic-hydrothermal mineralizing events (Djouka-Fonkwé et al., in press). Similar
relationships would be expected at other magmatic-hydrothermal centres, such as highsulphidation epithermal systems. In the current study, 14 variably altered, pre- to synmineral volcanic rocks from the Lagunas Norte-Lagunas Sur-Milagros-Alto la Bandera
area (Table 9-1) highlight areas of high whole-rock δ13C, i.e., ~ -18‰ to -5‰, and high
total carbon (> 0.1%) at the eastern margin of the Lagunas Norte deposit, extending up to
~ 200 m east and 1.3 km southeast of the deposit, and to the south at the southern margins
of the Lagunas Sur-Milagros area (Fig. 9-3). These high δ13C values correspond with
areas of propylitic alteration at the margins of these centres (Fig. 9-3). The areal extent of
high whole-rock δ13C values east of Lagunas Norte, i.e., forming a ~ 200 m wide halo
east of the deposit and extending 1.3 km to the southeast (Fig. 9-3), is more restricted than
anomalous δ13C signatures recorded in propylitically-altered rocks adjacent to major
porphyry centres in the Collahuasi district (Djouka-Fonkwé et al., in press), a reflection
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of the greater extent of propylitic alteration typically developed at the margins of
porphyry copper deposits (e.g., Gustafson and Hunt, 1975; Urqueta et al., 2009)
compared with that at Lagunas Norte.
At the Milagros Cu-Au-Mo porphyry prospect, propylitic alteration extends for
over 1 km east of the central intermediate- to advanced-argillic and phyllic zone, and also
occurs as a narrow zone at its southwestern margin, paralleling an ENE-trending fault
(Fig. 9-2). The inferred uplift and exhumation history of this centre (Chapter 16) suggests
that propylitic alteration associated with high δ13C values (-14.1‰ to -9.5‰) at the
southern margin of the Milagros prospect (Fig. 9-3) may have formed at greater depth,
and possibly earlier, than that of younger volcanic rocks at the eastern margin of this
prospect, which are characterized by lower δ13C values (-31.0‰ to -21.9‰; Fig. 9-3;
Table 9-1). Thus, magmatic fluids associated with propylitic alteration at the eastern
margin of Milagros may have mixed with meteoric waters as they migrated away from
the deeper parts of this magmatic-hydrothermal system.

19.3 Summary
Whole-rock O, H and C stable-isotopic data presented here provide insight into
the nature and distribution of fluids associated with magmatic-hydrothermal activity at
Lagunas Norte and at the neighbouring Lagunas Sur, Milagros and Alto la Bandera
prospects. Anomalous isotopic values largely correspond with areas of alteration which
can be mapped in the field, but also extend beyond these areas, in particular, to the north
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and east of Lagunas Norte. Whole-rock isotopic data may highlight fluid conduits and
areas of high fluid flow. Thus, fluids associated with alteration east of Lagunas Norte may
in part have been localized along the unconformity between Mesozoic metasedimentary
strata and the overlying volcanic sequence. Several drill-holes, e.g., DDH-060, DDH-488,
DDH-494, DDH-458, in that area intercepted geochemically anomalous Au, Ag, Sb, As,
Hg and base-metals in volcanic rocks overlying the unconformity as well as zones of
advanced-argillic alteration (dickite, kaolinite ± minor alunite), some with narrow zones
of vughy silica, along the unconformity, strongly suggesting that it acted as a conduit for
mineralizing fluids. This area is defined by high δD and δ13C and in part low δ18O wholerock values. High δD whole-rock values in Chimú Formation quartz arenites north of
Lagunas Norte occur near the projections of two E-trending faults in this area (Fig. 9-1),
suggesting that these structures may also have focused hydrothermal fluids.
At Lagunas Norte, the high-δD values of both magmatic fluids and meteoric
water, coupled with the inferred low water/rock ratios associated with alteration of the
main quartz arenite host, generated large positive shifts in the whole-rock δD values,
evident for up to ~2 kilometres north of the deposit. However, the similarity of the
oxygen isotopic compositions of the sedimentary rocks and magmatic-dominant fluids
and minerals associated with advanced-argillic alteration of the main quartz arenite host,
here and at the Lagunas Sur prospect, as well as the inferred low water-rock ratios,
precluded a similarly large δ18O shift (Fig. 19-1). Inferred higher water-rock ratios and a
greater involvement of meteoric water associated with the alteration of volcanic rocks
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east of Lagunas Norte generated a minor 18O-depletion halo at the margin of the deposit
(Fig. 9-2). The greater role in general of magmatic fluids in high-sulphidation than in
low-sulphidation epithermal systems, as confirmed at Lagunas Norte by the anomalously
high δ13C values in altered volcanics east of Lagunas Norte, may prevent the development
of large 18O-depletion zones at the former such as have been described at meteoric waterdominated low-sulphidation epithermal deposits (e.g. Criss et al., 1985; 2000; Mauk and
Simpson, 2007). Nevertheless, the data presented here suggest that whole-rock stableisotopic data, in particular for hydrogen, may be applicable in the search for highsulphidation epithermal deposits, including those hosted by refractory host-rocks such as
the quartz arenite at Lagunas Norte. However, the whole-rock stable-isotopic data do not
distinguish between economic and weak high-sulphidation systems in the study-area. This
may directly reflect the predominantly pre-mineralization timing of the fluids which
generated the advanced-argillic and, presumably, propylitic alteration, in contrast to the
close linkage, in porphyry copper deposits, of peripheral propylitic alteration and central
ore formation. Total carbon values relative to δ13C for samples from the study-area (Fig.
19-2) are higher overall than those reported from the Collahuasi district (Djouka-Fonkwé
et al., in press), possibly reflecting a higher carbon concentration in the mantle-derived
magmas associated with hydrothermal activity in the study-area, whereas the δ13C values
of propylitically-altered samples are on average lower than those from the Collahuasi
district. The closer association between epithermal centres and volcanism and the
shallower formational environment of epithermal versus porphyry systems may promote
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Figure 19-2: Whole-rock carbon isotope compositions and total carbon concentrations of
outcrop and drill core samples from the Lagunas Norte – Lagunas Sur – Milagros – Alto la
Bandera corridor. The high δ13C values and high carbon contents of propylitized volcanic
rocks reflect incorporation of magmatic CO2 associated with hydrothermal activity (DjoukaFonkwé et al., in press). Curve from Collahuasi district is for dacites. Higher total carbon
contents relative to δ13C and lower δ13C of samples from the Alto Chicama district relative to
those from the Collahuasi district may reflect differences in magma history and initial C
content.
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more extensive degassing of magmas and incorporation of carbon from other sources
(e.g., organic material), potentially resulting in lower average δ13C values. Carbon
isotopic data may distinguish between propylitic alteration which develops at deep rather
than shallow levels in porphyry Cu-Au-Mo systems and probably highlight proximity to
subjacent magmatic centres, i.e., below Lagunas Norte (Chapter 20).
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Chapter 20
A FLUID EVOLUTION-METAL TRANSPORT/DEPOSITION MODEL FOR
THE LAGUNAS NORTE-LAGUNAS SUR-MILAGROS-ALTO LA
BANDERA HYDROTHERMAL SYSTEM
20.1 Ore-genetic modelling
Recent analytical and experimental research suggests that high-sulphidation
epithermal mineralization is the product of iron-poor, but ore metal- and sulphur- rich,
low-salinity, vapour-phase fluids exsolved at relatively high pressure from an underlying
cooling and contracting magma chamber (Ulrich et al., 1999; Heinrich et al., 1999; 2004;
2009; Heinrich, 2005; Pudack et al., 2009). This process is envisaged to partition Au and
other metals and metalloids, notably Cu and As, and important sulphide ligands into the
mobile vapour phase, rendering them available for transport to the epithermal realm
(Heinrich et al., 1999). The model predicates a two-stage process in which, whereas early,
low-density, highly-acidic vapours poor in gold are responsible for advanced-argillic
alteration, Au-Ag mineralization is generated by fluids exsolved during later downward
retraction of isotherms at the magma interface through cooling of the magmatic system,
which transport significant Au as Au(HS)2- or, possibly, AuHS0 (Seward, 1991) into the
epithermal environment. This model is consistent with the observed spatial proximity of
high-sulphidation epithermal Au-Ag-Cu and porphyry Cu-Au systems (e.g., Hedenquist
et al., 1998; Heinrich et al., 2004; Gustafson et al., 2005; Chambefort et al., 2007; Deyell
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and Hedenquist, 2011) and with the magmatic fluid signatures associated with most highsulphidation systems (e.g., Arribas et al., 1995; Deyell et al., 2005a; Rainbow, 2009; this
study). Critical to this model is a limited interaction with iron-rich wall-rocks, thereby
restricting desulphidation of the ascending fluids (Heinrich et al., 2005). Simultaneously
developing, base-metal enriched brines may either form neighbouring coeval polymetallic
intermediate-sulphidation deposits (Rainbow, 2009; Chang et al., 2011) or deeper
orebodies, e.g., carbonate-replacement deposits, or may be restricted to the porphyry
environment (e.g., Sillitoe, 2010).
Light stable-isotopic signatures at many high-sulphidation deposits indicate that
magmatic fluids have mixed with meteoric waters (e.g., Rye, 1993; Arribas, 1995;
Heinrich, 2005; Rainbow, 2009), suggesting that mixing with oxygenated surface waters,
an effective method of destabilizing reduced sulphur species, would be a potent
mechanism for gold deposition (Seward, 1991) at high-sulphidation epithermal centers
(e.g., Mancano and Campbell, 1995; Pudack et al., 2009). The close association between
gold and sulphides, in particular pyrite and, to a lesser degree, enargite, in many highsulphidation systems (e.g., Deyell et al., 2004; Chouinard et al., 2005; Rainbow, 2009;
Longo et al., 2010), suggests that the removal of reduced sulphur from ore solutions
through sulphide precipitation may also prompt Au deposition through the destabilization
of Au-bisulphide complexes (Seward, 1991). Temperatures of alunite precipitation of
between ~ 250°C and 150°C documented at many high-sulphidation epithermal deposits
(e.g., Hedenquist et al., 2000; Rainbow, 2009; this study) correspond to the temperature
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range over which Au solubilities as both AuHS0 and Au(HS)2- decrease sharply (Seward,
1991; Stefánsson and Seward, 2004). Thus, mixing with meteoric waters and associated
cooling and oxidation, and/or sulphide formation represent viable ore formation
mechanisms in high-sulphidation systems. Boiling also represents an effective
depositional mechanism for sulphur-complexed Au in hydrothermal solutions (e.g.,
Deyell et al., 2004; 2005a), and may occur as fluids penetrate highly fractured zones or
permeable volcanic strata in the near-surface environment.

20.2 Application to the Lagunas Norte-Lagunas Sur-Milagros-Alto la Bandera
hydrothermal-magmatic system
Data presented herein for high-sulphidation epithermal and porphyry Cu-Au-(Mo)
mineralization in the Alto Chicama district, in particular those regarding the constraints
placed on the age and duration of hydrothermal activity, the roles of magmatic and
meteoric waters, and the volcanological and geomorphological settings of mineralization,
can be evaluated in the context of the processes described above to clarify factors which
may have influenced the transfer of metals from the deeper porphyry to the epithermal
environment. Further, the new information helps to identify variables which may have
favoured the formation of major deposits, such as Lagunas Norte, rather than similar but
much smaller systems such as Lagunas Sur or La Capilla. The results of this study
suggest that the deposition of major high-sulphidation epithermal Au-(Ag) mineralization
at Lagunas Norte was associated with moderate-temperature (~ 140° - 230°C), magmatic
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vapour-dominant fluids which mixed to variable degrees with meteoric water, and that Au
deposition occurred during the waning stages of Huaraz Group magmatic activity in the
district. The involvement of numerous pulses of fluids is inferred on both paragenetic
(Chapter 5) and geochronological (Chapter 6) grounds, in the context of a cooling and
contracting shallow magmatic system below the deposit. Multiple episodes of alunite
deposition are also documented at other major high-sulphidation deposits (e.g., Deyell et
al., 2004; Chouinard et al., 2005), including Pierina (Rainbow, 2009), where four discrete
advanced-argillic alteration events (defined by 19 hypogene alunite 40Ar/39Ar dates) span
a period of at least 1.4 m.y. The remarkable similarity (Fig. 20-1) between the Gaussian
probability plots for alunite 40Ar/39Ar age plateaux at Lagunas Norte and Pierina
(Rainbow, 2009) strongly suggests that they highlight a fundamental aspect of the
evolution of high-sulphidation epithermal systems. Unfortunately, no comparable
geochronological data are available for the individual deposits of the Yanacocha cluster
(Longo, 2005) and it is therefore not possible to determine whether the sequence of events
documented at the isolated Lagunas Norte and Pierina deposits was also critical in such
extremely fertile environments. At the much smaller Lagunas Sur prospect, fluids,
evidently sourced from the adjacent Milagros Cu-Au-Mo porphyry centre, were on
average of higher temperature and may have been too acidic to favour optimum Au
transport into the epithermal domain. Uplift and erosion of the adjacent Milagros
porphyry centre during hydrothermal activity, as indicated by the overprinting of
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Figure 20-1: Gaussian relative probability of hypogene alunite 40Ar/39Ar plateau ages from the
Lagunas Norte (this study) and Pierina (Rainbow, 2009) high-sulphidation epithermal Au-(Ag)
deposits. Filled data points on Lagunas Norte curve represent ages of alunite samples from
Lagunas Norte Formation volcanic rocks; open symbols represent alunites hosted in Chimú
Formation quartz arenite. Note the similarity of the distribution of age data and duration of
advanced-argillic alteration in the two deposits.
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advanced-argillic on phyllic alteration (Section 10.7), may have prompted Cu and Au
deposition at depth.

Lagunas Norte
At Lagunas Norte, the magmatic fluid signature associated with alunite and pyrite
(Table 8-1; Appendix B), as well as the presence of juvenile magma bodies in the synmineral Dafne diatreme breccia pipe (Fig. 5-5F), confirm the existence of a subjacent
magma chamber during both precursor alteration and Au-Ag mineralization. The
emplacement of the syn-mineral Shulcahuanga dacite dome at Lagunas Norte would also
be consistent with the presence of such an underlying magma chamber, assumed to have
been the source of ore metals (e.g., Heinrich et al., 1999), while the overall transition in
the Lagunas Norte Formation to less-fractionated andesitic magmas would support the
progressive incursion of metal- and sulphur-rich magmas, promoting the periodic release
of volatiles during crystallization (Fig. 20-2A; cf. Burnham, 1997). Magma emplaced
below Lagunas Norte may have been derived from a central chamber below the Sauco
volcano, ~ 4 km east of Lagunas Norte (Fig. 3-1), as is supported by the geochemical
similarity of the dacitic units at the Sauco centre and the late-stage Shulcahuanga and
Tres Amigos dacitic domes at Lagunas Norte (Table 7-1). Magma emplacement and
devolatilization below Lagunas Norte in the terminal stages of the evolution of the Sauco
volcano are inferred to have been stimulated by catastrophic collapse of the central edifice
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Figure 20-2: Schematic section (looking north) showing magmatic-hydrothermal evolution of the
Lagunas Norte deposit in the context of the collapse of the adjacent Sauco volcano. The relative
scale of the deposit is ~ 2X that of the Sauco centre and inferred subjacent magma chamber.
A. Magma accumulates below the Lagunas Norte deposit in a shallow chamber shortly following
or during the catastrophic collapse of the Sauco volcano, centred ~ 4 km east of Lagunas Norte.
Low-density, highly-acidic exsolved vapours rise along highly fractured and faulted Chimú
Formation quartz arenite. Early fracture-controlled advanced-argillic alteration and minor Au
deposition occur in Chimú Formation quartz arenite at Lagunas Norte.
B. Early advanced-argillic alteration is followed by minor late-stage dacitic eruptions at the
Sauco volcano, depositing andesitic-to-dacitic volcaniclastic deposits east of Lagunas Norte. At
Lagunas Norte, emplacement of the Dafne diatreme breccia at the western margin of the deposit
in response to incision of the Rio Chicama valley-pediment and inferred magma recharge at the
subjacent chamber which may have rejuvenated hydrothermal activity at the deposit, are broadly
coeval with the deposition of thin, mainly dacitic volcanic strata in the deposit area. These events
drastically alter the hydrological setting at the deposit and subsequent, zoned advanced- to
intermediate-argillic alteration of volcanic rocks develops at Lagunas Norte as further highlyacidic low-density vapours ascend along factures in the quartz arenite and mix with meteoric
water in overlying volcanic rocks. Propylitic alteration of volcanic rocks develops east of the
deposit from meteoric water-dominant fluids. Eruption of the dacitic Shulcahuanga dome at the
western margin of Lagunas Norte immediately postdates diatreme emplacement.
C. Retraction of the magma chamber below Lagunas Norte in response to termination of
magmatism in the district, and development of a potassic alteration zone at the magma interface
allow effective transport of Au to the epithermal domain (Heinrich et al., 2004), resulting in
major ore deposition at Lagunas Norte, consistent with spatial and temporal relationships in the
domain. Gold was probably deposited in response to mixing of moderately-acidic, auriferous
magmatic fluids and oxygenated meteoric waters, which accumulated in and migrated through
porous volcanic rocks and highly-fractured and brecciated quartz arenite near the sedimentvolcanic unconformity.
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of the Sauco centre (Fig. 18-1B), and to have been both localized and intensified by the
rapid incision of the Río Chicama valley-pediment system into its northwestern flanks
(Fig. 4-2). Periodic extensional tectonic activity at the time of mineralization (Chapter 16)
may have allowed magmas to migrate along extensional faults and to accumulate below
Lagunas Norte, and repeated injection of magma below Lagunas Norte would be
consistent with the protracted duration of hydrothermal activity, and the repeated pulses
of advanced-argillic alteration and ensuing episodes of Au deposition at the deposit (Fig.
20-1). Thus, episodic magma injection over prolonged intervals into a shallow magma
chamber causing repeated hydrothermal activity may be a prerequisite for the
development of major high-sulphidation epithermal centres, which typically have life
spans of at least 1 m.y. (e.g., Longo et al., 2010). Ore deposition per se, however, may
have been confined to much shorter time intervals (e.g., Heinrich, 2006; von Quadt et al.,
2011).
Early fluids released from the inferred chamber below Lagunas Norte may have
partitioned into a low-density volatile-rich vapour and brine at the magma carapace (e.g.,
Heinrich et al., 2004) or they may have remained as a single-phase fluid which later
condensed to release a minor amount of brine (e.g., Pudack et al., 2009). The vapourphase would probably have separated from the brine (e.g., Hedenquist et. al., 1998),
permitting its ascent along narrow fractures in the folded sedimentary country-rocks (Fig.
20-2A). The limited buffering capacity of these extremely siliceous rocks and the inferred
strongly channelized flow (no strongly altered sedimentary clasts from an underlying
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stratum have been identified in the Dafne breccia) would have drastically limited wallrock interaction. Cooling and disproportionation of SO2 to form H2SO4 and H2S and the
dissociation of H2SO4, HCl and, possibly, HF would have strongly increased the acidity
of these ascending early magmatic fluids, which may have displaced the meteoric water
column (Fournier, 1999; Deyell et al., 2005a) and would thus have entrained only minor
amounts of meteoric water as they invaded fracture networks in the quartz arenite. The
relatively high δ18Ofluid values of early-formed (17.4 – 17.2 Ma) alunite (mostly 2.7‰ to
4.0‰; Table 8-1) suggest that the associated fluids had mixed with no more than ~ 25
weight percent meteoric water (Fig. 15-1). These early fluids at Lagunas Norte were
probably highly acidic, possibly incorporating aqueous fluoride (Deyell et al., 2005b;
Mitra and Rimstidt, 2009) which can significantly increase the dissolution rate of quartz
(Harouiya and Oelkers, 2004), promoting the observed intense development of vughy
fabrics (e.g., Fournier, 1985; Brady and Walther, 1990) along fractures in the quartz
arenite (Fig. 5-5H). This process would have increased the permeability of the already
strongly-fractured quartz arenite strata. Subsequent precipitation of quartz as drusy
coatings along fractures and on breccia fragment surfaces in quartz arenite was probably a
response to fluid cooling and alunite precipitation (Fournier, 1985). Early advancedargillic alteration at Lagunas Norte between 17.4 and 17.2 Ma was associated with fluid
temperatures ranging between 143° and 227° C. Limited data suggest that minor Au
mineralization may have occurred at this time (Fig. 20-2A), but the low density and acidic
nature of the early fluids would probably have restricted their ability to transport Au
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(Seward, 1991; Heinrich, 2005). The ~ 0.2 m.y. duration of early advanced-argillic
activity at Lagunas Norte implies that a subjacent magma chamber was periodically
rejuvenated by injection of new magma batches (Cathles, 1997; von Quadt et al., 2011),
or that multiple intrusion events occurred. However, the temperature of early alunite
deposition decreased over this period (Table 8-1), suggesting an overall cooling of the
magmatic system.
Emplacement and eruption of the Dafne breccia pipe between ~ 17.2 and 16.9 Ma
(Fig. 6-3), possibly triggered by incision of the Río Chicama erosional surface at the
western margin of the deposit and further magma addition to the subjacent chamber, as
well as the coeval deposition of volcanic strata at Lagunas Norte, would have profoundly
altered the local hydrological framework (Fig. 20-2B) and may have triggered a second
major pulse of advanced-argillic alteration (Fig. 20-1). Alunite deposited between 17.1
and 16.5 Ma and at temperatures ranging between 153° and 198° C, was restricted to the
volcaniclastic sequence and the Dafne breccia pipe (Fig. 20-2B). Stable-isotopic data for
these fluids (Fig. 15-1; Table 8-1) indicate that, in contrast to the earlier magmaticdominant fluids which had largely displaced the meteoric water column, they mixed with
significant proportions of meteoric water (Figs. 18-3 and 20-2B). The highly-acidic
magmatic vapours now condensed into a meteoric water-saturated volcanic pile and
formed zoned alteration haloes typical of high-sulphidation systems, with well-developed
central vughy silica and outer advanced-argillic and propylitic alteration. The presence of
abundant groundwater at the deposit at this time is indicated by the local abundance of
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plant fossils in some volcanic units (Figs. 5-3E and F), as well as the occurrence within
this sequence of accretionary lapilli and water-lain tuff (Fig. 5-3D). The ~ 0.6 m.y.
duration of this second major pulse of advanced-argillic alteration (Fig. 20-1) also implies
the periodic injection of new magma batches into the inferred subjacent chamber (Fig. 202B); Thus, magma addition to a shallow chamber below Lagunas Norte, the emplacement
of the Dafne diatreme, and coeval, contiguous, pediment incision (Fig. 20-2B) may have
contributed to rejuvenate the hydrothermal system.
The greater part of the ore-hosting pyrite-enargite mineral assemblage at Lagunas
Norte was deposited subsequent to the main period of alunite deposition (Fig. 5-6;
Gaboury, 2002), i.e., after ca. 16.5 - 16.7 Ma, and thus during the final magmatism in the
Lagunas Norte domain (Fig. 20-2C). Progressive cooling of the bulk of the inferred
magma chamber below the major Sauco centre is inferred to have occurred from the time
of the youngest eruptions associated with this vent, i.e., the 17.1 Ma andesitic to dacitic
tuffs deposited east of Lagunas Norte, to that of ore deposition at Lagunas Norte after ca.
16.5 - 16.7 Ma, an interval of at least 0.5 m.y. This interval would be consistent with that
inferred to have preceded, and to have been critical to, ore formation at the major Bajo de
la Alumbrera Cu-Au porphyry deposit, Argentina (Halter et al., 2005), and with the
general observation that ore deposition at many high-sulphidation epithermal centres
occurred near the end of volcanism (Heald et al., 1987). Termination of magmatism in the
Lagunas Norte area was broadly contemporaneous with Quechua I regional contraction
(McKee and Noble, 1989), and thus may have been a direct response to increased
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compression. Thus, fluids associated with the final stages of magmatism in the Lagunas
Norte domain were probably released during large-scale cooling of the magmatic system,
as implied by the rapidly diminishing magmatic activity in the domain, in the Sauco
centre and more widely, and hence during downward retraction of the magma interface
below Lagunas Norte (Fig. 20-2C). This and attendant fluid release at progressively
greater pressure during wholesale cooling would have optimized Au transport from the
porphyry to the epithermal environment (Heinrich et al., 2004; Heinrich, 2005). Critical
to the model of Heinrich et al. is the development of a subjacent potassic alteration zone
to provide a buffer to the auriferous fluids. Although no direct evidence is available for
such alteration at Lagunas Norte, potassic alteration has been reported associated with
mineralized porphyries below high-sulphidation mineralization in the Yanacocha district
(Gustafson et al., 2004). The establishment of such a potassic zone may have been critical
at Lagunas Norte, where the overlying sedimentary rocks would not have had the capacity
to buffer fluids. The refractory nature of the sedimentary rocks underlying Lagunas Norte
may have limited the desulphidization of Au-bearing fluids, and thus allowed efficient
transport of Au(HS)2- to the depositional site (Fig. 20-2C; Heinrich, 2005).
Thus, the major Lagunas Norte deposit probably formed during release of
auriferous fluids from a retracting magma chamber (Fig. 20-2C; Heinrich et al., 2004)
during district-scale cooling of the magmatic system shortly before the demise of the
Calipuy Supergroup volcanic arc.
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Gold deposition is interpreted to have occurred in response to mixing with
oxidized meteoric water (Fig. 20-2C), as has been reported at other high-sulphidation
centres (e.g., Muntean et al., 1990; Deen et al., 1994; Bethke et al., 2005; Pudack et al.,
2009; Rainbow, 2009), a process which would have been promoted by major
displacement of the water-table during incision of the adjacent Río Chicama surface.
Boiling and the destabilization of Au-bisulphide complexes in response to sulphide
precipitation, resulting in a close association between Au and pyrite, may also have been
important. The involvement of significant volumes of meteoric water during the waning
stages of the magmatic-hydrothermal system at Lagunas Norte is consistent with its
increasing contribution during successive pulses of alunite deposition suggested by the
light stable-isotopic chemistry of this mineral (Fig. 15-1). The flat-lying porous volcanic
strata above the sedimentary-volcanic unconformity were plausibly saturated in meteoric
water, providing a reservoir which localized mineralization at or near this unconformity
(Fig. 20-2C), and accounting for the occurrence of mineralization elsewhere in the district
at or near the volcanic-sedimentary unconformity (Lagunas Sur, Los Goitos, La Virgen;
Table 5-1). This interpretation may explain the generally higher Au values associated
with the volcanic strata at Lagunas Norte (pers. comm., 2005, mine personnel). Mixing
between meteoric and auriferous magmatic fluids would have been promoted by
increased lateral flow of groundwater in response to active erosion along the Río Chicama
corridor (Fig. 20-2C; Bissig et al., 2002), thus enhancing destabilization of Au-sulphide
complexes.
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Milagros – Lagunas Sur – Alto la Bandera prospects
The Milagros porphyry prospect hosts minor Cu-Au-(Mo) mineralization (Sillitoe,
2005; García, 2009) exposed in drill-holes and at surface. Mineralization occurs as pyrite,
covellite, chalcopyrite, bornite and enargite disseminations and in narrow,
paragenetically-late (García, 2009) quartz veins, associated with advanced-argillic
alteration and as weak, narrow porphyry-style quartz-molybdenite and molybdenite veins
(García, 2009). Advanced-argillic alteration formed during at least two pulses at ca. 16.9
Ma (this study) and 15.7 – 15.8 Ma (García, 2009), overlapping with and postdating
advanced-argillic hydrothermal activity at Lagunas Norte, and postdating sericitic and
illitic alteration at ca. 17.0 and 17.7 Ma. A single alunite-pyrite temperature of 397°C was
determined for a 16.9 Ma alunite from surface at Milagros (Table 8-1). The high
temperature indicated by this sample is in keeping with the interpretation that the
Milagros porphyry was uplifted and exhumed during hydrothermal activity. Alunitic
alteration at the adjacent Lagunas Sur prospect (Fig. 5-10), dated at 16.5 Ma, formed in
association with fluids which ranged in temperature from 233° to as high as 335°C
(Appendix B). Oxygen and hydrogen stable-isotope data for alunite from the Milagros
and Lagunas Sur areas (Fig. 15-1) suggest that magmatic fluids associated with advancedargillic alteration incorporated increasing proportions of meteoric water as hydrothermal
activity migrated from Milagros to Lagunas Sur from ca. 16.9 Ma to 16.5 Ma, a timespace geometry similar to that at the porphyry – high-sulphidation epithermal system at
Far Southeast – Lepanto, Philippines (Hedenquist et al., 1998). In comparison with
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Lagunas Norte, the fluids involved in alunite deposition at Lagunas Sur were, on average,
hotter, but paradoxically had a greater meteoric water component. Stable-isotopic data
indicate that intermediate argillic and phyllic alteration at Milagros developed in
association with magmatic fluids which had mixed to varying degrees with O-exchanged
meteoric water (Appendix B).
Geological and geochronological relationships at Milagros indicate that the upper
part of this porphyry system was uplifted and exhumed between ca.16.9 and 17.7 Ma,
consistent with the overprinting of epithermal and porphyry-related alteration. The
presence of gusano (Gustafson et al., 2004)-textured quartz-pyrophyllite-diaspore
alteration at surface is evidence for several hundred metres of erosion during, or
subsequent to advanced-argillic alteration (Gustafson et al., 2004; García, 2009). Fluids
associated with barren advanced-argillic alteration in the Milagros area, dated at 16.9 Ma,
were presumably released at relatively low pressures during uplift and exhumation of the
underlying magmatic centre. As such, they may not have contained significant Au
(Hedenquist and Lowenstern, 1994; Heinrich, 2005), and Au and Cu that were available
for transport in low-density vapour (Garcia, 2009) released into this shallow setting may
have been largely co-precipitated at depth (Garcia, 2009; Murakami et al., 2010).
Although a deep potassic alteration zone has been inferred at Milagros (García,
2009), significant uplift and partial erosion of the Milagros porphyry system during
hydrothermal activity would presumably have resulted in extensive overprinting of
phyllic and intermediate-argillic alteration on any potassic zone which may have
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developed (e.g., Sillitoe, 2010). The resulting intermediate-argillic – phyllic halo,
overprinted by advanced-argillic alteration and local zones of vughy silica, and the
development of earlier argillic (chlorite-illite) alteration at depth (Fig. 5-10), may have
generated an environment with a very limited buffering capacity incapable of neutralizing
fluids released through further cooling of the inferred magmatic centre. The minimal
buffering capacity of the surrounding basement sedimentary rocks would similarly have
precluded significant increase of fluid pH, although this may have been counteracted to
some degree by mixing with meteoric water. Fluids subsequently exsolved from the
Milagros porphyry and associated with advanced-argillic alteration at Lagunas Sur were
thus likely to have become highly acidic during their ascent and, even if enriched in Au,
may have had a limited capacity to transport significant Au as HS complexes at low
temperatures (e.g., Stefánsson and Seward, 2004). Alternatively, or in addition,
incorporation of significant proportions of meteoric water may have contributed to the
destabilization of Au-complexes at relatively high temperatures along fluid pathways.
What little Au that was transported may have been largely in the form AuHS0 and would
probably have been deposited at somewhat high temperatures, i.e., 350° – 200°C
(Stefánsson and Seward, 2004), possibly mainly along fluid pathways below Lagunas
Sur. Thus, any potentially fertile fluids at Lagunas Sur are likely to have remained
unbuffered and thus became increasingly acidic, plausibly depositing much of their Au at
depth and thus precluding focused Au deposition at shallow depths (e.g., Heinrich et al.,
2004).
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A single stable-isotope analysis for alunite from the Alto La Bandera alteration
zone, south of the Milagros area, suggests that it also formed at temperatures exceeding
300°C (Appendix B), in association with mixed magmatic - meteoric waters. The
proximity of this prospect to Milagros and its similarity in age to Lagunas Sur (16.3 –
16.4 Ma vs. 16.5 Ma) suggest that this zone may also have a low potential for the
localization of a major high-sulphidation systems.

La Capilla
Alunite ages determined at the volcanic-hosted La Capilla high-sulphidation
prospect, ~ 8 km southeast of Lagunas Norte, indicate that this system formed
contemporaneously with the latter. Limited stable-isotopic data indicate that the fluids
associated with alunite deposition ranged between ~ 140° and 240° C (Appendix B) and
were of magmatic and mixed magmatic – meteoric origin. Thus, the age, temperature
range and composition of fluids associated with advanced-argillic alteration at La Capilla
were almost identical to those at Lagunas Norte. Furthermore, La Capilla is inferred to
have formed in a broadly similar structural setting to that at Lagunas Norte (Section 10.7)
and at the head of an advancing (Río Chicama) valley-pediment (Fig. 5-10) on the
southern flank of the Sauco volcanic centre. The much smaller size of the La Capilla
prospect suggests that other factors may have restricted mineralization. In contrast to the
diatreme association and the intensely-fractured and faulted quartz arenite host-rocks,
unconformably overlain by porous volcaniclastic strata at Lagunas Norte, the La Capilla
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prospect is underlain mainly by massive andesitic-to-dacitic rocks, which would have
been less effective at focusing hydrothermal fluids. This is supported by the much larger,
~ 13 km2, alteration zone associated with this prospect (Fig. 3-1), compared to the setting
at Lagunas Norte. Further, La Capilla lacks the close diatreme-dome association shown
by Lagunas Norte, suggesting a less direct connection with a magmatic fluid source.
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Chapter 21
CONCLUSIONS
High-sulphidation epithermal Au-(Ag) mineralization at the world-class, Lower
Miocene, ~14 M oz Au, Lagunas Norte deposit formed during the initial stages of major
Neogene crustal thickening and uplift along the north-central Peruvian Cordillera
Occidental, coinciding with regional compression and the development of planar
erosional surfaces shortly before the termination of magmatism in this transect of the
Central Andean orogen. These events, and the unique local structural setting, wherein ore
is largely hosted by Mesozoic quartz arenite affected by intense Paleogene, thin-skinned
fold-and-thrust – related deformation focused along a major transverse crustal lineament,
were critical to the development of the deposit. In contrast, several much smaller (< 0.5 M
oz Au) high-sulphidation centres in the district, although similar in age, were emplaced in
less permeable host rocks, with less constraining structural settings and record fluid
histories involving higher temperatures. In the geodynamic context, ore formation at
Lagunas Norte significantly predated both aseismic ocean-floor ridge subduction and
ensuing slab flattening, processes which have been proposed as critical to the
development of other major magmatic-hydrothermal deposits in the Andes and elsewhere
(e.g., Cooke et al., 2005). In comparison, in the Yanacocha (northern Perú) and El Indio Pascua-Lama - Veladero (northern Chile/Argentina) districts, multiple world-class high-
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sulphidation epithermal deposits formed where slab flattening, ridge subduction and
crustal thickening and concomitant physiographic uplift had progressed further.

21.1 The role of crustal thickening
High-sulphidation epithermal mineralization at Lagunas Norte occurred at 16.5 –
17.1 Ma, during the initial stages of a latest-Oligocene- to -Pliocene period of major
crustal thickening, coeval with, or immediately following, Quechua I contractional
tectonism. In the Alto Chicama district, uplift at the time of mineralization is supported
by the composition of late Oligocene-to-Late Miocene andesites and dacites, which
record a transition to adakitic petrochemistry, characterized by the depletion of Y relative
to Sr and increasing fractionation of both the MREE and, critically, HREE, such as would
be caused by the breakdown of plagioclase and the stabilization of garnet, either at the
source or during fractionation of the parental magmas. As elsewhere in the Central Andes
(Kay et al., 1999), the adoption of adakitic chemical characteristics is extremely unlikely
to have resulted from partial melting of oceanic basalt, given the age (>25 Ma: Müller et
al., 1997) of the slab subducting beneath north-central Perú in the Miocene. Further,
although an abundance of water in lower-crustal magmas can generate adakite-like
chemistries at low P-T conditions (e.g., Richards, 2011), directly comparable chemical
signatures in the neighbouring Yanacocha and Huaraz (Pierina) high-sulphidation
districts, and in the contiguous central Peruvian polymetallic province, thus embracing
overall a > 500 km-long arc segment, more likely reflect regional-scale petrogenetic and
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geodynamic changes (e.g. Schütte et al., 2010). Moreover, hornblende fractionation of
hydrous mafic melts is recorded in the vast majority of Neogene andesitic arc suites in the
Central Andes, and Bissig et al. (2003), pace Richards (2011), have argued cogently that
an unusual abundance of magmatic water has not played a dominant role in
metallogenetic relationships.
Major late-Early Miocene-to-Pliocene uplift, and therefore crustal thickening, are
corroborated by light stable-isotopic paleoaltimetry data from the study-area which
suggests that mineralization occurred at a much lower elevation than that extant, ~ 4100
m a.s.l., and possibly below 1000 m a.s.l. The development of regionally-extensive planar
erosional surfaces before and during high-sulphidation activity in the study-area directly
records the uplift, while modeling of the Lagunas Norte isotopic data suggests that
magmatic fluids associated with precursor alunite alteration mixed with progressively
more D-depleted, hence higher-altitude, meteoric waters.
Recycling of hornblende cumulates in response to increasing lower-crustal P-T
conditions during crustal thickening (Davies and Williams, 2003), with the potential to
release ore metals and volatiles (Davidson et al., 2007; Richards, 2009), could account for
the observed spatial and temporal relationships documented between crustal thickening
and major high-sulphidation epithermal ore formation at Lagunas Norte, as well as at
other major mid-Miocene high-sulphidation deposits along the Peruvian margin. The
exceptionally protracted (ca. 200 m.y.) and areally constrained magmatic history of the
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Central Andean continental margin could account for the inferred accumulation of ore
metals and volatiles in lower-crustal cumulates (Clark, 1993).

21.2 Epizonal magmatic-hydrothermal, tectonic and erosional processes
Metalliferous melts generated at the base of a thickening crust may have
accumulated below the major pre- to syn-mineral andesitic-to-dacitic Sauco volcano,
centred ~ 4 km east of Lagunas Norte. Decompression of the inferred subjacent magma
chamber is thought to have coincided with the rise of magmas and exsolving
hydrothermal fluids around the margins of the volcanic complex during periodic
extensional tectonic activity, possibly initiated by the catastrophic collapse of the central
dome complex at the Sauco Volcano and abetted by rapid erosion along its southwest
flank. The long duration and multiple pulses of hydrothermal activity and episodes of Au
deposition at Lagunas Norte are consistent with repeated injection of magma into an
inferred subjacent chamber. Early (17.4 – 17.2 Ma) hydrothermal activity was associated
with low-density, highly-acidic, vapours which generated largely barren advanced-argillic
alteration in highly-fractured quartz arenite. This was followed at ~ 17.1 – 16.5 Ma by
emplacement of the Dafne diatreme breccia, eruption of the dacitic Shulcahuanga dome
and deposition of minor, mainly dacitic, volcaniclastic deposits in the immediate deposit
area, drastically modifying hydrological relationships. Subsequent to diatreme
emplacement, rejuvenated hydrothermal activity released highly-acidic vapours from the
shallow magma chamber which condensed into meteoric water-saturated volcanic rocks
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at the sedimentary unconformity, leading to the development of a well-zoned pattern of
central vughy-silica, advanced- and intermediate-argillic and peripheral propylitic
alteration. Eruption of the late-stage andesitic porphyry at the southeastern margin of the
deposit occurred during or subsequent to the last phase of advanced-argillic alteration.
The main period of Au deposition at Lagunas Norte probably mainly postdated the
main period of alunite deposition, and thus overlapped with the final magmatic events in
the Lagunas Norte domain. Progressive cooling of the Sauco magma chamber, possibly in
response to crustal thickening and/or regional compression limiting magma recharge from
depth, prompted downward retraction of the magma interface below Lagunas Norte and,
hence, fluid release at progressively greater pressures. This optimized Au transport as
Au(HS)2- to the epithermal domain (Heinrich et al., 2004). The light stable-isotopic
chemistry of alunite at Lagunas Norte is strong evidence that Au deposition was a direct
result of the mixing of magmatic vapour – rich fluids with oxidized meteoric waters as
they rose through porous volcanic rocks and along fractures in highly-fractured and
brecciated underlying quartz arenite. A fundamentally identical model is proposed for the
Pierina deposit by Rainbow (2009). Lateral flow of groundwater in response to incision of
the Río Chicama erosional surface at the deposit margin promoted fluid mixing and ore
deposition: Lagunas Norte, like the major deposits of the Pascua-Lama – Veladero district
(Bissig et al., 2002), is envisaged as developing on the lip of a rapidly deepening, steepwalled valley-pediment.
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21.3 Regional-scale transverse structures
Magmatic and hydrothermal activity in the study-area, including emplacement of
the major Sauco volcano, and intense Paleogene and Neogene deformation of the
Mesozoic sedimentary rocks, were focused along a crustal-scale, ENE-trending transverse
structure, a “cross-strike discontinuity” (cf. Wheeler, 1978), possibly initially developed
during Neoproterozoic rifting of the proto-Peruvian margin (e.g., Thomas, 2006). This
major structural corridor had earlier delimited the northern extremity of the Albian –
Turonian extensional, plate-boundary Casma basin west of the study-area. A small Albian
aillikitic intrusion at the margin of the Lagunas Norte deposit, apparently unique in the
Peruvian context, links the inland projection of this major structure with the Casma basin,
providing striking evidence that the immediate deposit area overlay a fundamental crustal
flaw in the Mesozoic. Hydrothermal and magmatic activity at Lagunas Norte was,
moreover, nucleated in a zone of intense Eocene-Oligocene Incaic fold and thrust-related
deformation along an inferred transverse structure (e.g., Love et al., 2004). This
deformation was critical to the formation of Lagunas Norte (Lewis, 2002). The
recognition of similar transverse structures at other major high-sulphidation epithermal
and allied magmatic-hydrothermal deposits (e.g., Love et al., 2004) along the Peruvian
margin, and the alignment of major mineral deposits and prospects of diverse types and
ages both east and west of Lagunas Norte (e.g., the Middle Miocene Quiruvilca Ag-basemetal vein system, the latest-Oligocene Tres Cruces low-sulphidation epithermal Au-(Ag)
and La Arena Cu-Au-Mo porphyry and the Carboniferous Patáz orogenic gold veins),
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suggests that such features play an important long term role in the focusing of magmatic
and hydrothermal activity (Sillitoe, 2008).
At the much smaller Lagunas Sur high-sulphidation epithermal prospect,
located 3 km SSW of Lagunas Norte in a broadly similar but less intense structural
setting, and similarly hosted in Chimú Formation quartz arenite, the higher-temperature
environment, i.e. 230° – 330° C, of mixing of magmatic with meteoric water, and inferred
non-restricted host-rock buffering capacity may have limited the capacity of fluids to
transport and deposit significant Au. At the similarly modest, coeval, volcanic-hosted La
Capilla high-sulphidation prospect, located 8 km SE of Lagunas Norte, fluid composition
and temperature were essentially identical to those at the latter centre. However, the
massive, andesitic-to-dacitic, volcanic host rocks were far less effective at focusing fluid
flow and ore deposition than were the highly-fractured quartz arenite and overlying
volcaniclastic rocks at Lagunas Norte, and although hydrothermal activity generated an
extensive, i.e., ~ 13 km2, alteration zone, only modest structurally-controlled
mineralization developed.

21.4 The roles of ridge subduction and slab flattening
Mineralization at Lagunas Norte unambiguously predated the timing of oceanic
ridge and plateau subduction along the north-central Peruvian plate margin and, therefore,
subduction of bathymetric highs at the Perú trench made no contribution to the formation
of this world-class high-sulphidation deposit (cf. Rosenbaum et al., 2005). The inferred
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Late Miocene timing of slab flattening in north-central Perú also postdated mineralization
at Lagunas Norte, consistent with the observation that no net migration of arc activity is
recorded in the Alto Chicama district between the latest-Oligocene and the Middle
Miocene. Thus, it is also unlikely that slab flattening influenced ore deposition. Although
ore formation at Lagunas Norte required neither slab flattening nor ridge subduction,
these processes may have enhanced ore formation at Yanacocha and, possibly, Pierina
(Rosenbaum et al., 2005; Rainbow, 2009). The location of the “Lost Inca Plateau”
directly below the Yanacocha district during ore formation distinguishes this supergiant
district from the smaller Lagunas Norte and Pierina deposits. Contributions of metals and
other components from subducted oceanic crust (e.g., Mungall, 2002; Reich et al., 2003)
may have contributed to the fertility of melts associated with this cluster of outsized
deposits.

21.5 The application of whole-rock stable-isotopes to the exploration for highsulphidation epithermal deposits
The data presented herein suggest that light stable-isotope, hydrogen, oxygen and
carbon whole-rock geochemistry may provide a useful guide for exploration for hidden
high-sulphidation epithermal centres. The results from the study-area indicate that such
data may help identify and define subtle alteration halos and fluid pathways associated
with high-sulphidation epithermal centres. Although broad 18O-depletion zones, such as
have been documented around low-sulphidation epithermal centres (e.g., Criss et al.,
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1985; 2000), may be precluded at high-sulphidation centres by their magmatic-dominant
fluids, such depletion zones could develop peripheral to advanced- and intermediateargillic zones in meteoric water-dominant haloes. In contrast, data from this study suggest
that hydrogen isotopic signatures associated with high-sulphidation epithermal centres
could represent a more useful vector to mineralization, as shown by the occurrence of
highly anomalous δD values up to ~ 2 km from Lagunas Norte in quartz arenite and up to
700 m in volcanic rocks. The effectiveness of this isotopic signature as a guide to ore may
depend on the composition of host rocks, as well as fluid-rock ratios, as suggested by the
strong influence of minor alunite in the quartz arenite north of Lagunas Norte. That
carbon isotopic data may help highlight underlying magmatic centres associated with
high-sulphidation deposits is suggested by the highly-anomalous δ13C values immediately
east of Lagunas Norte in volcanic rocks previously considered post-mineral due to their
lack of macroscopically visible alteration.

21.6 Closing remarks
The results of this study suggest that ore formation at major high-sulphidation
epithermal centres is promoted by the transition to adakitic magmatism in response to
crustal thickening. The transition to garnet-stable P-T conditions and the concomitant
breakdown of cumulate hornblende at the lower crustal site of magma generation
evidently promote ore deposition. The overall compressional environment in the Alto
Chicama district during magmatic and hydrothermal activity, and tectonic perturbations
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associated with uplift and crustal thickening, favoured the accumulation and fractionation
of epizonal magmas and their subsequent cooling, promoting release of fluids and ore
formation. In addition, catastrophic erosion in response to disequilibrium associated with
uplift and tectonic activity promoted epizonal processes favourable for ore deposition
such as fluid mixing (e.g., Bissig et al., 2002; Rainbow, 2009), a potentially critical factor
which has not been evaluated at Yanacocha (Longo, 2005; Chiaradia et al., 2009). The
data presented herein suggest that arc transects prospective for major high-sulphidation
epithermal deposits include those which are uplifted and underlain by anomalously-thick
crustal keels, and which possess adakitic magmatic suites formed in the terminal stages of
prolonged magmatic events. The preservation of the remnants of contemporaneous
paleosurfaces can also be considered favourable: residual backscarps are especially
prospective. In addition, regional-scale transverse structures are important for highsulphidation mineralization as well as for other magmatic-hydrothermal deposit types.
Flat slab transects and the loci of subducted bathymetric highs may favour development
of outsized districts.
The field and laboratory data presented herein for the Alto Chicama district, northcentral Perú, provide a coherent and comprehensive synthesis of the setting of the worldclass Lagunas Norte Au deposit, and a basis for clarification of the fundamental
geological and geodynamic parameters responsible for the formation of economic rather
than weakly-mineralized high-sulphidation epithermal systems and, on a larger scale, for
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discrimination between metallogenetic domains hosting single major deposits and those
with multiple world-class centres.
The results of the study provide insights into possible large-scale, geodynamic
factors which may have favoured the development of the major Lagunas Norte highsulphidation epithermal Au-Ag deposit. The study thus provides a basis for further
research into metallogenetic factors associated with high-sulphidation epithermal and
allied magmatic-hydrothermal centres. Future investigations could address the timing of
ore formation relative to orogenic events through stable-isotope - based paleoaltimetry,
the petrogenetic context of high-sulphidation epithermal mineralization and, in particular,
the “adakite question” and, as proposed in the present study, the possible link between
crustal thickening, lower crustal processes and fertile magmatism, and the possible role of
major, transverse, lithospheric discontinuities in the localization of magmatic and
hydrothermal activity. In addition, the current study supports the interpretation that
epizonal processes including volcano edifice collapse and pediment incision promote
high-sulphidation activity and ore deposition. Future studies are warranted which evaluate
these proposed controls on high-sulphidation epithermal mineralization.
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40

Ar/39Ar Data
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Table A1: Analytical data for 40Ar/39Ar age determinations, Alto Chicama district, north-central Perú.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.
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Table A1, continued.

Incremental age-spectra and inverse-isochron diagrams for 40Ar/39Ar age
determinations, Alto Chicama district, north-central Perú
(In order of decreasing age).
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<2um illite± illite/montmorillonite
(XRD)
<2um montmorillonite ± albite (~
<10%) (XRD)
<2um montmorillonite (XRD)
epidote (~whole-rock est 70% ep)
<2um chlorite ± minor
zeolite+trace quartz-albite (XRD)
5-10um montmorillonite (XRD)
<2-5um montmorillonite (XRD)
5-10um laumontite >>
quartz+chlorite+albite (XRD)
5-10um gypsum (XRD)
<2um montmorillonite ± trace
quartz/albite (XRD)
<1um montmorillonite ± minor
chlorite (XRD)

2-5um dickite + ~ 10%
quartz(XRD)
>10um dickite + ~70% quartz/trace
py (XRD)
5-10um dickite + ~40% quartz
(XRD)

v. fine, disseminated, minor quartz
occurs with alunite

fine, patchy, minor quartz
intergrown with alunite
fine, lining fractures
intergrown with alunite

fine, disseminated, minor quartz
intergrown with alunite

intergrown with alunite
coarse, lining fractures
intergrown with alunite
coarse, lining fractures
intergrown with alunite
intergrown with alunite

C o m m e nts

5.65
0.19

22.48
-0.46
21.90
-1.83

16.87
2.80

-2.82
29.89
-5.59
29.34
-3.04
-5.59

δ34S

16.5

7.7

14.9

6.1

6.9

10.0

13.5

11.5

7.6

δ18O (OH)

18.7

δ18O SO4

-85

-87

-93

-68

-87
-83
-79

-97
-89
-62

-87

-72

-81

-84

-17

-40

-36

-27

-17

δD

13.0

10.3

14.3

7.6

11.7
10.0

19.7
15.7

10.3

δ18O

δ 13C

238

247

397

163

143

Te m p.
(°C )
34
2
(Δ S )

250

150

50

150

50
50

175

100

Te m p.
(°C )
3
(est.)

###

###

194

295

8

Te m p. (°C )
18
4
(Δ O SO4-OH)

5.8

-0.2

-6.2

-0.2

-0.8
-4.8

3.3

-2.8

-0.8

-60

-66

-57

-62

-61
-53

-65

-11

-34

-18

-21

0.2
7.6

-21

-11

δD f luid6

0.2

3.8

δ18O f luid5
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5-10um kaolinite ± trace quartz
(XRD)

kaolinite

795951 9100541

AM1016

14.8

-68

795800 9115800

Deseado
MON625 ill I
illite

pyrophillite

illite + quartz (XRD)

<2um/ near pure PYROPHYLLIT E
(XRD) with minor dickite

<2um kaolinite >> quartz (XRD)

-74

-85

8.1

250

0.9

-60

Sheppard (1996) for kaolinite (also used for dickite) and by Yapp (1987) for goethite.

by Yapp (2007) for goethite. 6 - δD fluid values calculated using fractionation factors reported by Stoffergen et al. (1994) for alunite, by Yeh (1980) for montmorillonite (10 3 lnαmontmorillonite-H2O=-19.6x10 3 /T +25), by Gilg and

(10 3 lnαalun(SO4)-H2O=3.09x10 6 /T 2 -2.94), by Savin and Lee (1988) for montmorillonite (10 3 lnαsmec-H2O=2.580x10 6 /T 2 -4.19), by Gilg and Sheppard (1996) for kaolinite (10 3 lnαkaol-H2O=-2.2x10 6 /T 2 -7.7) (also used for dickite) and

water), for montmorillonite, dickite, muscovite, pyrophyllite, quartz and kaolinite on the basis of alteration mineralogy and geological criteria; 4 - temperature calculated using fractionation factor
10 3 lnαalun SO4-OH=0.80x10 6 /T 2 +0.96 (Stoffregen et al., 1994). ### Iindicates SO 4 -OH temperature is in excess of 500°C; 5 - δ18 Ofluid values calculated using fractionation factors reported by Stoffergen et al. (1994) for alunite

estimated from δ34 S value for alunite, estimated for goethites using fractionation factors of Dα=0.905 (Yapp, 1987) and 10 3 lnαG-W =1.66x10 6 /T 2 -12.6 (Yapp, 2007) (assuming mineral formation in equilibrium with meteoric

Notes: 1 - UT M Zone 17S PSAD; 2 - temperatures calculated using fractionation factors: 10 3 lnαpy-H2S=0.40x10 6 /T 2 (Ohmoto and Rye, 1979) and 10 3 lnαalun (SO4)-H2S=6.463x10 6 /T 2 +0.56 (Ohmoto and Lasaga, 1982); 3 - temperature

816353 9126372

-53
-1.7
100
14.4

kaolinite

800553 9112456

T C1011 5000sif

La Arena
MON 460

-31
-46

hand picked crystals from drusy
quartz-lined vug

-30
-5.2
-7.0
100
225
18.2
2.6

quartz (XRD)

(silica cap) quartz
vein quartz

800203 9111982
800636 9112003

DT C069-11.0
DT C202-293.5

-39
-5.0
100
18.4

quartz (XRD)

quartz

799277 9111217

-6.1
100
17.2

quartz (XRD)

quartz

799772 9112210

MON 416

-25
-4.3
100
19.0

quartz (XRD)

quartz

799427 9111186

AM918

-76

14.2

-72

MON 401

Tres Cruces

5-10um kaolinite ± trace quartz
(XRD)

kaolinite

796569 9100036

Cerro de O ro
AM1015

-62
-42
2.9
4.9

δD f luid6

250
250

δ18O f luid5

10.1
7.5

Te m p. (°C )
4
18
(Δ O SO4-OH)

-87
-67

Te m p.
3
(°C ) (est.)

5-10um pyrophyllite (XRD)
<2um muscovite (XRD)

Te m p.
(°C )
2
34
(Δ S )

pyrophyllite
sericite

δ 13C

3860
4075

δ18O

803807 9118094
804787 9117975

δD

DDH009-174.0m
LS1014

δ18O (OH)

-29

δ18O SO4

3.9

δ34S

250

C o m m e nts

6.5

M a te ria l a na lyze d

-54

Ele va tio n
(m a .s .l.)

<2-10um sericite (muscovite-illite)
(XRD)

1

sericite

No rthing

3950

1

803915 9118148

Ea s ting

Milagros
DDH009-45.2m

S a m ple

Appendix C
Analytical Techniques
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Anayltical results presented are from surface and underground (n=2: Quiruvilca
mine) rock and drill core samples collected by the author during field work completed in
2003 and 2004. HUA series samples (HUA-1 - HUA-7) were not collected by the author,
and 40Ar/39Ar analyses of six HUA samples refenced herein (Tables 3-1 and 6-1), were
completed separately from this study by T. Ullrich (2002). Samples from the Lagunas
Norte deposit were collected prior to open pit mining. Mineral identification was through
standard petrographic analysis of polished thin sections using both reflected- and
transmitted-light microscopy, shortwave spectral analysis (PIMA) and X-ray diffraction
(XRD). Identification of illite and muscovite mineral separates from samples collected
underground at the Quiruvilca mine were completed utilizing an Amray 1830 scanning
electron microscope set at an accelerating voltage of 20kV and a working distance of 25
mm. Oxford Link Isis software was used to determine the elemental composition of the
samples using peaks of the EDS X-ray spectra coupled with a Li-drifted silicon crystal
detector utilizing an ultrathin mylar window capable of detecting elements as light as C.
Backscattered electron images were collected using Scandium digital imaging software.
Samples were mounted on Al stubs. Compositional analyses of some alunite samples,
including identification of APS mineral cores, were carried out on a FEI-MLA Quanta
650 FEG-ESEM electron microprobe operated under high vac equipped with two Bruker
XFlash 5010 X-ray detectors operated at 20KV accelerating voltage and 10mm working
distance.
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With the exception of whole-rock chemical analysis, which were completed
commercially by Acme Analytical Laboratories, Vancouver, British Columbia, and
Actlabs, Ancastor, Ontario, and referenced 40Ar/39Ar analyses, completed by Thomas
Ullrich (University of British Columbia), all sample preparation and analyses were
carried out by the author in the Department of Geological Sciences and Geological
Engineering at Queen’s University with the assistance of laboratory research staff and
technical associates.
40

Ar/39Ar Analytical techniques
Most 40Ar/39Ar analyses were carried out by the author at Queen’s University

Geochronology Lab. Three reported analyses (marked by “*” in Table 3-1) were
completed by at the Noble Gas Laboratory, Pacific Centre for Isotope and Geochemical
Research (PCIGR), University of British Columbia, Vancouver, British Columbia,
Canada. Ten HUA-series 40Ar/39Ar analyses, listed in Tables 3-1 and 6-1 and discussed in
the text, were completed by T. Ullrich (2002) for Minera ABX Explorationes S.A.
(Barrick) separately from this study.
Following mineral separation, samples analyzed at Queen’s and flux monitors
were wrapped in aluminum foil and stacked in a small aluminum container. Biotite flux
monitor MAC-83 (24.36±0.17 Ma; Sandemann et al., 1999) was inserted between mineral
separates at ca. 0.5 cm intervals and the aluminum container was then irradiated with fast
neutrons at McMaster University nuclear reactor in Hamilton, Ontario for ca. 8 hours.
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40

Ar/39Ar ages were determined at the Queen’s University Geochronology Lab

using a Mass Analyser Products MAP216 mass spectrometer. For step-heating
experiments, samples were heated with both a defocused LEXEL 3500 Ar-ion laser and
New Wave MIR-10 30-watt CO2 laser. Samples were progressively heated in multiple
steps for ~ 3 minutes/ step with increasing power increments. Alunite samples were
heated to a maximum of 5.0 W (5% for CO2 laser) but were not fused, to limit
volatilization of sulphur compounds. All other samples were heated to fusion (at ~ 7.0 W/
5-7%). The evolved gases were purified using a SAES C50 getter for ~ 5 minutes. Argon
isotopes were measured using a MAP 216 mass spectrometer, with a Bäur Signer source
and an electron multiplier. All data were corrected for blanks, atmospheric contamination,
and neutron-induced interferences (Onstott and Peacock, 1987; Roddick, 1983). All errors
are reported as ±2σ, unless otherwise noted, and dates were calculated using the decay
constants recommended by Steiger and Jäger (1977). For the purposes of this thesis, a
plateau is defined as a series of 3 or more steps containing at least 50% of the 39Ar
released and whose apparent ages lie within 1σ of their weighted mean. Quasi-plateaus
are inferred for samples for which > 50% of 39Ar was released in 1 or 2 steps. The
majority of the plateau ages incorporate >80% of the 39Ar released and are concordant
with the total-gas and inverse-isochron ages.
Analytical techniques for HUA-series samples are listed in Ullrich (2002). Those
analyzed as part of this study at the Noble Gas Laboratory, Pacific Centre for Isotope and
Geochemical Research, University of British Columbia, were wrapped in aluminium foil
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and loaded into an aluminium irradiation canister along with irradiation monitor MAC83. The canister was irradiated in the high-flux region of the McMaster University
reactor. The mineral separates were step-heated at incrementally higher powers in the
defocused beam of a 10W CO2 laser (New Wave Research MIR10) until fused. The gas
evolved from each step was analyzed by a MAP-216 or VG5400 mass spectrometer
equipped with an ion-counting electron multiplier. All measurements were corrected for
total system blank, mass spectrometer sensitivity, mass discrimination, radioactive decay
during and subsequent to irradiation, as well as interfering Ar from atmospheric
contamination and the irradiation of Ca, Cl and K.
Stable-isotope analyses
Stable-isotope measurements carried at the Queen’s University Facility for Isotope
Research (QFIR) in Kingston Ontario. The δ18O values of goethite, clays, laumontite and
quartz mineral separates and whole-rock samples were measured using a dual inlet
Finnigan MAT 252 mass spectrometer following the BrF5 technique of Clayton and
Mayeda (1963). Alunite sulphate oxygen, following dissolution in dilute NaOH solution
and re-precipitation of SO4 in barite, total oxygen and hydrogen compositions, and
hydrogen isotope compositions of goethite, clay, jarosite, epidote and gypsum mineral
separates and whole-rock samples, were determined using a ThermoFinnigan TC/EA inline with a DeltaPlus XP Finnigan MAT mass spectrometer. Sulphur was extracted online with continuous-flow technology, using a Carlo Erba Elemental Analyser: NCS 2500
in-line with a Finnigan MAT 252 isotope ratio mass spectrometer after the method of
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Giesemann et al., (1994). For carbon isotopic and total carbon contents, whole-rock
samples were analyzed using a Costech elemental analyzer interfaced with a DeltaPlus
XP Finnigan MAT mass spectrometer.
All isotope data are reported in the δ notation in units of per mil. Oxygen and
hydrogen isotopic compositions are reported relative to the Vienna Standard Mean Ocean
Water (V-SMOW) standard and carbon isotopes to the Vienna Pee Dee Belemnite (VPDB) standard. Sulphur is reported relative to Canyon Diablo Troilite (CDT). Results
were corrected using standards NBS21 for carbon, NBS123 for sulphur, Georgia clay and
UofM for hydrogen, NBS127 and NIST8493 for oxygen, in conjunction with internal
laboratory standards. Analyses of standards and secondary reference materials are
reproducible to ~ 0.2‰ for δ18O, δ34S and δ13C and to ~ 3‰ for δD. Mean errors
associated with sample repeats are ~ 0.3‰ for δ13C (n=4), ~ 0.2‰ for δ34S (n=9), ~ 3‰
for δD (n=24) and ~ 1.6‰ for δ18O (n=19).
Whole-rock geochemistry
Prior to whole-rock analyses weathered surfaces were trimmed from rock samples.
All whole-rock analyses were completed at Acme Analytical Laboratories Ltd.,
Vancouver, British Columbia, and Activation Laboratories Ltd., Ancastor, Ontario
commercial laboratories. Sample preparation and analytical procedures at both labs
included sample crushing and pulverization to -150 mesh, lithium metaborate/tetraborate
(LiBO2/LiB4O7) fusion followed by dilute nitric acid digestion and analysis of 0.200 gm
by ICP-ES (major oxides plus minor elements) and ICP-MS (REE and refactory
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elements) (Code 4Litho: Activation; 4A/4B: Acme). Lithium metaborate/tetraborate
fusion ensures total digestion of samples.
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Appendix D
Mineral Separation Procedures
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Mineral separations prior to stable-isotopic and 40Ar/39Ar analyses were acheived
mainly through crushing and hand-picking and, in the case of fine- to- very fine-grained
clays and other minerals, sample material was typically gouged out using a dentist’s drill.

Alunite
Coarse alunite samples were hand-picked and generally did not require further
treatment. For fine- and very fine-grained alunite samples, a dentist’s drill was generally
used to grind out alunite-rich areas. Separation of fine impurities (quartz, clays etc.) from
finer-grained alunite was accomplished through dissolution of samples in hydrofluoric
acid. The procedure outlined herein is based on that described by Wasserman et al. (1993)
and reported by Rainbow (2009).
1. Dissolution in concentrated (48%) hydrofluoric acid (HF-). ~ 0.2 - 0.5g of each
sample was placed in Teflon beakers and filled with an equal volume of HF- and
deionized water at room temperature so that a thin slurry was formed. Stirring bars were
placed in the beakers which were then covered by Teflon watch-glasses, and placed on
magnetic stirring-plates under a fumehood. The samples were stirred for approximately
90 – 120 minutes on a low stirring speed. The minerals that become concentrated through
this process were alunite and rutile.
2. The watch-glass was removed and rinsed into the slurry with de-ionized water.
The interior of the beaker was rinsed with de-ionized water. The stir-bar was removed and
washed with water into the waste HF- container.
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3. The slurry was left in the beaker to settle for approximately 5 minutes. Once
settled, excess fluid was decanted into the HF- waste container. The slurry was rinsed
with de-ionized water threes times, being allowed to settle between each rinse, with the
excess fluid decanted off after each rinse.
4. The now dilute HF- slurry was filtered through filter paper into a flask. The
sediment trapped by the paper was continuously washed with de-ionized H2O.
5. The filter paper was opened, and placed in the fumehood until dry. The residual
powder was carefully collected into a labelled container. It was X-rayed to determine if
impurities had been removed and if not the procedure was repeated from three when
sufficient sample material remained.
Fine-grained pyrite was removed from alunite samples by immersing samples in
nitric acid until all pyrite was dissolved (± 30 minutes), and then rinsing repeatedly with
de-ionized water. Following this procedure, samples were dried overnight in a ~ 60°C
oven.
The procedure for dissolution of alunite in dilute NaOH solution, and reprecipitation of SO4 in barite, prior to δ18O(SO4) analysis as described herein is based on
the technique of Wasserman et al., (1993) as modified by Drs. Kurt Kyser and from
Arehart et al., 1992.
1. A saturated solution of NaOH (at room temperature) was made. The solution
was bubbled with nitrogen gas to remove all CO2, and sealed.

433

2. A saturated solution of BaCl2 was made, bubbled with nitrogen gas, and sealed.
Nitrogen gas is bubbled through the solutions to displace any CO2, which could react with
the solution to precipitate minerals that would interfere with BaSO4 precipitation (mainly
carbonates, which will form as a product of reaction with carbon dioxide in the
atmosphere and the Ba2+ from the BaCl2 solution).
3. The NaOH solution was diluted 7N NaOH (20 ml NaOH saturated solution +
80ml distilled water).
4. 5ml of 7N NaOH solution was measured out per pure alunite separate, and
poured into individual labelled Teflon bottles. Each bottle was bubbled with nitrogen gas
and sealed.
5. 50 mg of each alunite separate was weighed, and added to the labelled Teflon
bottle. Each bottle was bubbled with nitrogen gas, sealed, and placed on a hot plate at
80°C to dissolve the alunite.
6. The bottles were left on the hot-plate until all the alunite was dissolved (~ 24-48
hours).
7. When all the alunite was dissolved, the solutions (while hot) were poured into
centrifuge tubes, and bubbled with nitrogen gas. 15ml of BaCl2 saturated solution was
added to each tube - a white precipitate immediately formed. The suspension was bubbled
with nitrogen gas, and sealed.
8. The tubes were centrifuged to free the precipitate from the solution.
9. The precipitate was washed and centrifuged 3 times with distilled water.
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10. The sample was poured into a glass vial and placed in an oven at ~75°C until
completely dry.
11. When dry, the vials were removed form the oven and allowed to cool.
12. The sample was X-rayed to ensure that the precipitate was barite, and to detect
any carbonates that may have been formed during the procedure.
13. Carbonates (if present) were removed through the addition of 2% HCl for 15
minutes. The samples were then re-washed with distilled water, and placed in the oven to
dry.

Sulphides
Sulphide-bearing samples were crushed in a mortar and pestle, sieved to an
appropriate size fraction and washed in distilled water. All separates were hand-picked.

Goethite, jarosite, barite, quartz, native sulphur, laumontite, gypsum and epidote
These samples were separated by means of crushing and hand picking or by direct
extraction from vughs and fractures in hand samples.

Clay minerals (kaolinite, dickite, montmorillonite, pyrophyllite, sericite, illite, chlorite)
Clay minerals were separated by centrifuge following crushing or grinding with a
dentist’s drill and sieving to concentrate clay-rich material. Sample material was placed in
small polypropylene beakers with deionized water and agitated with an ultrasonic probe
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for 90 – 120 seconds to loosen clay size material. The beakers were then decanted into
glass beakers and into plastic test tubes which were placed in a centrifuge. Following each
centrifuge, test tubes were decanted. Heavies remaining at the bottom of the test tube
were loosened using an ultrasonic probe with a little deionized water, forming a slurry
which was then poured onto labelled glass plates and placed on a 60°C - 100°C hotplate
to dry (~ 1-2 hour). Resulting size fractions usually included > 10µm, 5-10 µm, 2-5 µm
and less than 2µm. These were X-rayed to identify any contaminants.

Whole-rock samples
Prior to isotope analysis of whole-rock samples, weathered surfaces were trimmed
from hand samples with a rock saw. Samples were subsequently crushed and pulverized
in a ceramic mill. Prior to oxygen isotopic analysis all samples contining carbonates were
treated with 20% HCL to remove these minerals. HCL was added to ~ 20 mg of sample
material in glass vials. Vials were agitated for 5 minutes in an ultrasonic cleaner then
centrifuged. Acid was decanted and deionized water was added and agitated and
centrifuged as above three times to clean samples. Washed samples were dried overnight
in a ~ 60°C oven.
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