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1. Introduction and abstract

Several Zn-Pb+Cu volcanogenic massive sulfide (VMS) deposits occur in Cretaceous rocks in the coastal
region of Peru (Fig. 1). They include the mid Cretaceous Tambogrande VMS deposit in the Lancones
basin in northern Peru (Winter 2010) and, in the Western Peruvian Trough (Atherton et al., 1883), from
north to south, the deposits of Maria Teresa (Zn-Pb-Ag-Cu-Ba, Pichardo et al., 2019), Aurora Augusta
(Ba-Zn-Pb-Cu, Vidal, 1987), Perubar (Zn-Pb-Ba, Vidal 1987; Polliand et al., 2005; Polliand 2006), and
Palma (Zn-Pb-Ba, Steinmdiller et al., 2000; Farfan et al., 2019), all now attributed to the uppermost
Cretaceous. Whereas Perubar and Maria Teresa occur in volcano-sedimentary sequences, the host rock
at Maria Teresa are volcanic and subvolcanic rocks. In a volcano-sedimentary sequence of attributed mid
Cretaceous age, occurs the deposit of Cerro Lindo (Zn-Cu-Pb, Gariépy and Hinostroza, 2003; Votorantim,
2017; Bueno Carredn and Mendoza Mondragon, 2019).

Recent positive exploration results (e.g. Farfan et al., 2019, Pichardo et al., 2019) indicate that the
uppermost Cretaceous VMS belt in central Peru is underexplored. In this contribution, aspects concerning
the geological setting, alteration, and timing of mineralization at Maria Teresa, Perubar, and Palma VMS
deposits are discussed partly on the basis of descriptions contained in Polliand et al. (2005), Polliand
(2006), Pichardo et al. (2019), and Farfan et al. (2019) that are not repeated here. Several common
patterns arise and can be integrated in a genetic model pointing to ore deposit formation in the Upper
Cretaceous plutono-volcanic arc itself (not in a marginal arc as previously proposed) possibly by sub-
seafloor mixing of hydrothermal fluids of magmatic origin with coeval seawater.

2. Age, composition, and setting of host rocks
at the Maria Teresa, Perubar, and Palma VMS
deposits

The high resolution U-Pb in  zircon
geochronological work by Polliand et al. (2005)
yielded ages of 69.71+£0.18 Ma y 68.92+0.16 Ma
for rhyolitic lavas at the bottom and top of the
Perubar ore bodies. These ages broke the
paradigm that the volcanic rocks host of the VMS
deposits in this part of the belt were of Lower or
mid Cretaceous age ("Casma Group"). The data
showed further that mafic and felsic volcanic and
subvolcanic host rocks were roughly coetaneous
with the large Inclinado monzodiorite porphyry
intrusion (67.89+0.18 Ma), thought to be
responsible of the contact metamorphism affecting
part of the ore deposit. Polliand et al. (2005)
concluded that "basin subsidence, submarine

volcanism and plutonic activity occurred in close
spatial and temporal relationship within the Andean
magmatic arc during the Late Cretaceous" and that
the Perubar deposit was not emplaced in a
"marginal basin" (Vidal, 1987) but in a pull-apart
basin located in the "plutono-volcanic arc".

Other dating support an uppermost Cretaceous
age for this part of the VMS belt. Vidal (1987,
sample AA3) published K-Ar ages of 68+2 and
63+2 Ma on quartz-sericite haloes in the Aurora
Augusta VMS deposit that were similar to those
subsequently determined at Perubar (Polliand et
al., 2005). Vidal (1987) interpreted these
uppermost Cretaceous ages to result from thermal
resetting and, following the prevailing assumption
that host rock at Perubar was of mid Cretaceous
age and did belong to the Casma Group, proposed
mineralization to take place at 106 and 116 m.y.
(his sample AA2). At Maria Teresa, Romero et al.



(2008) reported an upper-most Cretaceous age
(68 + 6 Ma, Rb/Sr on hydrothermal sericite). Also,
as summarized by Farfan et al. (2019), the age of
the Palma VMS deposit is attributed to the
uppermost Cretaceous on the basis of
lithostratigraphic correlation with the Perubar
deposit located 15 km to the north and with
Quilmana basalts in the north flank of the Mala
River, where an “°Ar/**Ar whole rock "approximate
age of 67.6 Ma" (Maestrichtian) has been
published by Noble et al. (2005).

To account that the volcanism is uppermost
Cretaceous (to Paleocene), Romero et al. (2008)
propose using the term "Upper Cretaceous-
Paleocene Volcano-Sedimentary sequence"
instead of Casma Group (Albian-Cenomanian) for
the host rocks of Maria Teresa and Palma.

Along similar lines, Cueva et al. (2010) describe
calc-alkaline  "andesites and dacites" in
"Maestrichtian-Danian sequences" between
Pucusani and Chimbote that would occur east of
the Coastal Batholith (this appears not to be
everywehre the case as the Maria Teresa deposit
occurs west of the main part of it). These authors
propose to restrict the term "Casma Group" to the
Albian_Cenomanian (~108-93 Ma) volcano-
sedimentary sequences showing tholeitic and calc-
alkaline signatures occurring west of the Coastal
Batholith.

Together with pelitic rocks partly rich in organic
matter and subordinate limestones, the main host
rocks of the Perubar, and Palma VMS deposits are
submarine volcanic and subvolcanic rocks,
showing in places peperitic textures. Host rock at

Maria Teresa are only subvolcanic and volcanic
rocks, some of them as pillow and blocky lavas
typical of submarine delta fans. Since most
volcanic and subvolcanic host rocks at the Maria
Teresa, Perubar, and Palma VMS deposits are
hydrothermally altered, major element
geochemistry is of limited use. Discrimination
diagrams based on immobile elements of selected
samples show that composition of the volcanic and
subvolcanic host rocks in the three deposits are
indistinguishable  (Fig. 2) showing certain
bimodality (basalts to andesites vs. dacites to
rhyodacites). Further, all the analyzed samples plot
in the field of calc-alkaline volcanic arc basalts
(Fig. 3). Tholeitic signatures typical of spreading in
marginal basins are not found.

The spatial coincidence of the studied uppermost
Cretaceous VMS deposits with the volcano-
plutonic arc and the results plotted in Fig. 3 differ
from the ones at the mid Cretaceous VMS deposit
of Tambogrande (Winter, 2008). There, most host
rocks plot also in the field of calc-alkaline volcanic
arc basalts but closer to the Zr/117 corner and a
fraction of the volcanic host rocks plot in the field of
tholeitic volcanic arc basalts. Winter et al. (2010)
propose that Tambogrande was emplaced in a
trough related tectonically to the break-up of
Gondwana in which volcanism and associated
VMS deposits formed in a marginal basin as a
consequence of a rifting process "due to a
westward and oceanward retreating arc,
resembling a Mariana arc-type setting".
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Fig. 1. Sketch showing Upper Cretaceous VMS deposits (in red) in Central Peru and other selected ore deposits (from Fontboté,

2018, modified). Note that porphyry deposits occur in the southern continuation of the Upper Cretaceous magmatic arc.
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Fig. 2 Volcanic and subvolcanic host rocks at the Maria Teresa, Perubar, and Palma VMS deposits plotted in the Zr/TiO, vs. Nb/Y
discrimination diagram of Winchester y Floyd (1977). Note the compositional similarity among the deposits. Analyses in Table1.
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Fig. 3 Discrimination diagram Th-Zr/117-Nb/16 of Wood (1980). All analyzed samples plot in the field of volcanic arc calc-alkaline
basalts. Note that the original diagrams of Wood (1979, 1980) used Hf/4 and Ta, values commonly substituted by Zr/117 and
Nb/116 given that reliable analyses of Zr and Nb are more frequent. Same data as in Fig. 2. VAB CAB: Volcanic arc calc-alkaline

basalts; VAB IAT: Island-arc tholeiitic basalts, WPB: Within plate tholeiite; WPB: Within plate basalts.
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Further work, in particular on not altered rocks,
should reveal if the clear calc-alkaline signature of
the three studied uppermost Cretaceous VMS
deposits in central Peru, typical for a subduction-
related mature magmatic arc, and also found in the
Cretaceous Coastal Batholith (Pitcher et al., 1985),
represent a change from marginal basin conditions
that could have prevailed in mid Cretaceous times
(Atherton et al. 1983; Cueva et al.,, 2010). The
recent recognition of Grenville basement in the
forearc of central Peru (Romero et al., 2013)
should be also considered.
contact

3. Hydrothermal alteration and

metamorphism

At Maria Teresa, where the host is devoid of
sedimentary rocks, the alteration pattern affecting
volcanic and subvolcanic rocks is particularly clear.
The ore bodies, planar to irregular with "root"
zones, occur in a sub-horizontal "prospective
horizon" outlined by an alteration front between
intense sericitization (xchlorite) at the footwall of
the ore bodies (Fig. 4) and epidote-albite-chlorite-
carbonates in the hanging wall and distal parts
This assemblage typical of ocean floor
hydrothermal alteration of mafic and andesitic
rocks (e.g., Alt et al., 2010) is also observed in
areas remote of mineralization. The sericite
alteration below the richest ore bodies is
particularly intense, with Ishikawa et al. (1976)
alteration index values over 90. The "prospective
horizon" is interpreted as a paleo-horizon in which
hydrothermal fluids ascending along N150E
feeders mixed with seawater percolating in the
volcanic pile. At Perubar and Palma sericitic
alteration is also present, but less developed and
only observed at the footwall of certain areas close
to feeders.

i,

Fig. 4 Intense sericitic alteration affecting basalts and basaltic
andesites at the footwall of Sofia D ore body in the Maria
Teresa mine. Note strong foliation. Width of picture: 5 m (back
part).

In the three studied deposits the ore and host rock
are affected by contact metamorphism with
development of pyrrhotite and magnetite, and
when limestone present in the host sequence
(Perubar and Palma) of calc-silicates (Vidal, 1987;
Polliand et al., 1999; Farfan et al., 2019). At Maria
Teresa, contact metamorphism over previously
sericitized volcanic rocks yields a typical mottled
texture containing biotite, garnet, and cordierite
(Fig. 5) The consistent occurrence of contact
metamorphism produced by the batholith
intrusions is another argument for suggesting that
the ore deposits are located at the magmatic arc.

z23.40

222¢0

263.20

Fig. 5 Mottled texture with biotite, cordierite, garnet, pyrite
and pyrrhotite (Schmidt, 2017) developed occurring beneath
alteration front. This assemblage is typical for sericitic
alteration on andesitic rocks affected by contact
metamorphism (Shanks, 2012). Maria Teresa, DDH17S, hole
meters as indicated in picture. Each drill core is 8 cm wide.

4. Dikes and feeders of ore-bearing fluids

A striking feature recognized by recent surface
mapping both at the Palma and Maria Teresa VMS
deposits (Farfan et al., 2019, Pichardo et al.,
2019), is the occurrence at regional scale of sets of
roughly parallel dikes of mafic and felsic
composition that are perpendicular to bedding and
that trend NS to N160E (Palma) and N150E (Maria
Teresa). At Palma, although mapped in less detail,
these dikes also show a similar pattern. In the
three deposits, mafic dikes are crosscut by
pyritexpyrrhotite and Zn-Pb+Cu mineralization and
at Colquisiri dacitic dikes are also affected by the
sericitic alteration accompanying mineralization
(e.g. samples 10401E and 2806 in Table 1 of
Pichardo et al., 2019). This suggests that the
hydrothermal system responsible for ore formation
was at least partly active during dike emplacement.
The U-Pb age of 67.91+0.17 delivered by zircons
of a dacitic dike at Palma, very close to the



obtained ages on volcanic flows, is consistent with
this hypothesis (Polliand et al., 2005).

These uppermost Cretaceous dike swarms
outline a geometry similar to that recognized in
several places in the western margin of the South
American plate, as for example calc-alkaline
Jurassic dikes in northern Chile (Lucassen and
Franz, 1994). The dike geometry could reflect an
extensional setting (Calderon et al.,, 2007), but
there is also increasing evidence that during
oblique plate subduction, dikes and in general
volcanic arcs can be emplaced along strike-slip
structures parallel to the transpressional margin
(e.g., Tibaldi et al., 2010; Spacapan et al., 2016).

At Maria Teresa, where no sedimentary rocks
disturb observation, the ore bodies show a clear
N150E elongation, parallel to the main dike
orientation (Fig. 1 in Pichardo et al. 2019). The
intense sericitic alteration typical of this deposit
follows also this orientation. These observations,
together with ore grade mapping of the Sofia D
body (Minera Colquisiri, unpublished reports)
revealing highest copper grade centers at the
contact and along andesitic dikes, strongly suggest
that the feeders of the ore-forming fluids used the
same conduits than the dikes. At Palma, as
mentioned above, mafic and felsic dikes display a
similar pattern. Particular elongations of the ore
bodies have not been recognized so far, possibly
partly because of lack of data and partly because
the sedimentary host rock favors bed-parallel
replacement. At Perubar, already Polliand et al.
(2005) proposed ore emplacement in a pull-apart
basin triggered by strike-slip dextral faulting. The
elongated morphology of the ore bodies
recognized in the maps of Cerro Lindo
(Votorantim, 2017; Fig. 1 of Bueno Carred6n and
Mendoza Mondragén, 2019) resembles strongly
the one at Colquisiri.

5. Relative timing of mineralization

In Maria Teresa and Palma there are evidences
suggesting  subseafloor replacement under
significant overburden (Pichardo et al., 2019;
Farfan et al., 2019). At both deposits, veins
containing sphalerite and galena crosscut andesitic
dikes (Figs. 6 and 7) that continue upwards tens to
hundreds meters above the main mineralized
horizons. At Colquisiri, as indicated above, dacitic
veins are affected by the intense sericitic
alteration. At Palma, alteration and mineralization
also affects andesitic sills and dikes, but their
vertical continuity over the mineralized horizon has
not been followed so far in detail. However, the
age of the measured rhyodacitic dike mentioned
above, 1 Ma apart or less of the host lava flows, is
also consistent with the hypothesis that dacitic

dikes were emplaced when the hydrothermal
system was still active.

6. Concluding remarks.

The studied uppermost Cretaceous VMS deposits
in the Coastal region of central Peru were
emplaced at the volcanic-plutonic arc or very close
of it as indicated by the spatial and temporal
coincidence of volcanic and subvolcanic rocks and
intrusive bodies belonging to the Coastal Batholith.
The consistent calc-alkaline signature found in the
mafic and felsic volcanic and subvolcanic host
rocks in Maria Teresa, Perubar, and Palma is
consistent with this hypothesis.

Fig. 6 Chalcopyrite, sphalerite, and galena cross-cutting and
replacing an andesitic dike. Maria Teresa deposit, Sofia D ore
body, SN38 145S.

Fig. 7 Pyrrhotite, sphalerite, and galena vein cross-cutting an
andesitic dike in the Santa Lidia sector of the Palma deposit
(DDHSL-15001, 479 m). Width of picture: 14 cm.

The swarms of parallel dikes, roughly coetaneous
with mineralization, occurring at Maria Teresa and
Palma may reflect emplacement in an overall
transpresional environment triggered by oblique
subduction. Intersection with crosscutting NE and
NW trending structures probably control the
location of the main mineralization centers and of
pull-apart basins in which the VMS deposits have



been emplaced. At the Maria Teresa VMS deposit,
in a site devoid of sedimentary rocks, the ore
replaced volcanic and subvolcanic rocks, whereas
the Perubar and Palma VMS deposits were
emplaced in volcano-sedimentary sequences
deposited in intra-arc basins. Irrespective of the
different host rock, the similar characterisitics
including the dike geometry and alteration pattern
suggests that the ore forming systems were
remarkably similar in the three deposits. At Maria
Teresa, the lack of sediments favors the intense
sericitic alteration. and the elongated morphology
of the ore bodies allows to recognize that the ore
fluid feeders followed conduits also used by the
dike swarms. At Perubar and Palma, similar ore
body and dike geometry as well as alteration
patterns exist, but their recognition is more difficult,
because of the neutralization and dilution effect of
still not completely consolidated host sediments.

Sulfur and strontium isotope data (Plliand et al.,
1999, Polliand 2006, and unpublished) support
mixing between a H;S-dominated hydrothermal
solution with 8*S close to 0 an *’Sr/**Sr < 0.70669
and coeval seawater as the main mechanism
responsible for the precipitation of the sulfide-
barite ores. At Palma, negative dS ratios (with 6*S
down to 27.3%.) pyrite and pyrrhotite intergrown
with framboidal pyrite suggest subordinate
incorporation of bacteriogenic reduced sulfur. The
replacing evidences and the overall bed-parallel
morphology of the main ore bodies suggests that
fluid mixing took place predominantly sub-seafloor
in planar aquifers controlled by lithology.

The reviewed deposits in central Peru show
similarities concerning geological setting, mineral
assemblages, zoning, and alteration to active
submarine arc-related hydrothermal systems in the
Kermadec and Aeolian arcs and at the SuSu
Knolls site in the Manus basin where
mineralization by magmatic-hydrothermal fluids
has been proposed on the basis of extensive
evidence (de Ronde et al., 2011, 2014; Petersen et
al., 2014; Yeats et al., 2014). At the Maria Teresa,
Perubar, and Palma deposits, mineralization by
hydrothermal fluids of magmatic origin appears
also as the most likely hypothesis. This s
supported by their occurrence in the plutono-
magmatic arc itself and the involvement of acidic-
oxidizing fluids as indicated by the intense sericitic
alteration, the tetrahedrite-tennantite rich mineral
assemblages, and the presence of enargite at
Maria-Teresa (Diaz, 2015). The available sulfur
and strontium isotope data are compatible with this
view. A magmatic fluid origin was already
proposed in the Andes for the intermediate to high
sulfidation assemblages of the Au-rich La Plata
VMS deposit in Ecuador (Chiaradia et al., 2008).
The occurrence in the late Cretaceous magmatic

arc located directly south of the VMS belt (Fig. 1)
of porphyry copper deposits (Carlotto et al., 2009)
is additional evidence compatible with a magmatic
affiliation for the VMS deposits considered in the
present contribution.

Many of the features discussed above, including
the elongated morphology of the ore bodies and
the sericitc alteration, are shared by the Cerro
Lindo VMS deposit and, possibly, similar
conclusions can be drawn.
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