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Abstract

The Shalipayco Zn—Pb deposit, in central Peru, is composed of several stratabound orebodies, the largest of which are the Resurgidora
and Intermedios, contained in carbonate rocks of the Upper Triassic Chambara Formation, Pucara group. Petrography suggests that a
single ore-forming episode formed sphalerite and galena within vugs, open spaces, and fractures. Three-dimensional (3D) geological
modeling has allowed division of the Chambara Formation into four members (Chambara [, II, III, and IV) that better define lithological
controls on sulfide formation. Diagenetic replacement of evaporite minerals with the organic matter (OM) presence likely generated
secondary porosity and H,S accumulation by bacterial sulfate reduction (BSR), providing ground preparation for the later Zn—Pb
mineralizing event. The least-altered host rocks have C—O isotope compositions of 1.8 £0.1%0 (VPDB) and 29.9 +2.1%0 (VSMOW),
respectively, within the Triassic marine carbonate ranges. Early dolomite contains lighter C—O composition (1.1 0.9 and 23.8 +

2.9%o, respectively) consistent with OM decomposition during burial diagenesis. Post-mineralization calcite has still lighter C-O
composition (— 5.1 and 13.3%o, respectively), suggesting meteoric water that had migrated through organic-rich strata. The strontium
isotopes of Mitu group basalts (0.709654-0.719669) indicate it as a possible, but not the unique source of strontium and probably of
other metals. Highly negative sulfide sulfur isotope values (—23.3 to — 6.2%0 (VCDT)) indicate a major component of the ore sulfur
derived ultimately from BSR. However, multiple lines of evidence suggest that preexisting H,S underwent thermochemical redox
cycling prior to ore formation. The influx of hot metalliferous brines to dolomitized zones containing trapped H,S is the preferred
model for ore deposition at Shalipayco.

Keywords Evaporite-related MVT deposits - C, O, S, Sr isotopes - Pucara group - Chambara formation - Shalipayco - 3D
geological modeling
Introduction

The Shalipayco Zn—Pb deposit is located in the central high-
lands of Peru, 170 km northeast of Lima and 35 km southeast

Editorial handling: K. Kelley of the city of Cerro de Pasco (Fig. 1). The deposit consists of
stratabound orebodies hosted in Late Triassic to Early Jurassic
>4 Saulo B. de Oliveira carbonate rocks of the Pucara group. Ore sulfide outcrops
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ly 12 km in the deposit area. Near-surface ore was exploited in
Instituto de Geociéncias, Universidade de Sdo Paulo, Sdo Paulo, Sdo small underground mines during the 1970s. The Shalipayco
Paulo 05508-080, Brazil deposit comprises several distinct orebodies. The most impor-
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e ’ surface extensions have not been confirmed by drilling.
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Fig. 1 Geologic map of central Peru (simplified after INGEMMET 1999) showing the location of the Shalipayco deposit and several other deposits
hosted by the Pucara group. Map location is shown in inset. Box enclosing Shalipayco is the area shown in Fig. 2

Over a broader geographic area in central Peru (Fig. 1), Pucara
group carbonate rocks host other Zn—Pb deposits including
San Vicente (Fontboté and Gorzawski 1990), Florida
Canyon, about 1000 km north of Shalipayco (Basuki et al.
2008; de Oliveira et al. 2019a; de Oliveira et al. 2019b; de
Oliveira and Saldanha 2019; de Oliveira et al. 2020), Cerro de
Pasco (Baumgartner et al. 2008; Rottier et al. 2018a; Rottier
et al. 2018b), Colquijirca (Bendezt and Fontboté 2009),
Atacocha and Milpo (Gunnesch and Baumann 1984), and
Morococha (Catchpole et al. 2015a; Catchpole et al. 2015b).
Some of these deposits are within magmatic-hydrothermal
districts with a large variety of mineralization styles, including
skarn, carbonate-replacement, and high- and intermediate-
sulfidation epithermal associated with porphyry copper sys-
tems (Sillitoe 2010).

Aspects of the Shalipayco deposit have been discussed by
Fontboté (1990), Fontboté et al. (1990), Gunnesch et al.
(1990), Soler and Lara (1990), and Moritz et al. (1996).
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However, detailed geological descriptions have not yet been
published. Due to regional geological characteristics, the
Shalipayco deposit could be a distal carbonate-replacement
deposit that is part of a large magmatic-hydrothermal system
similar to some of the abovementioned districts in the vicinity.
On the other hand, the Shalipayco Zn—Pb deposit may repre-
sent a Mississippi Valley-type (MVT) deposit, as assumed by
previous authors (Fontboté 1990; Fontboté et al. 1990; Soler
and Lara 1990; Moritz et al. 1996), similar to the San Vicente
Zn—Pb deposit (Fontboté and Gorzawski 1990).

This paper presents new observations of the Shalipayco
deposit based on the geological understanding developed by
exploration geologists who worked on the project including
Tuanama (2016). This study also addresses the genesis of the
deposit with an evaluation of a MVT versus distal carbonate-
replacement origin possibly associated with large magmatic-
hydrothermal systems (Sillitoe 2010) that formed the nearby
base metals districts. The discussion of the genetic model is
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based on new geological observations, three-dimensional
(3D) geological modeling, whole-rock geochemistry, C—O—
S, and Sr isotope data.

Regional geologic setting

In the central Andes, tectonic movements of the South
American plate produced three different physiographic fea-
tures: (1) the Western Cordillera, which includes the magmat-
ic arc above the subduction zone; (2) the Eastern mountain
range that represents a region of uplift; and (3) the intervening
Andean Altiplano. The geology of the Andes is the result of
three separate geodynamic events during the Proterozoic,
from the Paleozoic to Early Triassic, and the Andean cycle
from the Late Triassic to Holocene time (Benavides-Caceres
1999). The third event, the Andean cycle, began with the Late
Triassic opening of the Atlantic Ocean (Mégard 1984, 1987,
Benavides-Céaceres 1999). During this period, the back-arc
zone in what is now central Peru experienced extension, gen-
erating a series of horsts and grabens. Volcaniclastic and clas-
tic sequences of the Triassic Mitu group (Spikings et al. 2016)
formed in the early stages of extension. These rocks have
thicknesses of 800 to 1500 m, and consist of conglomerates,
sandstones, basalts, and polymictic breccias with andesitic
fragments (Noble et al. 1978).

Extension and subsidence during rifting produced a
Mesozoic marine basin, the Pucard Basin (Mégard 1987;
Benavides-Caceres 1999). Located in north-central Peru, the
Pucara Basin is bounded on the east by the Guyana Shield and
west by the Peruvian Altiplano (Rosas et al. 2007). The basin
represents the first marine transgression of the Andean cycle
covering sediments of the Mitu group. The marine strata con-
sist of shallow platform deposits, such as limestone and
dolostone, fine-grained organic rich clastic rocks, and
evaporites.

Pucara group sediments were deposited between the Late
Triassic and Early Jurassic (Mégard 1968; Szekely and Grose
1972). A Norian age for the early stages of deposition is based
on fossils (Sanchez 1995) and zircon U-Pb ages for volcanic
ash layers within the sequence (Schaltegger et al. 2008;
Wotzlaw et al. 2014). Three formations comprise the Pucara
group, each distinguished by lithotype, fossil content, facies,
and geochemistry (Mégard 1968). The basal unit, the
Chambara Formation, consists predominantly of dolostone
and limestone, with chert nodules or centimeter-thick highly
fossiliferous chert bands (Mégard 1968). Rosas et al. (2007)
suggested that the Chambara Formation sediments were de-
rived from a carbonate platform developed during the transi-
tion from fault-controlled rifting to post-rift regional subsi-
dence. The considerable variation of the unit thickness, from
25to 1170 m, is considered to be a consequence of changes in
the rate of subsidence (Rosas et al. 2007). The overlying

Aramachay Formation consists of calcareous and fetid black
shales with bituminous and occasional silty beds containing
ammonites (Ritterbush et al. 2015). Though poorly exposed,
this unit is laterally homogeneous and is thought to reflect a
stable platform environment (Rosas et al. 2007). The upper-
most member of the Pucard group, the Condorsinga
Formation, is composed predominantly of limestone with
dolostone occurring locally in the basal portions reflecting a
shallow platform environment. This unit differs from the
Chambara Formation in that chert and dolostone occurs only
in the basal parts of the sequence. Lenses with pseudomorphs
after evaporite minerals suggest that second-order basins or
lagoonal environments developed leading to hypersaline con-
ditions. Ammonites constrain the age of this formation to lat-
est Sinemurian through Toarcian time, a span of ca. 25 Ma
(Mégard 1968). Condorsinga Formation rocks rarely crop out
due to Andean structural inversion and erosion (Rosas et al.
2007).

In Peru, the dominant structural Andean trend is northwest
(Fig. 1). The Shalipayco deposit is located on the Sub-Andean
thrust and fold belt (Mégard 1984) characterized by
southwest-dipping thrust faults. In the vicinity of the deposit,
the local faults have directions ranging from north-northeast,
north, and north-northwest (e.g., Eddy vein) (Fig. 2). The
temporal relation between the faults is still not entirely clear,
but they are conditioned (not offset) by the regional northwest
thrust faults.

Base metals deposits hosted in the Pucara group in
Central Peru

In the central region of Peru, where the Shalipayco deposit is
located, numerous base metal deposits are hosted in the
Pucara group. Four magmatic-hydrothermal districts com-
posed of epithermal, carbonate-replacement, skarn, and por-
phyry deposits stand out. The Morococha district, approxi-
mately 80 km southwest of Shalipayco (Fig. 1), is character-
ized by the giant Toromocho porphyry Cu-Mo deposit in the
center with peripheral Zn—Pb—Ag—Cu veins and replacements
that cover an area of approximately 50 km” (Catchpole et al.
2015a; Catchpole et al. 2015b). All multistage intrusions in
the Morococha district are calc-alkaline in composition with
ages ranging from 9.3 to 5.7 Ma (Catchpole et al. 2015a). The
Cerro de Pasco-Colquijirca districts, approximately 40 km
northwest of Shalipayco (Fig. 1), feature large epithermal
polymetallic (Zn—-Pb—Cu—Ag) deposits, commonly termed
Cordilleran deposits (Baumgartner et al. 2008; Bendezi and
Fontboté 2009; Rottier et al. 2018a; Rottier et al. 2018b).
Mineral deposits within these two districts are associated with
dacitic diatreme-dome complexes; in the Cerro de Pasco re-
gion, ages of the igneous rocks are 15.4 to 15.1 Ma
(Baumgartner et al. 2008) whereas ages in the Colquijirca
district are between 12.4 and 12.12 Ma (Bendezu et al.
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Fig. 2 Geologic map showing
subdivisions of the Chambara
Formation in the vicinity of the
Shalipayco deposit and drillhole
locations. The SH-43 drillhole
location overlaps the SH-180 lo-
cation on the given map scale
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2003). A few kilometers to the north are the skarn Pb-Zn
deposits of Atacocha and Milpo (EI Porvenir), which are also
related to dacitic magmatism of uncertain age (Gunnesch and
Baumann 1984).

The San Vicente MVT Zn—Pb deposit of assumed Eocene
and Miocene age (Moritz et al. 1996; Spangenberg et al. 1999;
Badoux et al. 2001) is located approximately 75 km southeast
of Shalipayco (Fig. 1). The Florida Canyon Zn—Pb MVT de-
posit, about 1000 km north of Shalipayco, is also hosted in
carbonates and evaporites of the Pucara group. The deposit is

@ Springer

considered to have formed in Upper Cretaceous time (Reid
2001; Basuki et al. 2008; de Oliveira et al. 2019b; de Oliveira
et al. 2020).

Samples and procedures

We collected 101 samples from seven drillholes spatially dis-
tributed throughout the entire deposit (SH-56, SH-60, SH-70,
SH-120, SH-180, SH-210, and PESHDDO0231) and an eighth
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drillhole that extends stratigraphically lower and cuts all the
lithological units (SH-43) (Fig. 2). The samples were exam-
ined in hand specimen and in thin section using a Leica
DM750P optical microscope equipped with both transmitted
and reflected light. Thin section billets were treated with po-
tassium ferrocyanide and Alizarin-S in order to differentiate
calcite, dolomite, and iron carbonates.

Fluid inclusions were studied in doubly polished thin sec-
tions using an Olympus BX51 microscope in the Fluid
Inclusion Laboratory at the Colorado School of Mines,
USA. Because the inclusions are small (less than 5 um in
diameter), it was impossible to obtain accurate
microthermometric measurements (Goldstein and Reynolds
1994).

Concentrations of Ag, As, Ba, Be, Bi, Cd, Co, Cr, Cu, Hg,
In, Mn, Mo, Ni, Pb, Sb, Sr, Ti, V, W, and Zn were obtained for
20,538 drill core whole-rock samples from the Nexa
Resources database. The samples comprised half the core split
vertically in intervals of approximately 1 m, so the data rep-
resent continuous sections. The analyses were performed by
ALS Chemex, Toronto, Canada, using an inductively coupled
plasma atomic emission spectrometer (ICP-AES) after fine
crushing (to 70 wt.% <2 mm), pulverizing (to 85 wt.% <
75 um), and four-acid digestion, using a combination of nitric,
perchloric, and hydrofluoric acid with a final dissolution stage
using hydrochloric acid. A complete description of analytical
methods is available on the ALS Chemex home page (www.
alsglobal.com).

Sulfur isotope analyses of sphalerite, galena, pyrite, and barite
were obtained in laboratories of the Geology, Geophysics, and
Geochemistry Science Center, US Geological Survey, Denver,
CO, USA, following the procedures of Johnson et al. (2018).
Isotopic compositions are reported in delta notation relative to
Vienna Caon Diablo troilite (VCDT). For carbon and oxygen
isotope analyses, a Dremel 3000 drill device with a 2-mm tung-
sten carbide tip was used for selective sampling of different car-
bonate generations. Some samples were whole rocks (limestone),
whereas others were specific minerals (e.g., late calcite). Sample
powders were forwarded to the Stable Isotope Laboratory,
University of Sao Paulo, Brazil (LIESP-USP), for analysis.
Approximately 100 pg of powder was placed in a 12-ml vial,
heated to a temperature of 72 °C, and flushed with helium gas.
The isotope ratios were measured on CO, gas liberated on reac-
tion with orthophosphoric acid using a Thermo Finnigan
GasBench II coupled to a Delta V Advantage mass spectrometer.
The results are reported in delta notation (in units of permil, %o)
relative to Vienna Peedee Belemnite (VPDB) for carbon and
Vienna Standard Mean Ocean Water (VSMOW) for oxygen.
Samples were analyzed in duplicate. The instrumental precision
was £ 0.05%o for §'°C and £ 0.07 %o for & '*0 and accuracy was
of +:0.07 %o for '"°C and +0.06 %o for 5 '*0.

Strontium isotope analysis was performed on three samples
of limestone of Chambara Formation and three samples of

basalt from Mitu group by thermal ionization mass spectrom-
etry (TIMS) using a Thermo Triton mass spectrometer at the
Centro de Pesquisas Geocronoldgicas, Universidade de Sao
Paulo, Brazil (CPGeo-USP). The precision of a single analyt-
ical result is given as two-standard errors of the mean (20).
Mean values for ¥’Sr/**Sr ratio of NBS-987 Sr standard anal-
ysis during November 2015 through August 2016 are
0.710237+0.000014 (n =200). The 87Sr/86Sr isotope ratios
were normalized to *’St/*®Sr=0.1194.

The 3D geologic model was generated using the Leapfrog
Geo platform through implicit modeling techniques (Cowan
et al. 2002; Cowan et al. 2003; Vollgger et al. 2015). The
Shalipayco database contained 281 drillholes with a total of
89,500 m. The lithology data from logging were loaded in the
software, and the surfaces were built using depositional con-
tact surfaces type.

Results
Geology of the Shalipayco deposit

Textural and mineralogical characteristics of the Chambara
formation host rocks at the deposit site

In the vicinity of the Shalipayco deposit, the Chambara
Formation has been divided into four members, from base to
top Chambara I, II, III, and IV (Figs. 2 and 3). The Chambara I
member lies unconformably on the Mitu group (Fig. 3¢)
which, based on a few drillhole intersections, consists locally
of polymorphic conglomerate, arkosic sandstone, and amyg-
daloidal volcanic rock (Fig. 3e). The Chambara I member with
an average thickness of 320 m is dark gray lime mudstone to
wackestone, locally with millimetric dark rounded clasts of
chalcedony and small calcite grains (Fig. 3d). Sparry calcite
replaces earlier carbonates and fills cavities. This unit is highly
porous showing centimeter-size vugs. Dolomite fills fractures
and locally contains disseminations of dark-brown sphalerite
and pyrite. Late veins with sparry calcite infill are character-
istic of the unit.

The Zn—Pb orebody of the Intermedios level is hosted by
the Chambara II member (Fig. 3c) with an approximate thick-
ness of 120 m comprising mainly porous gray dolostone com-
posed of sparry planar dolomite crystals. Original sedimentary
textures are typically obscured (Fig. 3¢). Dolomitization was
always accompanied by the deposition of late thin pyrite in the
interstices of dolomite crystals. Late chalcedony replaces nod-
ules. Medium-thick sparry calcite appears late in the paragen-
esis, crystallizing between dolomite crystals.

The Chambara III member hosts the Zn—Pb orebody of the
Resurgidora level and is 80 m thick. This unit consists of
beige, fetid, dolomitic boundstone with, in its uppermost stra-
ta, intercalations of micrite layers partially replaced by sparry
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Fig. 3 Stratigraphic column in the vicinity of the Shalipayco deposit with
photos of characteristic core samples: a SH-43-147.60: dark gray
dolomitic mudstone with stylolites from Chambara IV member. b SH-
180-189.70: beige dolomitic boundstone with calcite pseudomorphs after

dolomite and fine interlaminar micritic dolomite (Fig. 3b).
Calcite nodules are common and are interpreted to be pseudo-
morphs after anhydrite. Late calcite and/or dolomite fill frac-
tures. Stylolites are common and are generally filled with py-
rite and organic matter. Bitumen occurs in pores and void
fillings. Sulfides in these rocks include zoned dark-brown
sphalerite, galena, fine- to medium-grained (~ 1 mm in diam-
eter) pyrite, and fine-grained marcasite occurring as breccia
matrix and as cavity and fracture fillings. Evaporite breccia
textures can be observed in some locations, as described in the
Florida Canyon deposit by de Oliveira et al. (2019b). Both
Chambara II and III contain intercalations of partially
dolomitized mudstone and wackestone with some preserved
sedimentary textures and replaced evaporite horizons. The
least-altered rocks consist of millimeter-sized ooids and
oncoids with sub-concentric structures partially replaced by
sparry dolomite. The matrix, when present, is micritic. Fine-
grained dolomite fills vugs and is locally associated with
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halite from Chambara III member. ¢ SH-43-359.30: massive porous gray
dolostone from Chambara II member. d SH-43-490.40: black massive
packstone from Chambara I member. e SH-43-688.80: amygdaloidal
andesite from Mitu group

barite crystals. Medium-grained (~0.5 mm diameter) sparry
calcite is uncommonly associated with minor fluorite and oc-
curs as the final stage of porosity fill and as breccia matrix.

The Chambara IV member has an approximate thickness of
130 m and is characterized by massive light gray lime mud-
stone (Fig. 3a) and wackestone with some fossils, especially
pellets and bivalves, locally dolomitized and fractured. Local
coarse-grained interlayers with greater porosity show local
replacement of lime mud by dolomite. The replacement pro-
cess resulted in the partial destruction of original sedimentary
textures.

Two stratigraphic markers, both up to 10 m in thickness,
are commonly used to recognize contacts between Chambara
members. A fossiliferous horizon with crinoids, bivalves, and
corals marks the top of Chambara I and the base of Chambara
II, whereas a gray fetid dolomitic wackestone with sulfide,
bitumen, and organic matter defines the top of Chambara III
dolostones and the base of Chambara IV mudstones.
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Tuanama (2016) presents additional subdivisions of the
stratigraphy including 10 lithologic units and 5 horizons of
sulfide occurrences. The lithologic controls for mineralization
are summarized by Tuanama (2016). Dolostone horizons with
well-developed porosity and permeability and replaced evap-
orite horizons are the most common hosts for stratabound Zn—
Pb. The entire stratigraphy in the Shalipayco area is tilted with
the dip direction of 225°/30°SW (Fig. 4); this dictates the
direction of the Zn—Pb mineralized horizons. In the
Shalipayco area, some minor intrusive rocks within the
Pucara group (not represented on the map scale in Fig. 2)
are described by Tuanama (2016) as metric late basalt dikes
and small felsic domes emplaced in the Condorsinga
Formation but with no spatial relationship with the Zn—Pb
orebodies.

Evaporite horizons

A salt horizon is known below the Pucara group (Calderdn
et al. 2017a; Calderon et al. 2017b; Sempere and Cotrina
2018; Baby et al. 2019) and sabkha facies with evaporite
minerals are well-known within the Pucara group itself

(Benavides 1968; Fontboté and Gorzawski 1990). Textures
within Shalipayco rocks contain evidence of former evaporite,
porous dolostone, evaporite breccia, and pseudomorphs of
evaporite minerals (Fig. 5). Porous dolostones are coarse,
massive, and light brown to gray and have significant second-
ary porosity locally in the form of open pores (Fig. 5a) or
sphalerite- or galena-filled pores (Fig. 5b). In less-altered
boundstones, mudstones, and wackestones, acicular, fibrous,
and radiating evaporite minerals are pseudomorphed by cal-
cite (Fig. 5c). Evaporite breccias are dolomitic with local dark
dolomite clasts set in a white sparry dolomite matrix or a
chaotic mixture of dark and white dolomite generations (Fig.
5d, e), formed by the dissolution of evaporite horizons.
Replacement of gypsum or anhydrite by sparry dolomite dur-
ing burial diagenesis (Anderson and Garven 1987) generated
open space due to the volume reduction that accompanies this
replacement reaction making the breccia highly permeable.
More detailed descriptions of porous dolostone and
evaporite breccia are given by Leach and Song (2019) and
de Oliveira et al. (2019b). Rounded calcite pseudomorphs
after halite are present in beige dolomitic boundstone (Fig.
3a). Former evaporite horizons are present in both the

Fig. 4 a 3D geologic model of
the Shalipayco deposit. b
Geologic cross-section looking
NW, perpendicular to the main
dip direction (225°/30°SW),
showing the Resurgidora and
Intermedios layers. Colors corre-
spond to the same lithologic units
as in Figs. 2 and 3. Scale in meters

2000 3000
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Fig. 5 Dirill core samples showing representative rock textures. a SH-
210-107.70: barren porous dolostone with abundant large vugs. b SH-
56-287.60: porous dolostone with vugs filled by dark-brown sphalerite
and white sparry dolomite. ¢ SH-43-173.30: dolomitic mudstone with

Chambara II and Chambara III members. These are highly
variable in thickness and lateral continuity. They occur more
commonly in the Chambara IIT member that hosts the largest
sulfide orebody (Resurgidora) than in the Chambara Il mem-
ber. The textural relationships between Zn—Pb mineralization
and replaced evaporite horizons at Shalipayco resemble those
at the Florida Canyon MVT deposit north of Shalipayco in the
Pucara Basin (de Oliveira et al. 2019b) and in several other
MVT deposits worldwide (Charef and Sheppard 1987;
Bouabdellah et al. 2014; Bouabdellah et al. 2015; Bouhlel
et al. 2016; Leach et al. 2017).

Stratabound Zn-Pb orebodies

The Zn—Pb mineralized zones are composed predominantly of
pale yellow sphalerite, dark-brown sphalerite, pyrite, galena,
and marcasite (Fig. 6a—h). The Resurgidora level is the largest
known orebody. It crops out along most of its lateral extent
eroding to a brown colored sulfide-rich detritus. The orebody
has an average thickness of 4 m, though it reaches 11 m lo-
cally, and extends 4 km along strike. The ores are hosted by
Chambara I1I dolostones and, to a lesser extent, by partially
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white calcite pseudomorph after halite. d SH-43-540.30: barren evaporite
breccia showing chaotic texture composed of dark and white dolomite. e
SH-43-571.10: evaporite breccia with dark-brown sphalerite filling voids

dolomitized mudstones, wackestones, and boundstones. The
main ore is composed of coarse zoned sphalerite that is either
dark-brown or pale yellow associated with coarse sparry do-
lomite or with evaporite breccia matrix. In cases where Zn—Pb
sulfide minerals have replaced evaporite facies, the dark-
brown sphalerite is associated with sparry dolomite interstitial
to euhedral barite crystals and, in some cases, the dark-brown
sphalerite replaces barite (Fig. 6a, b). Sparry dolomite can
occur with pyrite and calcite without sphalerite (Fig. 6¢), or
with chalcedony (Fig. 6d). In boundstones and mudstones, the
sulfides occur as fracture filling within sparry calcite and do-
lomite (Fig. 6e). Disseminated fine-grained sphalerite occurs
as evaporite breccia matrix with galena and interstitial pyrite
(Fig. 6f). Bitumen occurrence is widespread in pores and gaps
in evaporite breccias commonly associated with sphalerite
(Fig. 6g, h) and is more abundant in the fetid dolostone of
Chambara III and in the porous dolostone of Chambara II
members.

The Intermedios orebody has an average thickness of 8 m,
locally reaching 25 m, and extends at least 2 km along strike.
The ore sulfides are hosted by the Chambara Il member most-
ly in porous dolostones and to a lesser extent in mudstones and
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Fig. 6 Photomicrographs. a SH-
43-196.50: barite within
sphalerite with the late
replacement by medium-coarse
calcite (cal II). b SH-43-196.50:
barite associated with sparry
white dolomite (dol II) filling
open space. ¢ SH-43-210.30:
fracture filled with dolomite and
calcite (alizarin red-stained) with
pyrite in the vein center. d SH-
210-253.10: dolostone with
sphalerite (sp 1) and late chalce-
dony. e SH-120-182.70:
dolostone with fractures filled by
sphalerite and calcite (alizarin
red-stained). f SH-231-140.00:
disseminated thin sphalerite as
breccia matrix with galena and
interstitial pyrite. g SH-56-
284.60: fragments of dolomite
(dol I), sphalerite, and bitumen
cut by late calcite (cal I1I) (alizarin
red-stained). h SH-56-283.40:
coarse sphalerite showing con-
centric color zoning with associ-
ated bitumen in dolomitic matrix.
brt = barite, cal = calcite, dol =
dolomite, gn = galena, py = py-
rite, sp. = sphalerite

wackestones. Sphalerite is the most abundant mineral occur-
ring as medium (~ 0.2 mm) crystals within breccia matrix with
dolomite intraclasts, disseminations near sparry carbonate
bands, and as zoned colloform masses that suggest mineral
deposition was locally rapid. In dolostones, medium (<
0.5 mm) euhedral zoned sphalerite crystals are present, along
with fine pyrite disseminations and millimeter-thick fracture

linings, locally associated with hydrothermal dolomite and
chalcedony. Generally, pale yellow sphalerite lines the walls
of the fractures, with dark-brown sphalerite toward fracture
centers indicating that the dark-brown was the first phase to
precipitate. Sulfides locally form fracture-controlled networks
or occur as massive concentrations of the two sphalerite gen-
erations, pyrite, and galena in breccias (Fig. 6f). In the massive
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concentrations, the sphalerite crystals are coarse, euhedral,
and locally zoned. In some cases, the sphalerite is fractured,
suggesting tectonic activity after precipitation in dissolution
cavities along with sparry calcite (Fig. 6e). Sparry calcite veins
cut sulfide mineralization.

Additional occurrences of Zn—Pb sulfides are present in
porous dolostone horizons within the Chambara I member,
but these occurrences are of restricted lateral extent and thick-
ness and are generally low grade. These include the
Virgencite, San Luis, and Pucara levels (Tuanama 2016).
Also, sphalerite, galena, pyrite, chalcopyrite, and iron oxides
have been identified in surface exposures that trend N170 and
dip 75E. This trend, which is referred to as the Eddy vein (Fig.
2), does not appear to extend into the subsurface.

3D geological modeling

Three-dimensional geological modeling confirms the lateral
extent of the four members of the Chambara Formation. The
model depictions shown in Fig. 4 show that the Resurgidora
and Intermedios orebodies are restricted to the Chambara 111
and Chambara Il members, respectively. For this initial model
of the Shalipayco geology, the focus was on lithologic rather
than structural constraints. Although the deposit lies within a
fold and thrust belt, the sole structural feature included in the
model is tilting of all strata with a dip direction of 225°/
30°SW, which also dictates the direction of the Zn—Pb miner-
alized horizons (Fig. 4). Later NW-trending faults were not
considered due to the work scale issues. The displacement of
these faults is apparently only a few meters, and the model
reproduces geological units at least on the decametric scale;
also, the current drilling spacing is very large. Nevertheless,
future drilling would enable the 3D model with disposition of
regional-scale faults to be updated.

Paragenetic sequence

The Shalipayco mineral paragenesis can be divided into four
stages: (1) early diagenetic stage, (2) burial diagenetic stage,
including pre-Zn—Pb dolomitization, (3) Zn—Pb ore formation
(main ore stage), and (4) post-ore stage (Fig. 7). Primary
micritic calcite, coarser calcite particles (cal I), and other
allochems, such as oolites and oncoids, underwent varying
degrees of dolomitization during burial diagenesis. Evaporite
minerals, probably including gypsum and/or anhydrite and
halite, were entirely dissolved and replaced by sparry dolo-
mite (dol I) or secondary calcite. Dolomitization was exten-
sive in the Zn—Pb mineralized Chambara II and III members,
to the extent that original sedimentary textures were complete-
ly obliterated, and the rock was entirely replaced by sparry
dolomite (dol I). Pale dolomite and boundstone of the upper
Chambara I1I member experienced less intense dolomitization
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so that oolites, oncoids, and micritic matrix are locally well
preserved.

Zn—Pb ore formation began with the precipitation of finely
crystalline pyrite between sparry dolomite crystals.
Precipitation of pale yellow and dark-brown sphalerite (possi-
bly in a continuum rather than in distinct events), galena, and
new forms of pyrite followed, locally with associated or
slightly later white sparry dolomite (dol II) (Fig. 6h).
Marcasite is locally associated with pyrite and sphalerite in
later stages. This second generation of dolomite (dol II) fills
open fractures and is present in breccia matrices. In weakly
dolomitized or undolomitized rocks with preserved micritic
textures, barite fills fractures that predated deposition of
fine- to medium-grained zoned sphalerite (Fig. 6a). Barite also
occurs as larger crystals in disordered arrangement and as
euhedral acicular crystals (Fig. 6b). Chalcedony precipitated
late in the Zn—Pb mineralization stage, locally cutting ore sul-
fides and filling cavities that originally contained evaporite
nodules. Finally, post-mineralization, fine- to medium-
grained calcite (cal III) occurs as millimeter-wide veins (Fig.
6g), open-space fillings, and replacements.

Fluid inclusions

Fluid inclusions are single phase (liquid) for early replacement
dolomite (dol I) and two phase (liquid + vapor) for late sparry
dolomite (dol II) and sphalerite. The inclusions are less than
8 wm in diameter, which are too small for reliable
microthermometry. However, an upper-temperature limit can
be placed on the early replacement dolomite stage by the fact
that entrapment temperatures for the single-phase inclusions
are unlikely to have exceeded 40-50 °C (Goldstein and
Reynolds 1994).

Whole-rock geochemistry

Analyses of 21 elements in whole-rock drill core powders at
intervals of approximately 1 m were provided by Nexa
Resources. Elements with concentrations below the detection
limit in many samples (Be, Bi, and W) were excluded from the
database. For the purpose of calculating range and median, the
results were separated into four groups: unmineralized carbon-
ate host rock (n=19,023), Intermedios orebody (n = 858),
Resurgidora orebody (n =460), and Eddy vein occurrence
(n=197) (Table 1). The median concentrations of Co, Cr,
Mo, Ni, Sr, and V are similar in the four groups. The maxi-
mum concentrations of Ba, Mn, and Ti are higher in the car-
bonate host-rocks (9120, 14,750, and 28,100 ppm, respective-
ly) than the Intermedios orebody (440, 3690, and 9900 ppm,
respectively), Resurgidora orebody (3820, 10,200, and
1300 ppm, respectively), and Eddy vein (330, 3990, and
8700 ppm, respectively). Maximum concentrations of In tend
to be higher in the sulfide-rich mineralized samples (21 ppm
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Fig. 7 The paragenetic sequence
of'the Shalipayco deposit. Dashed
lines reflect decreasing relative

Early diagenetic
stage

Burial diagenetic
stage

Main ore stage

Post-ore stage

abundance of minerals

for Intermedios and 12 ppm for Eddy vein) than in
unmineralized host rock (9 ppm), although the Resurgidora
orebody is lower (3 ppm). Median concentrations of Ag, As,
Cd, Cu, Hg, and Sb are also higher in sulfide ores

Table 1 Selected trace element

ranges and median (ppm) (in

italics) of drill core whole-rock

samples in the carbonate host
rock, the Intermedios orebody,

the Resurgidora orebody, and the
Eddy vein occurrence within the

Shalipayco deposit

Micritic calcite (cal I)
Quartz

Barite

Dolomite (dol I)

Pyrite

Dark brown sphalerite (sp 1)
Pale yellow sphalerite (sp Il)
Galena

Sparry dolomite (dol I1)
Marcasite

Calcite (cal Il)

Chalcedony

Fluorite

Calcite (cal Ill)

Relative Timing

(Intermedios, Resurgidora, and Eddy vein) than in the
unmineralized carbonate host rock. These same six elements
are much higher in the Eddy vein occurrence than the
Intermedios and Resurgidora sulfide bodies (Fig. 8). The

Non-mineralized
carbonate host rock
n=19,023

Intermedios
stratabound orebody
n=23858

Resurgidora
stratabound orebody
n =460

Eddy vein occurrence

n=197

Ag  0.005-272(1.3)
As 1-5860 (49)
Ba 1-9120 (5)
Be 0.02-3.9 (0.3)
Bi  0.005-12 (1)
cd 001971 (1)
Co 0.1-604 (1)
Cr 0.5-625 (2)
Cu  0.1-2300 (2)
Hg  0.01-359 (0.3)
In 0.005-9 (0.01)
Mn  25-14,750 (1610)
Mo 0.05-49 (1)
Ni 0.1-512 (2)
Pb  1-266,000 (5])
Sb 0.02-2010 (5)

Sr 3-8210 (93)
Ti 25-28,100 (100)
\Y% 0.5-324 (3)

W 0.05-220 (5)
Zn  1-384,300 (165)

0.25-217 (17)
15-4220 (138)
5-440 (5)
0.02-0.8 (0.3)
0.005-6 (1)

0.21-1310 (81)
0.4-41 (2)
0.5-198 (1)
0.5-634 (18)
0.05-271 (13)
0.005-21 (0.12)
431-3690 (1500)
0.08-196 (0.5)
0.1-170 (1)
10-94,300 (291)
2.5-514 (29)
25-2980 (57)
25-9900 (50)
0.5-126 (1)
0.05-80 (5)
72-388,400 (28,800)

0.19-174 (12)
10-2500 (132)
5-3820 (60)
0.18-0.9 (0.3)
0.005-4 (1)
0.18-791 (50)
0.5-16 (1)
0.5-13 (1)
0.5-154 (2)
0.01-171 (8)
0.005-3 (0.01)
935-10,200 (3705)
0.19-18 (3)
0.1-15 (1)
11-122,000 (1723)
2.5-578 (20)
47-2780 (150)
50-1300 (100)
0.5-46 (7)
0.1-70 (5)
120-260,000 (21,750)

2.8-916 (124)
2.5-7040 (261)
5-330 (5)
0.02-1.3 (0.3)
0.005-20 (1)
0.25-3140 (452)
0.1-850 (2)
0.5-156 (2)
0.5-21,500 (26)
0.01-317 (42)
0.005-12 (0.01)
6-3990 (916)
0.09-17 (1)
0.1-1780 (1)
15-479,100 (889)
2.5-7110 (93)
4-4310 (56)
25-8700 (50)
0.5-176 (1)
0.05-70 (10)
5-520,700 (135,500)

The median values are given in parentheses; # = number of samples
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median concentrations of Ag, As, Cd, Cu, Hg, and Sb are 124,
261, 452, 26, 42, and 93 ppm in the Eddy vein occurrence,
whereas in the Intermedios and Resurgidora orebodies, they
are 17, 138, 81, 18, 13, and 29 ppm, and 12, 132, 50, 2, 8, and
20 ppm, respectively (Table 1).

The distribution of elements relative to major faults was
examined in plain view (Fig. 8). In the Shalipayco deposit,
two patterns of faults are recognized. Older structures are
NW-directed thrust faults (e.g., Eddy vein) and younger faults
are N-striking (Figs. 2 and 8). Concentrations of Ag, As, Cd,
Cu, Hg, and Sb are higher near the Eddy vein structure (345°/
80°NE) than in the Intermedios and Resurgidora orebodies
with a general dip direction of 225°/30°SW (Figs. 4 and 8).

Carbon, oxygen, and strontium isotopes

Samples for C and O isotopic analyses were selected based on
petrography and representativeness modes of the different car-
bonate generations as well as their relationship to sulfides. The
results are presented in Table 2 and Fig. 9, together with data
from Moritz et al. (1996). The samples from Moritz et al. (1996)
were probably obtained from outcrops and, in the original work,
the local spatial position is not specified. Overall, the results of
Shalipayco samples exhibit a positive correlation between §'°C
and 5'%0 (Fig. 9). Carbonate samples become isotopically lighter
through the paragenetic sequence such that the later calcite (cal IT
and III) has negative 5'>C and significantly lower 5'%0.

The limestone (cal I) samples have 5'>C values between
1.8 and 1.9%0 and 5'®0 values between 27.8 and 30.8%o.
These rocks are interpreted to be the least altered and present
the highest 5'0 values (Fig. 9). The limestone (cal I) samples
plot entirely within the field of Triassic marine limestone
(Veizer et al. 1999). These high 5'80 values are consistent
with evaporitic conditions and high salinities implied by the
occurrence of evaporite pseudomorphs in these rocks.
Limestone (I) samples from Moritz et al. (1996) are probably
unmineralized but not from evaporitic horizons, and therefore,
they have slightly lower 5'%0 values compared to the lime-
stone (cal I) samples from this study. Some samples of sparry
dolomite (dol II) and dolostone (dol I) that interacted with
fluids associated with the ore-stage sulfides plot partially in
the Triassic limestone field (Veizer et al. 1999). The dolomite
samples from Moritz et al. (1996) identified as repl. dol (I) and
sparry dol. IT show §'%0 values between 24.4 and 26.2%. and
5'3C values between 1.1 and 2.1%o, close to those obtained in
this study. This set of samples has 5'*C values between — 0.1
and 2.1%o and of 5'%0 values between 17.5 and 26.2%o. The
similarity between the host dolostone (dol I) and the ore-
associated sparry dolomite (dol II) suggests that the isotopic
composition of the dolomitizing fluid was controlled by ex-
change with the host rocks. The calcite samples from late
veins (cal II) related to sulfide ore (Fig. 6c, ), as well as the
coarse calcite (II) samples from Moritz et al. (1996), show the
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lowest values for both 5'°C (2.9 to — 0.5%0) and 5'%0 (11.0
to 16.1%o). The lighter C and O isotopic signatures may reflect
the involvement of meteoric water during dedolomitization.
The late calcite (cal IIT) sample shows a 5'%0 value of 13.3%o
within the range of the other calcites (cal II), but also the
lowest 5'C value (— 5.1%o).

The general isotopic similarity between burial diagenetic
dolomite (dol I) and later void-filling sparry dolomite related
to ore-stage sulfides (dol IT) is a feature that was also observed
at the Florida Canyon deposit (Fig. 9) farther north in the
Pucara Basin (de Oliveira et al. 2019b). At Shalipayco, at
least, in locations where the two dolomite types were collected
in close physical proximity, later sparry dol II was slightly
lighter in C and O than earlier dol I (sparry dolomite in sample
SH-43-571.10 has 8'*0 = 17.5%c and 8'>C = — 0.1%0 whereas
replacement dolostone in sample SH-43-519.80 has 5'%0 =
24.5%¢ and 8'°C = 0.2%0) (Table 2).

Strontium isotope results (Table 3, Fig. 10) also reveal
distinct ranges for the major carbonate stages, much like the
strontium isotope results for carbonate stages in the Florida
Canyon deposit (de Oliveira et al. 2019b). The data of Moritz
et al. (1996) differentiate limestone (cal I), which has values
within the characteristic range for Triassic seawater (Koepnick
et al. 1990; Korte et al. 2003), burial diagenetic replacement
dolomite (dol I), which has values extending to slightly more
radiogenic compositions, and late coarse calcite (cal IT), which
has the most radiogenic values. Three samples of Mitu group
alkali basalt show compositions (*’Sr/*®Sr values of 0.709654
to 0.719669) that are more radiogenic than any of the
Shalipayco carbonates (0.707650 to 0.708980).

Sulfur isotopes

Sulfur isotope compositions were determined for sphalerite
(two generations), galena, pyrite, and barite from the
Resurgidora and Intermedios orebodies (Table 4, Fig. 11).
The 5**S values of each of these minerals from the
Resurgidora and Intermedios orebodies overlap within error,
and they do not vary consistently with depth or paragenetic
position. The two barite samples, which predate Zn—Pb sul-
fides in the paragenesis, have 53*S values of 13.7 and 17.3%o,
overlapping the range of values that characterizes the Middle
Triassic to Jurassic seawater sulfate (15 to 17%., Claypool
et al. 1980; Kampschulte and Strauss 2004). The 5%*S values
for dark-brown sphalerite (sp I) range from — 19.1 to — 16.8%o
and for pale yellow sphalerite (sp II) from —17.9 to — 15.3%o,
whereas the galena values range from —23.0 to — 10.4%eo.
Pyrite 5°*S values show a wider range, from —23.3 to —
6.2%o. Sphalerite-galena mineral pairs in samples SH-120-
109.80 and SH-231-140.90 (Table 4) give isotopic equilibra-
tion temperatures of 139 and 159 °C, respectively (Ohmoto
and Rye 1979), similar to fluid inclusion homogenization
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temperatures of ore-related sparry dolomite (dol IT) (115 to
162 °C, Moritz et al. 1996).

Discussion
Lithostratigraphic and structural constraints

The main orebodies in the Shalipayco deposit are hosted
by the most porous and permeable units of the Chambara
carbonate sequence, the Chambaréd II and Chambara III
members. The higher porosity and permeability partly re-
flect an abundance of former evaporite minerals in these
units. Former evaporite mineral occurrences were the most
laterally extensive in the Chambara III member, which may
explain the greater lateral extent and higher metal contents
of the Resurgidora orebody compared to the Intermedios
orebody. The enhanced permeability probably resulted
from volume reduction associated with evaporite mineral
replacement reactions and also from brecciation caused by
calcium sulfate dissolution. These dolomitization process-
es may have generated H,S gas that would furnish reduced
sulfur for later Zn—Pb sulfide precipitation (Anderson and
Garven 1987; Worden and Smalley 1996). Alternatively,
given the abundance of bitumen in the Chambara III mem-
ber, the H,S generated during dolomitization may have
been associated with a former oil reservoir. The
Chambara I and Chambara IV members, which consist
predominantly of mudstones and packstones, also may
have influenced ore formation by serving as aquitards that
favored H,S retention in the more porous intervening strata
and restricted flow of metalliferous fluids within the H,S-

rich zones. Steeply dipping faults would have been essen-
tial in allowing metalliferous fluids from deeper in the
stratigraphic section to penetrate the Chambara I aquitard
and access the more permeable, H,S-bearing Chambara 11
and Chambara III members.

The Shalipayco deposit fault setting is characterized by
regional primary northwest thrust faults and local second-
ary north-northeast, north, and north-northwest steeply
dipping structures that may have controlled different
styles of mineralization. The regional thrust faults may
have had some strike-slip movement during acquiescence
periods in the orogenesis evolution. Therefore, assuming a
Riedel model (Petit 1987), the north-northeast, north, and
north-northwest secondary structures would be a product
of these movements. However, the secondary structures
differ in relation to the metalliferous sulfide occurrences
where N faults are related to Zn—Pb orebodies whereas
NNW faults are related to Cu—Pb—Zn Eddy vein structure.
The north-trending faults that intersect the stratabound
Zn-Pb orebodies (Fig. 8) are considered to have been
the main conduits for ascending metalliferous brines (de
Oliveira et al. 2020). Alternatively, the north-northwest
Eddy vein structure that contains shallow copper sulfides
is expressed as abundant veins on the surface that become
rarer to absent at 50 m depth, suggesting an epithermal
setting. The concentration of the Ag, As, Cd, Cu, Hg, and
Sb elements around the Eddy vein (Fig. 8) is consistent
with this hypothesis. The carbonate-hosted replacement
ores in Cerro de Pasco are also controlled along northwest
faults (325°) in addition to faults of 190°, 240°, and 270°
directions (Baumgartner et al. 2008).

Table 2 Carbon and oxygen
isotope composition of carbonates
of the Shalipayco deposit

Sample Orebody/

member

8" Cyppn(%o)

Description (paragenetic stage) 6180V5M0W(%o)

SH-60-171.50-R  Intermedios

SH-60-174.40-R  Intermedios
SH-60-170.40 Resurgidora
SH-70-217.60 Resurgidora
SH-43-519.80 Chambara I
SH-56-298.20-R  Intermedios
SH-43-359.30 Intermedios
SH-70-220.00 Resurgidora
SH-43-571.10 Chambara I
SH-120-173.00 Intermedios
SH-120-171.00 Intermedios
SH-56-298.20-C  Intermedios

SH-180-189.70 Resurgidora
SH-120-109.80 Resurgidora
SH-231-134.60 Intermedios

Limestone (cal I) 30.8 1.9
Limestone (cal I) 304 1.9
Limestone (cal I) 30.7 1.7
Limestone (cal I) 27.8 1.8
Dolostone (dol I) 24.5 0.2
Dolostone (dol I) 259 1.7
Dolostone (dol I) 20.9 1.5
Sparry dolomite (dol II) 253 1.0
Sparry dolomite (dol II) 17.5 -0.1
Calcite (cal II) 14.8 -0.8
Calcite (cal II) 13.4 -1.3
Calcite (cal II) 11.0 -1.0
Calcite (cal IT) 16.1 -0.5
Calcite (cal IT) 14.7 -14
Calcite vein (cal III) 13.3 -=5.1
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Origin of hydrothermal fluids

Classification of the Shalipayco deposit as MVT implies that
the ores precipitated from basin brines at temperatures of 90—
150 °C, the range of homogenization temperatures typically
observed in studies of MVT fluid inclusions (Leach et al.
2005). On the other hand, the classification of Shalipayco as
a carbonate-replacement deposit would imply that the ores
precipitated from a dominantly magmatic fluid at tempera-
tures of 200-500 °C, the range of homogenization typically
observed in studies of carbonate-replacement type ores
(Megaw et al. 1988).

Measured 5'%0 values of Shalipayco dol Il range from 17.5
to 25.3%o (Table 2). Calculated %0 values of fluids in equi-
librium with sparry dol II, based on temperatures of 200—
500 °C and fractionation factors from Zheng (1993), are about
16 +4%o, much higher than the normal range for magmatic
fluids (5.5-10%¢, Taylor, 1974). The dol II compositions are
thus inconsistent with a carbonate-replacement origin for the

Table 3  Strontium isotope compositions for the Chambara Formation
limestone and the Mitu group alkali basalt in the vicinity of the
Shalipayco deposit

Sample Mineral/Rock ¥Sr%sr 2

SH-56-298.20-N  Chambara Fm. limestone ~ 0.708254  0.000020
SH-70-217.60-N  Chambara Fm. limestone ~ 0.708021  0.000038
SH-60-170.40-N  Chambara Fm. limestone ~ 0.708208  0.000015
SH-43-683.90-M  Mitu Gp. alkali basalt 0.719669  0.000019
SH-43-684.70-M  Mitu Gp. alkali basalt 0.709996  0.000017
SH-43-685.90-M  Mitu Gp. alkali basalt 0.709654  0.000017

518OVSMOW (%0)

Shalipayco ores. Further support for an MVT model can be
found in fluid inclusion petrography. The single-phase fluid
inclusions in replacement dolomite (dol 1) are consistent with
entrapment during diagenesis at 40-50 °C, whereas 2-phase
inclusions in sparry dolomite studied by Moritz et al. (1996)
imply entrapment temperatures of 115 to 162 °C and brine-
like salinities of 9.5-26 wt.% NaCl equivalent. These obser-
vations are consistent with a MVT model for Shalipayco, but
contrast with the Morococha epithermal occurrence, which
shows evidence of significantly lower salinities (2-5 wt.%
NaCl equivalent) and significantly higher temperatures
(220260 °C, Catchpole et al. 2011).

The oxygen isotope composition of the Shalipayco car-
bonates is similar to that for the San Vicente (Fontboté and
Gorzawski 1990; Spangenberg et al. 1999) and Florida
Canyon (de Oliveira et al. 2019b) MVT deposits, but con-
trasts with the oxygen isotope compositions for the Cerro
de Pasco (Baumgartner et al. 2008) and Morococha
(Catchpole et al. 2015a) magmatic-related deposits. Cerro
de Pasco ore-related carbonates have 5'>C values (- 8.1 to
1.0%¢) and 5'%0 values (9.5 to 19.5%o), which differ from
the values of the unaltered Pucara host rocks, 1.4 to 2.7%o
for §'3C values, and 19.2 to 25.3%c for 5'%0 values
(Baumgartner et al. 2008). The lower &'°C values at
Cerro de Pasco are consistent with a magmatic origin for
the carbon (Baumgartner et al. 2008). Similarly, low §'°C
values characterize ore-related carbonates from the
Morococha polymetallic vein and replacement deposits
(Catchpole et al. 2015a). The low 5'*C values could reflect
fluid interaction with organic-rich horizons in the Pucaré
group country rocks. However, sulfides in the Morococha
district yield 6**S values near zero permil (Catchpole et al.
2015a), which is more consistent with a magmatic fluid
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Fig. 10 Sr isotope compositions
of the different stages of
carbonates from the Chambara
Formation of Shalipayco deposit
and basalts from the Mitu group
(data from Table 3). Data from
limestone, replacement dolomite,
and coarse calcite from Moritz
et al. (1996). The limestone sam-
ple data from this study (n =3)
and from Moritz et al. (1996) (n =
4) are plotted together and overlap

Basalt (Mitu Group)

Coarse calcite 11

Repl. dolomite I

Limestone
(Chambara Form.)

XX X

XK
Triassic Seawater
" (Koepnick et al, 1990,
Korte et al., 2003)

0.7060

origin than a basinal fluid origin (Hoefs 1980). The de-
crease in carbonate 5'°C values through the Shalipayco
paragenesis probably reflects increasing importance of or-
ganic matter oxidation (Carothers and Kharaka 1980).
The Chambara Formation limestones and diagenetic re-
placement dolomite (dol I) exhibit similar ®’Sr/*®Sr ranges,
0.707650—-0.708254 and 0.70773-0.70857, respectively,
that correspond closely to the range in Norian seawater
(0.7075-0.7082, Koepnick et al. 1990; Korte et al. 2003).
The correspondence suggests that the dolomitizing fluids
had circulated through, and acquired solutes from, calcar-
eous strata within the Pucara group. The *’Sr/*®Sr values of
ore-related coarse calcite (cal II, 0.70830-0.70898) are
more radiogenic, which implies that the ore-forming fluid
transported strontium, and perhaps other metals, from

0.7140 0.7160 0.7180 0.7200

87Sr/36Sr

0.7080 0.7100 0.7120 0.7220

other sources, perhaps the Mitu group alkali basalt
(0.709654-0.719669) or strata with higher Rb/Sr ratios
(Moritz et al. 1996).

Source of sulfur and mechanisms of sulfide
precipitation

Textural observations suggest that the reductive dissolution of
gypsum and anhydrite in evaporite horizons of the Pucara
group was likely a source of at least some of the sulfur re-
quired to form the Shalipayco ores. If this assumption is cor-
rect, H,S could have been produced by mechanisms similar to
those that produce high concentrations of H,S in natural gas
reservoirs. At temperatures sufficient to sustain thermochem-
ical sulfate reduction—the lower temperature threshold

Table 4 Sulfur isotope

compositions of sphalerite, Sample Orebody Mineral 5**Syepr(%o)

galena, pyrite, and barite from the

Shalipayco deposit SH-56-298.20-O Intermedios Barite 17.3
SH-70-220.00-O Resurgidora Barite 13.7
SH-120-109.80-G Resurgidora Galena -23.0
SH-231-140.90-G Intermedios Galena —22.2
SH-43-221.70-G Resurgidora Galena -10.4
SH-210-219.70-H Intermedios Pyrite -213
SH-43-221.70-H Resurgidora Pyrite -62
SH-43-248.60-H Intermedios Pyrite -233
SH-120-109.80-E Resurgidora Dark-brown sphalerite (sp I) -19.1
SH-120-113.80-E Resurgidora Dark-brown sphalerite (sp I) -18.0
SH-120-175.60-E Intermedios Dark-brown sphalerite (sp I) -16.8
SH-56-287.60-E Intermedios Dark-brown sphalerite (sp I) -17.0
SH-120-175.60-F Intermedios Pale yellow sphalerite (sp 1I) -153
SH-231-140.90-F Intermedios Pale yellow sphalerite (sp II) -17.9
SH-231-44.30-F Resurgidora Pale yellow sphalerite (sp 1I) —16.1
SH-60-171.50-F Resurgidora Pale yellow sphalerite (sp 1I) -164

@ Springer



Miner Deposita (2021) 56:1543-1562

1559

Fig. 11 a Histogram of 5**S a 337 & sphalerite 11
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depends on kinetic factors but may be as low as 100 °C
(Machel 2001), sulfate minerals can be reduced by reaction
with methane or other hydrocarbons, or by reaction with H,S
that had been produced by bacterial sulfate reduction during
diagenesis. The fact that the Shalipayco ore sulfides have sub-
stantially lower 6>*S (—23.3 to — 6.2%o) than Triassic-Jurassic
marine sulfate values (~+ 12 to + 18%¢, Claypool et al. 1980)
that are assumed to be equivalent to replaced gypsum and
anhydrite strongly suggests that the overall mechanism in-
volved reactions such as (Worden and Smalley 1996):

CaS0O4 + CO2 + 3H2S => CaCO3 + 4S + 3H20, and
4S 4+ CH4 + 2H20 => CO2 + 4H2S.

In this reaction, three quarters of the product S*” is from
H,S that originated by bacterial sulfate reduction and is isoto-
pically light. This would impart a low §**S value to Zn and Pb
sulfide minerals. Interestingly, the Zn—Pb sulfides in the San
Vicente and Florida Canyon MVT deposits are isotopically

Shalipayco Florida Canyon  San Vicente

Morococha Cerro de Pasco

heavier than the Shalipayco sulfides, +2.5 to + 14.2%o
(Fontboté and Gorzawski 1990; Spangenberg et al. 1999;
Schiitfort 2001) and —13.7 to + 17.6%o (Basuki et al. 2008),
respectively. The values for San Vicente and Florida Canyon
sulfide minerals extend to the composition of Triassic-Jurassic
marine sulfate, which was presumably the composition of the
evaporitic sulfate minerals at these localities. The sulfur iso-
tope differences between the three deposits can be explained
by invoking thermochemical sulfate reduction pathways that
differ in detail, the pathways operative at San Vicente and
Florida Canyon reliant predominantly on hydrocarbons for
sulfate reduction and the pathways operative at Shalipayco
reliant to a greater extent on preexisting H,S of bacterial
origin.

The sulfur isotope compositions of sulfides at the Cerro de
Pasco (—3.7 to +4.2%0, Baumgartner et al. 2008) and
Morococha (=3.0 to +5.0%0, Kouzmanov et al. 2008)
epithermal deposits are compatible with a magmatic sulfur
source (Ohmoto 1986) in that they span restricted ranges with
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an average 0 +4%o (Beaty et al. 1990; Thompson and Beaty
1990). The Shalipayco sulfides yield negative values (—6.2 to
—23.3%0), at least 10 to 20%o lower, reinforcing the interpre-
tation that the ore sulfur was derived from a nonmagmatic
source.

Concluding remarks

1. The observations of various features in the Shalipayco
deposit are known to be characteristic of MVT deposits
worldwide (Leach and Sangster 1993; Leach et al. 2005):
(1) the Chambara Formation host rocks are platform car-
bonates with evaporite sequences within the Andean oro-
genic foreland fold-and-thrust belt; (2) the sulfide miner-
alization occurs in dolostones and is clearly epigenetic
and stratabound in morphology; (3) the ore mineralogy
is simple with sphalerite, galena, pyrite, quartz, dolomite,
calcite, barite, and fluorite; and (4) sulfur data show iso-
topic evidence for crustal sources.

2. The 3D geological modeling confirms the new local sub-
division of the Chambara Formation into laterally contin-
uous four members in the vicinity of the Shalipayco de-
posit. The main Zn—Pb sulfide orebodies Resurgidora and
Intermedios in the 3D model are restricted to the
Chambara III and Chambara II members, respectively,
confirming a lithological constraint for the sulfide ore.

3. The results of sulfur, carbon, and oxygen isotope analy-
ses, together with the temperature constraints from fluid
inclusion petrography, and sulfur isotope
geothermometry (< 160 °C) at the Shalipayco deposit
are consistent with a MVT origin. The location in the
same carbonate sequence and geographic region as skarn
deposits (Atacocha and Milpo) and epithermal deposits
(Cerro de Pasco, Colquijirca, and Morococha) are thought
to be coincidental.

4. The Eddy vein occurrence shows a geochemical signature
of elevated Ag, As, Cd, Cu, Hg, and Sb, which is similar
to that of the Cerro de Pasco epithermal deposits.
Therefore, the sulfide occurrences of the Eddy vein and
the Zn—Pb MVT orebodies of Resurgidora and
Intermedios may be different deposit types that could
have been temporally distinct events with distinct struc-
tural controls. However, specific studies in the Eddy vein
should be made to prove this hypothesis.

5. The Shalipayco deposit is contained in strata that closely
resemble the host strata for the Florida Canyon deposit
farther north in the Pucara Basin. These strata lie near
the base of the Pucara group, and they exhibit evidence
for the same ground preparation prior to ore formation
that resulted in highly porous dolostone, evaporite brec-
cia, and evaporite pseudomorphs. The ore textures and
sulfide forms are also similar, leading to the conclusion

@ Springer

that they were formed by similar metalliferous brines and
by similar precipitation mechanisms. Undiscovered MVT
deposits of the evaporite type could exist elsewhere in the
Pucara group.
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