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Abstract

The Cerro de Pasco district in central Peru hosts one of the world largest porphyry-
related epithermal polymetallic deposits. The district is centered onto a large diatreme-dome
complex crosscut by numerous dacite to rhyodacite bodies showing domal structures and
quartz-monzonite dykes. Three temporally distinct high-temperature porphyry-type
mineralization events, preceding the epithermal polymetallic mineralization, have been
recognized (PM1, PM2, and PM3). Dating of the latter by molybdenite Re-Os and by zircon
U-Pb (LA-ICP-MS and CA-ID-TIMS) geochronology complement the already available
dataset of zircon U-Pb ages of the subvolcanic and volcanic rocks from the district. The new
geochronology data indicate that the magmatic system was active during more than 400 kyr,
spanning from 15.59 + 0.12 Ma to 15.16 £ 0.04 Ma, punctuated by three porphyry-type
mineralization events that are precursors (maximum gap of 0.9 Myr) of the large epithermal
polymetallic mineralization at Cerro de Pasco. After detailed petrographic and geochemical
(whole rock and minerals) studies, silicate melt inclusions hosted in quartz phenocrysts from
the subvolcanic and volcanic rocks emplaced between and after the different porphyry-type
mineralization events have been analyzed by LA-ICP-MS. Our results suggest that prior to their
emplacement at shallow level, magmas were stored at depth with a high degree of crystallinity
(> 50% crystals) at pressures between 0.9 and 3.4 kbar and at temperatures between ~680° and
~725°C. At such conditions, magma is beyond the point of rheological lock-up and is not
eruptible. Therefore, the emplacement of the subvolcanic and volcanic rocks has required a
series of rejuvenation events of the upper crustal high-crystallinity silicic magma reservoir.
Field relationships indicate that emplacement of the subvolcanic and volcanic rocks is preceded
by high-temperature (> 600°C) quartz-pyrite-magnetite + chalcopyrite and quartz-molybdenite
veining forming the three recognized porphyry-type mineralization events. Hydrothermal

quartz of these veins host silicate melt inclusions, a rare feature in hydrothermal veins. Their
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composition determined by LA-ICP-MS analysis indicates that the mineralizing fluids,
potentially sourced from intermediate magma recharges, have circulated in a magma reservoir
in which the residual interstitial melt was more evolved than the melt trapped as inclusions in
the magmatic quartz. The combined geochemical and geochronological data obtained show that
several episodes of rejuvenation of a highly crystallized upper-crustal silicic magma reservoir,
probably triggered by intermediate magma recharges, are at the origin of the large diatreme-

dome complex and porphyry-type mineralization events at Cerro de Pasco.

Keywords: porphyry; epithermal deposit; zircon; silicate melt inclusions; crystal mush.
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Introduction

The vertical extent of porphyry systems, from upper-crustal magma reservoir to near-
surface, where epithermal deposits are formed, is between 5 and 15 km (Sillitoe 2010).
Reconstruction of the spatial and temporal connection between the different parts of the system
(i.e., plutonic intrusions, volcanic bodies, and porphyry and epithermal mineralizations) is
complex and requires good knowledge of the magmatic system and geochronological data.
During the last decade, several studies have suggested that most intermediate to silicic arc
magmas forming large volcanic eruptions or subvolcanic intrusions are sourced from long-lived
(several hundred of kyr up to several Myr) upper crustal magma reservoirs (e.g., Bachmann and
Bergantz, 2004; Cashman and Blundy, 2013; Cashman et al., 2017; Cooper, 2017; Deering et
al., 2016; Schoene et al., 2012; Spark and Cashman, 2017; Szymanowski et al., 2017). Zircon
geochronology and thermometry suggest that, during most of their lifetime, these magmas are
stored at high-crystallinity degree, under a fundamentally immobile and non-convective state,
and at temperatures close to their solidus (e.g., cold storage; Claiborne et al., 2010; Cooper and
Kent, 2014; Szymanowski et al., 2017; Wotzlaw et al., 2013). Similar long-lived magmatic
systems are associated to porphyry Cu-(Au)-(Mo) deposits, whereas the maximum duration of
ore forming events is between few to hundreds of kyr (Buret et al. 2016; Tapster et al. 2016;
Large et al., 2018 and 2020). The identification of the processes triggering these short and
transient mineralizing events are key to understand the genesis of porphyry Cu-(Au)-(Mo)
deposits. Recurrent recharges of less evolved and hotter magmas are required to maintain long-
lived (> 100s kyr) upper crustal reservoirs (Cashman et al., 2017; Weber et al., 2020). Indeed,
mafic to intermediate magma recharges in magmatic systems associated or not with porphyry
Cu-(Au)-(Mo) deposits have been often recognized (e.g., Buret et al., 2016 and 2017; Halter et
al., 2004; Hattori and Keith, 2001; Rottier et al., 2019 and 2020; Zhang and Audétat, 2017).

The cooling of these newly injected magmas at the contact with the silicic reservoir has the
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potential to release magmatic fluids able to trigger volcanic eruptions or to form porphyry Cu-
(Au)-(Mo) deposits (Buret et al., 2017; Tapster et al., 2016). Therefore, insight in the timing of
porphyry-type mineralization and of shallow magmatic activity is crucial for understanding the
magmatic and hydrothermal dynamics at the origin of porphyry systems and of silicic volcanic

eruptions.

This work is part of a comprehensive study on the giant porphyry-related epithermal
polymetallic deposit of Cerro de Pasco (Baumgartner et al., 2008 and 2009; Rottier et al., 2016a,
2016b, 2018a and 2018b). The present contribution focuses on the temporal and genetic link
between volcanic and sub-volcanic rocks, porphyry-type mineralization events, and epithermal
polymetallic mineralization at Cerro de Pasco. New CA-ID-TIMS U-Pb zircon geochronology
of mineralized magmatic rocks and molybdenite Re-Os geochronology of the different
porphyry-type mineralization styles complement previous geochronological work and show the
existence of successive short-lived episodes (< 100 kyr) of shallow magmatic activity and
porphyry-type mineralization. Alternating magmatic-hydrothermal events is not uncommon in
long-lived porphyry systems where mineralized intrusive magmatic dykes crosscut earlier vein
generations (e.g., Sillitoe, 2010; Spencer et al., 2015). Comparable alternating volcanic and
hydrothermal events is rarely observed (e.g., Buret et al.,, 2017). The obtained dataset of
compositions of silicate melt inclusions hosted in hydrothermal quartz from high-temperature
porphyry veins suggest a genetic relationship between the temporally related porphyry-type
mineralization and near-surface magmatic activity. The present study shows how several
episodes of rejuvenation of a highly crystallized upper-crustal silicic magma reservoir, probably
triggered by new injection of intermediate magmas, are at the origin of the large diatreme-dome

complex and porphyry-related mineralization events at Cerro de Pasco.
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General geology

The Cerro de Pasco district is part of the Miocene metallogenic belt of Peru which
includes a large number of polymetallic epithermal, Au-Ag high-sulfidation epithermal, and
porphyry Cu-(Mo)-(Au) deposits (Bendezi and Fontboté, 2009; Bissig et al., 2008; Bissig and
Tosdal, 2009; Catchpole et al., 2015a; Noble and Mckee, 1999;). The central Peruvian segment
of the belt (~10.2-12°S) is part of the flat slab subduction segment of the Andes associated with
the subduction of the Nazca ridge that started at 15 Ma (Gutscher et al., 1999, Hampel et al.,
2002, Rosembaum et al., 2005). Cenozoic volcanism in the area extends from ~41 Ma to ~5
Ma (Bissig et al., 2008; Bissig and Tosdal, 2009) and is characterized by the emplacement of
isolated and small shallow-level intrusions, subaerial domes, and volcanic deposits (Bissig and
Tosdal, 2009). Igneous rocks are high-K calc-alkaline and range from basalt to rhyolite, evolved
compositions (dacite to rhyolite) being strongly dominant (Bissig and Tosdal, 2009). Central
Peruvian ore deposits are genetically associated with this magmatism and show a similar age
range from ~39 Ma to ~5 Ma, with a more intense Mid- to Late-Miocene ore formation between

16 Ma and 5 Ma (Noble and McKee, 1999; Bissig and Tosdal, 2009).

District geology and mineralization

The Cerro de Pasco district (Einaudi, 1968; Rogers, 1983; Baumgartner et al., 2008 and
2009; Rottier et al., 2016a, 2016b, 2018a, and 2018b) hosts one of the world largest porphyry-
related epithermal polymetallic (“Cordilleran”) deposit, with a combined resource of >200
million tons (Mt) at about 7 wt % Zn, 2 wt % Pb, and 3 oz/t Ag in addition to at least 100 Mt at
1.3 wt% Cuand 1 g/t Au (Baumgartner et al., 2008). The geology of the Cerro de Pasco district
is dominated by a deformed sedimentary sequence consisting of Devonian slates and phyllites
(Excelsior Group), overlain by sandstones and conglomerates of the Middle-Late Triassic Mitu
Group (Fig. 1; Rosas et al., 2007; Spikings et al., 2016), covered by up to 1000 m of carbonate

rocks belonging to the Late Triassic Chambara Formation, part of the Pucara Group (Angeles,

6
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1999; Baumgartner et al., 2008). Sandstones of the Goyllarizquizga Group (Cretaceous) and
limestones and marls of the Pocobamba Formation (Eocene) overlie discordantly the other
formations. At Cerro de Pasco, a regional N15° W-striking reverse fault, named Longitudinal
Fault juxtaposes the Excelsior Group and the Pucard Group (Fig. 1; Angeles, 1999;

Baumgartner et al., 2008).

The diatreme-dome complex of Cerro de Pasco, directly emplaced to the west of the
Longitudinal Fault, is 2.5 km in diameter and was formed by a succession of phreatomagmatic
and magmatic events (Fig. 1; Baumgartner et al., 2009; Einaudi ,1968; Rogers, 1983; Rottier et
al., 2018a). An early phase of explosive activity produced a large diatreme-breccia, mainly
composed of stratified and non-stratified breccias known locally as Rumiallana Agglomerate
(Rottier et al., 2018a; Fig. 1B). The upper part of the diatreme-breccia consists of a dacitic tuff
showing crossbedding and with locally numerous accretionary lapilli (0.2—1 cm in diameter;
Rottier et al., 2018a). This tuff outcrops mainly in the southern and subordinately in the northern
margins of the diatreme-dome complex (Fig. 1B), Baumgartner et al. (2009) dated one lapilli
tuff of this lithology at 15.36 + 0.03 Ma (zircon U-Pb ID-TIMS). The different facies of the
diatreme-breccia are crosscut by volcanic and sub-volcanic intrusions characterized mainly by
1) dacite to rhyodacite bodies showing domal structures and emplaced along the western margin
of the diatreme breccia, dated at 15.40 = 0.07 Ma (zircon U-Pb ID-TIMS; Baumgartner et al.
2009); ii) small (each outcrop less than 10x10 m) porphyritic trachyte intrusions in the central
part of the diatreme breccia; and iii) E-W trending quartz-monzonite porphyry dykes cutting
the diatreme breccia and the dacitic to rhyodacitic magmatic domes (Fig. 1B), two of them were
previously dated at 15.35 = 0.05 Ma and 15.16 + 0.04 Ma (zircon U-Pb ID-TIMS; Baumgartner
et al. 2009). The oldest dated dyke is located in the northern part of the open pit, strikes NE-
SW, crosscut the carbonate rocks and is affected by the earliest stages of the epithermal

polymetallic mineralization. The youngest dated dyke belongs to the swarm of dykes oriented
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E-W which crosscut the porphyritic trachyte intrusions (Figs. 1B and C). Based on the
morphology of the diatreme-dome complex and the occurrence of lapilli tuff, the total erosion
since the formation of the diatreme-dome complex has been estimated at < 1 km, likely less

than 0.5 km (Baumgartner, 2007, Baumgartner et al., 2008; Rottier et al., 2016a and 2018b).

The Cerro de Pasco epithermal polymetallic mineralization is mainly hosted by carbonate
rocks along the eastern margin of the diatreme-dome complex (Einaudi, 1977, Baumgartner et
al., 2008; Rottier et al., 2018b). It is formed during three successive main mineralization stages
(nomenclature and event succession according to Rottier et al., 2016b and 2018b; Fig. 1): A)
pipe-like pyrrhotite-dominated bodies grading outwards into Fe-rich sphalerite (up to 80 vol.
%) and galena (stage A), B) a large N-S trending funnel-shaped massive pyrite-quartz body
with minor hematite (stage B), and C) high-sulfidation mineralization consisting of large well-
zoned Zn-Pb-(Bi-Ag-Cu) carbonate replacement ore bodies in the eastern part of the deposit
(stage C1) and a set of E-W—trending Cu-Ag-(Au-Zn-Pb) enargite-pyrite veins hosted by the

diatreme breccia (stage C»).

Description of the dated porphyry-type mineralization occurrences

Three subsequent occurrences of minor porphyry-type mineralization were recognized in
the Cerro de Pasco district (Rottier et al.2016a and 2018a), and they have been named PM1,
PM2, and PM3 according to the obtained geochronological data. Crosscutting relationships
indicate that all porphyry-type mineralization events precede at least stage C> of polymetallic
epithermal mineralization (for the other polymetallic epithermal stages precise temporal
constrains are lacking so far, Rottier et al., 2018a). The first (PM1) and the third (PM3)
porphyry-type mineralization events occur as mineralized clasts hosted in the diatreme-breccia
and in quartz monzonite dykes, respectively. They represent porphyry-type mineralization

formed in the deep part of the system, in contrast to PM2, occurring at a shallower level. The
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three porphyry-type mineralization occurrences contain silicate melt inclusions hosted in

hydrothermal quartz, which are a major focus of the present study.

Detailed studies on PM1 were performed by Rottier et al. (2018a). It consists of
porphyry-type veinlets crosscutting hornfels and porphyritic igneous clasts incorporated in the
diatreme-breccia (Fig. 2A, B and C). The quartz-molybdenite-(chalcopyrite)-(pyrite) veinlets
are formed at high temperatures (>600°C) and pressures (> 500 bar). Rhyolitic silicate melt
inclusions have been found hosted in hydrothermal quartz (Rottier et al., 2018a), like the ones
described by Stefanova et al. (2014) at Elatsite porphyry Cu-Au deposit. A molybdenite
separate obtained from one large hornfels clasts crosscut by numerous quartz-molybdenite-
(chalcopyrite)-(pyrite) veinlets has been dated by the Re-Os geochronology in the frame of the

present work.

Porphyry-type mineralization PM2, described by Rottier et al. (2016a), occurs as a network
of up to 1 cm-thick quartz-magnetite-chalcopyrite-(pyrite) porphyry veinlets (Fig. 2D) centered
on porphyritic trachyte intrusions cropping out in the central part of the diatreme-dome complex
(Figs. 1B and C). A quartz-monzonite dyke, previously dated by Baumgartner et al. (2009) at
15.16 + 0.04 Ma, crosscuts the quartz-magnetite-chalcopyrite-pyrite porphyry veinlets and the
trachyte intrusions (see Fig. 2A and 2D in Rottier et al. 2016a). The porphyry veinlets have
been formed at low pressure (< 270 bar) in three steps: 1) an early high-temperature event (>>
600°C), characterized by inclusions formed by a silicate melt and a hypersaline liquid; ii) a
second high-temperature event (>600°C), represented by hypersaline fluid inclusions (~70
wt.% NaCl eq.); and iii) a low-temperature event (<350°C), marked by entrapment of liquid-
rich fluid inclusions and sulfide precipitation (Rottier et al., 2016a). One sample of the
mineralized porphyritic trachyte has been dated by U-Pb zircon geochronology in the present

work.
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Porphyry-type mineralization PM3, described by Rottier (2016), occurs as up to 20 cm
wide mineralized clasts of porphyritic igneous rocks and hornfels in a quartz-monzonite dyke
in the central part of the diatreme dome complex (Figs. 1B and 2D). This dyke belongs to the
swarm of E-W striking dykes which crosscut the mineralized trachyte intrusions (PM2) and
which was dated by Baumgartner et al. (2009) at 15.16 + 0.04 Ma (Fig. 1B). Both porphyritic
igneous and hornfels clasts are crosscut by a network of quartz-magnetite-chalcopyrite-pyrite
veinlets (Fig. 2E). The porphyritic igneous clasts are affected by pervasive silicification and the
veinlets display a potassic alteration halo with K-feldspar and shreddy biotite (Fig. 2E). The
hornfels clasts are formed by quartz, K-feldspar, minor albite, secondary hydrothermal biotite,
and disseminated pyrite and chalcopyrite. As discussed by Rottier (2016), microthermometric
analyses of two fluid inclusion assemblages (Supplementary Table A.1) and the high Ti content
of the hydrothermal quartz (51-121 ppm, mean = 79 ppm, n=33, LA-ICP-MS data,
Supplementary Table A.2) suggest that these veins formed at high temperature (> 600°C) by
fluid undergoing phase separation into a low-density vapor and high-salinity brine (> 57 wt%
NaCl equiv.). The hydrothermal quartz contains glassy silicate melt inclusions (SMIs) like the
ones found in PMI1. One porphyritic igneous clast has been dated by U-Pb zircon

geochronology in the present work.

Analytical methods

Whole rock

Subvolcanic and volcanic rock samples were collected from surface outcrops (list of
samples and their location is available in Supplementary Table A.3). Particular attention was
paid on selecting the least altered rock samples. Ten samples were selected for whole rock
analysis and were crushed and powdered with an agate mill. Fused glass beads (fluxed with

Li2B40O7) and pressed powder pellets were analyzed for major, minor, and trace elements by X-
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ray fluorescence (XRF) at the University of Lausanne. Additionally, trace elements were
analyzed by LA-ICP-MS at the ETH Zurich on fragments of fused glass beads, previously used

for XRF analyses.

Petrography, mineral chemistry and silicate melt inclusions

For five representative samples of the subvolcanic and volcanic rocks, automated
mineral analysis and textural imaging using a FEI QEMSCAN® Quanta 650F facility at the
University of Geneva was performed (detailed analytical method in supplementary file A.1).
For the different studied rocks, solid inclusions trapped in minerals were identified by Raman
spectroscopy using a confocal LABRAM equipped with a 532.12 -nm Nd-YAG Laser coupled

with an Olympus BX51 microscope at the University of Geneva.

Feldspar phenocrysts from selected rocks were analyzed for their major and minor
elements. Sodium, Mg, Al, Si, K, Ca, Ti, Mn, Fe, Sr were quantified by electron microprobe
analyses (EMPA) using a Jeol JXA 8200 Superprobe WD/ED combined microanalyzer at the
University of Lausanne. Quartz grains from representative samples were picked from the size
fraction < 2mm and mounted in epoxy. Silicate melt inclusions hosted in quartz phenocrysts
were analyzed by LA-ICP-MS at ETH Zurich (detailed analytical method is presented in
supplementary file A.1). Suitable SMIs are glassy, between 15 and 40 pm in size and not
cropping out at surface after sample preparation. SMIs hosted in hydrothermal quartz from PM3
quartz-magnetite-chalcopyrite veins were analyzed by LA-ICP-MS at the Bayerisches
Geoinstitut. Analyzed inclusions were glassy, between 15 and 25 pm in size. Only SMIs that
were not spatially associated with fluid inclusions were analyzed in order to avoid possible
contamination. All SMIs were quantified following the method of Halter et al. (2002). Internal
standardization of melt inclusions was based on SiO; vs. MgO or the SiO; vs. FeO trends
displayed by the whole-rock data. In addition, LA-ICP-MS signals obtained from the analyses

of silicate melt inclusions hosted in hydrothermal quartz from PMI1 porphyry veins initially
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published by Rottier et al. (2018a) have been quantified again following the method described
above, as they have been initially quantified by using a fixed the Al>O; content at 16 wt.%. The
new quantification method allows a significantly better determination of the major element

concentrations (additional information in supplementary file A.1).

Re-0Os and U-Pb geochronology

A hornfels clast crosscut by numerous PM1 quartz-molybdenite-(chalcopyrite)-(pyrite)
veins (CP-16-BR-X4) sampled in the southeastern part of the diatreme breccia was selected for
molybdenite Re-Os geochronology (Fig. 1B). Analysis was conducted at the University of
Durham (U.K.) in the TOTAL laboratory for source rock geochronology and geochemistry,
following previously published protocols (Selby and Creaser, 2001a, b). Additional details are

reported in supplementary file A.1.

A sample of a porphyritic trachyte intrusion affected by the second occurrence
porphyry-type mineralization (PM2; CP-14-BR-305) and a clast of porphyritic igneous rock
crosscut by veins forming the third occurrence porphyry-type mineralization (PM3; CP-14-BR-
X1; Fig. 2E) were selected for U-Pb zircon geochronology. The mineralized (PM3) clast of
porphyritic igneous rock was carefully isolated from its host quartz-monzonite dyke to avoid
contamination. Zircon grains were separated, handpicked, and mounted in epoxy and polished
to expose their internal structure. Prior U-Pb zircon geochronology, an SEM-CL imaging of the
zircon crystals was performed. In situ zircon geochronology by LA-ICP-MS was carried out
using a Thermo ELEMENT XR sector-field ICPMS interfaced to an UP-193FX ArF excimer
laser ablation system at the University of Lausanne following protocols outlined in Ulianov et
al. (2012). Zircon displaying homogenous CL textures, no xenocrystic core, and young LA-
ICP-MS date were selected for ID-TIMS to resolve the relative emplacement ages of the two
rocks; the detailed analytical method is reported in supplementary file A.1. Trace elements

composition of selected zircon grains were analyzed by LA-ICP-MS at ETH Zurich.
12
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Results

SEM-CL images and trace element composition of the zircon

SEM-CL images of magmatic zircons from the mineralized porphyritic trachyte
intrusion (PM2; n=85 grains) and from the studied mineralized porphyritic igneous clast (PM3;
n=78 grains) show euhedral to subhedral crystals with fine well-developed oscillatory and
sector zoning (Supplementary Figure A.1). No xenocrystic cores were observed in zircon grains
from the mineralized (PM2) trachyte and only two were observed in zircon grains from the
mineralized (PM3) clast. Core and rim of a subset of zircon grains from the porphyritic trachyte
(n=17) and the mineralized porphyritic igneous clast (n=15) were analyzed by LA-ICP-MS for
trace elements (Supplementary Table A.4; Fig. 3). The zircon cores have similar evolution
trends marked by a decrease of HREEs, Ce, Th/U ratio in parallel to an increase of the Yb/Dy
ratio. According to the mineral abundances of the trachyte porphyry, as determined by
QEMSCANP®, the REE budget (except for Eu) of the melt, and thus of the zircon, is controlled
at more than 80% by titanite and apatite (Fig. 3B). Determination of the initial mineral
abundances of the dated porphyritic igneous clast is not possible due to its strong alteration.
Two distinct core-to-rim evolution trends are observed: a “normal evolution” where rims show
higher Yb/Dy ratio, lower Ce concentration and strong depletion in HREE compared to the
cores which is consistent with the progressive crystallization of titanite and apatite. However,
some grains show a “reverse trend” where rims present a lower Yb/Dy ratio and a higher Ce
concentration, and only a weak depletion in HREE (Fig. 3C). Zircons having a “reverse
evolution” present occasionally resorption textures between the core and the rim of the grains

(Fig. 3D).

The Ti content was below the detection limit (Maxrop = 5.4 ppm, MinLop = 3.1 ppm,

Meanrop = 4.2, n=31), except for three analyses that revealed a Ti content between 3.3 and 3.7
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ppm (Supplementary Table A.4). Ti-in-zircon thermometer was applied using the calibration of
Ferry and Watson (2007) and the limit of detection of Ti was used to determine the maximum
crystallization temperature. We used aSiO: of 1 because of the presence of quartz in the rocks
and aTiO of 0.7 as suggested by Watson et al. (2006) and Fu et al. (2008) for titanite-bearing
igneous rocks. A variation of the titanium activity of 0.1 changed the obtained temperatures by
~13°C. Calculated maximum crystallization temperatures are below 725°C (Max = 722°C, Min

~ 675 °C, Mean = 700°C, n=31).

Timing of magmatic and high-temperature hydrothermal events

Re-Os geochronology was performed on a molybdenite separate from sulfide-poor
quartz-molybdenite-(chalcopyrite)-(pyrite) veins crosscutting a hornfels clast and belonging to
PMI1. The obtained Re-Os date is 15.59 + 0.12 Ma (Fig. 4C; the complete data set is available

in Supplementary Table A.5).

LA-ICP-MS zircon U-Pb ages from the mineralized (PM2) trachyte porphyry and the
mineralized (PM3) clast are unimodal indicating that both may represent single zircon
populations (Fig. 4A, full dataset is reported in Supplementary Table A.6). The trachyte
porphyry (PM2) and the mineralized (PM3) clast yield weighted mean 2°°Pb/2*3U ages of 14.97

+ 0.35 Ma (MSWD = 1.3, n=88) and 14.92 + 0.35 Ma (MSWD = 1.3, n=56), respectively.

High-precision CA-ID-TIMS geochronology was performed on 5 and 7 zircons from
the mineralized porphyritic trachyte (PM2) and the mineralized porphyritic igneous clast
(PM3), respectively (full dataset is reported in Supplementary Table A.7). This new dataset
complements previous zircon geochronology performed by Baumgartner et al. (2009) on one
sample of lapilli dacitic tuff, one sample of dacitic dome, and two samples of quartz-monzonite
dyke (Fig. 4B). The five zircon crystals from the mineralized porphyritic trachyte (PM2) yield

a time range from 15.284 + 0.009 Ma to 15.439 + 0.026 Ma (Fig. 4B; Supplementary Table
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A.7), the four youngest grains being statistically equivalent (Fig. 4B) and yielding a weighted
mean 2%Pb/>*¥U date of 15.286 + 0.018 Ma (MSWD = 0.27, n=4). From the 7 zircon grains
from the mineralized clast, one was dated at 23.972 + 0.067 Ma; the remaining 6 grains formed
two clusters of three statistically equivalent zircons each (Fig. 4B). The weighted mean
206pb/238U age of the youngest cluster is 15.165 £ 0.043 Ma (MSWD = 1.4, n=3). Both obtained
ages are within the uncertainty of the ages obtained by LA-ICP-MS. The weighted mean of the
youngest zircons is interpreted to be the best approximation of the emplacement age,
considering the rapid cooling of small intrusive bodies upon injection into the sub-volcanic

environment (Keller et al., 2018; Large et al., 2020).

Mineral composition and textures of magmatic rocks from the Cerro de Pasco
district

Despite the effort to sample the freshest possible outcrops, most analyzed rock samples
show a weak hydrothermal alteration marked by the occurrence of fine-grained muscovite,
epidote, and chlorite in the samples (Figs. 5 and 6). As shown by Figures 5 and 6, the different
rocks are porphyritic with a high content of phenocrysts (> 40 vol. %). All the rocks are
characterized by a finely crystallized matrix (<20 pm) composed dominantly by quartz and K-
feldspar, that on the QEMSCAN® mineral maps is sometimes classified as a “Si-K-rich matrix”
due to the very small grain size (Figs. 5 and 6). The dacitic tuff, the dacitic domes, and the
rhyodacitic domes (rock nomenclature adapted from Baumgartner et al., 2009) have a similar
mineralogy, dominated by phenocrysts of plagioclase, biotite, and quartz (Fig. SA-C). The
quartz-monzonite dykes have a similar mineralogy with, in addition, large sanidine phenocrysts
(up to 8 cm; Fig. 5D). The porphyritic trachyte intrusion, crosscut by the quartz-magnetite-
chalcopyrite-pyrite PM2 stockwork and affected by pervasive chlorite-epidote-sericite-calcite
alteration (Fig. 6), consists mainly of phenocrysts of plagioclase, biotite, quartz, and a few

phenocrysts of K-feldspar and apatite (Fig. 6). In addition, phenocrysts of hornblende, almost
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totally replaced by chlorite, are present (Fig. 6). In all rocks, diamond-shaped grains made of
leucoxene, ilmenite, and rutile occur; they are interpreted to represent altered titanite
phenocrysts. As shown by the calcium maps generated from the QEMSCAN® analyses, most
plagioclase phenocrysts of the different rocks are weakly zoned and few of them present
resorbed Ca-rich cores (Figs. 5 and 6). EPMA profiles and spot analyses performed on
plagioclase from the different rocks reveal limited variation in the anorthite content of the
plagioclase phenocrysts (between Anzi and Anss with 94% of the values between Anzi and

Anzo; n=294; Supplementary Table A.8; Supplementary Figure A.2).

A special attention was brought to the sulfur-bearing solid inclusions present in the
phenocrysts. Anhydrite and calcite solid inclusions were found in apatite grains in the quartz-
monzonite dykes, together with inclusions of quartz, zircon, magnetite (Fig. 7). Both calcite
and anhydrite are not spatially associated with cracks or secondary melt or fluid inclusions trails
and are considered to be magmatic in origin. The apatite grains are small, between 100 and
several 100s of microns, and located in the rock matrix, as shown by the QEMSCAN® calcium
maps (Figs. 5 and 6), indicating together with the nature of their solid inclusions (quartz and
zircon) that they formed during the late crystallization stage of the rocks. Anhydrite solid
inclusions occur in ~5% of the investigated apatite grains. The anhydrite inclusions are euhedral
to subhedral, up to 300 pm-long, and generally aligned along apatite growth bands (Fig. 7A).
Calcite inclusions are less common than anhydrite and usually form smaller crystals (up to 100
um, Fig. 7A). No anhydrite nor calcite have been identified in the matrix of the quartz-

monzonite dykes. No magmatic sulfide inclusions were observed in the studied samples.

Whole rock geochemistry
The Cerro de Pasco magmatic rocks display a narrow range of compositions, mainly
dacitic, from 60.6 to 69.7 wt% SiO», all rocks are part of the high-K calc-alkaline trend

(Supplementary Table A.9). No correlation between the U-Pb ages of the rocks and the
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concentrations of any chemical element is observed. Composition of the rocks is similar than
the Oligocene and Miocene magmatic rocks from central Peru compiled by Bissig and Tosdal
(2008). All the rocks fall in the “adakite” field in the St/Y versus Y diagram (Fig. 8C) and have
an elevated Sr/Y ratio, from 54 to 148 which does not correlate with SiO;. The primitive mantle
normalized spidergram (Fig. 8B) shows well defined Nb and Ta (as well as Y and Ti) negative
anomalies and enrichment in large ion lithophile elements (LILE), typical of arc magmas. The
REE plot shows a strong depletion of HREE compared to LREE (Fig. 8A), leading to high
La/Ybn ratios (25 to 73). Using the latter criteria, magmatic rocks from Cerro de Pasco also fall
in the geochemical “adakite” field in the La/Yb versus Yb diagram (Fig. 8D). Rocks also
display a strong fractionation between MREE and HREE, illustrated by high Gd/Ybn ratios (4.2

to 6.6), and a lack of Eu anomaly indicating limited plagioclase fractionation.

Silicate melt inclusions (SMIs) hosted in magmatic quartz

Chemical composition

A total of 33 SMIs hosted in quartz phenocrysts were analyzed by LA-ICP-MS: three
from a dacitic tuff (BR-201), four from a dacitic dome (BR-235), 13 from a rhyodacitic dome
(BR-230), and 13 from a quartz-monzonite dyke (BR-232 and BR-243; Fig. 9A). No SMIs from
the trachyte porphyry and mineralized clasts were analyzed because of the occurrence of
numerous secondary fluid inclusions crosscutting the SMIs that made them not suitable for LA-
ICP-MS analysis.

The studied SMIs in quartz phenocrysts from the different rocks have similar
composition (Figs. 10 and 11). They are rhyolitic, with SiO> content between 75.1 and 75.8
wt.%, and K>O and Na;O concentrations between 4.8 and 7.2 wt.% and between 2.5 and 4.2
wt.%, respectively (Fig. 10 and Supplementary Table A.10). Compared to whole rock
compositions, SMIs are more evolved and are depleted in most compatible elements (e.g., Mg,

Fe, Ca, Sr) and enriched in incompatible elements (e.g., K, Rb, Cs, W; Figs. 10 and 11). Metal
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contents are coherent with the rhyolitic composition of the SMIs, with values between 2.1 and
26.7 ppm for Cu, between 23.8 and 93.8 ppm for Zn, and between 18 and 48.6 ppm for Pb (Fig.
11). Obtained Cu concentrations should be considered with caution as they can be affected by
a post-entrapment diffusion (e.g., Audétat et al., 2018; Lerchbaumer and Audétat, 2012; Rottier
et al., 2017). The obtained Cu, Zn, and Pb concentrations are similar to previously published
metal contents of SMIs hosted in quartz, plagioclase, amphibole and pyroxene from andesitic
to rhyolitic arc magmas (Cu: 9-100 ppm, Pb: 12-105 ppm, Zn: 10-150 ppm; Borisova et al.,
2008; Mandeville et al., 1996; Mustard et al., 2006; Nadeau et al., 2013; Price et al., 2005;
Johnson et al., 2013; Rottier et al., 2019 and 2020). Molybdenum and W contents range from

1.0 to 9.4 ppm and from 1.8 to 7.5 ppm, respectively (Fig. 11).

Trapping temperature of the silicate melt inclusions were calculated using the zircon
saturation thermometers of Watson and Harrison (1983). Zirconium saturation of the melt is
indicated by the presence of zircon inclusions in all investigated quartz phenocrysts. Moreover,
all SMIs are metaluminous to weakly peraluminous which is another condition required for the
application of this thermometer. Typical error range of the zircon saturation thermometer is
around 20°C (Watson and Harrison, 1983). Zircon saturation temperatures range from 680° to
686°C for SMIs from the lapilli dacitic tuff, from 683° to 698 °C for SMIs from the dacitic
dome, 684° to 704°C for SMIs from the rhyodacite dome, and from 692° to 722 °C for SMIs
from the quartz-monzonite dyke (supplementary table A.10). These low temperatures are

coherent with the low Ti content of the zircon grains.

Ti-in-quartz thermobarometry

The Ti-in-quartz thermobarometer was used to obtain insight into pressure conditions
during quartz phenocryst crystallization. Calculated pressures were obtained using the
thermobarometer developed by Huang and Audétat (2012). The Ti contents of quartz adjacent

to each SMI was recalculated using a TiO; activity fixed at 0.7 and the temperatures obtained
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for each SMI from the zircon saturation thermometry were used. For the lapilli dacitic tuff,
pressure ranges from 1.9 to 2.6 kbar (n=3), for the dacitic dome from 2.0 to 2.5 kbar (n=4), for
the rhyodacite dome the values are between 2.4 and 3.4 kbar (n=13), and for the quartz-
monzonite dyke the values are uniformly distributed between 0.9 and 2.4 kbar (n=13).
Calculated pressures are highly sensitive to temperature and to the fixed TiO» activity. A
temperature variation of + 20°C (the error range of the zircon saturation thermometer) and a
variation of the aTiOz of 0.1 induces shifts of the calculated pressure of ~0.5 and of ~0.4 kbar,
respectively; therefore, the calculated pressures should be considered with caution. However,
all pressure estimations suggest that quartz have crystallized in an upper-crustal magma

reservoir.

Silicate melt inclusions hosted in the hydrothermal quartz

The studied silicate melt inclusions are randomly distributed in the hydrothermal quartz
crystals from the high-temperature porphyry-type veins. There is no spatial organization of the
SMIs inside the veins, and no spatial correlation with fluid inclusions or other solid inclusions
(Figs. 9B and C). The SMIs are between 15 and 25 pm in size. They are most of the time glassy,

but some are partly crystallized, and few totally crystallized.

Major and trace element compositions of the SMIs hosted in hydrothermal quartz from
quartz-molybdenite-(chalcopyrite)-(pyrite) veinlets of PM1 recalculated from Rottier et al.
(2018a), and those hosted in hydrothermal quartz from quartz-magnetite-chalcopyrite veinlets
of PM3 obtained in this work are presented in Figures 10 and 11, and all data are reported in
Supplementary Table A.11. No chemical compositions of SMIs hosted in hydrothermal quartz
from PM2 veins are reported because their compositions are affected by co-trapped salt melt
inclusions (Rottier et al., 2016a). Nonetheless, EPMA and LA-ICP-MS analyses of the less

affected SMIs suggest that trapped melt was rhyolitic (~73 wt.% Si02) with a Cs content around
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50 ppm (Rottier et al., 2016a, i.e., similar to the composition of the SMIls analyzed in

hydrothermal quartz from PM1 and PM3).

In terms of major elements, the analyzed SMIs hosted in hydrothermal quartz from PM1
and PM3 are similar to the ones hosted in magmatic quartz (Fig. 10), whereby, the former show
slightly higher Al,O3 contents. In terms of trace elements, the SMIs hosted in hydrothermal
quartz follow the trend drawn by the whole rock and the SMIs hosted in magmatic quartz for
most elements (e.g., Rb, Sr, Cs; Fig. 11). The SMIs hosted in hydrothermal quartz have higher
Rb and Cs and lower Sr contents than the SMIs hosted in magmatic quartz (Fig. 11). This
indicates that SMIs hosted in hydrothermal quartz are more evolved. The metal contents (Zn,
Cu, Pb, Mo and W) are higher in SMIs in hydrothermal quartz than in those in magmatic quartz
(Fig. 11C-G). The high values of W and Mo could be attributed to a high evolution degree of
the melt, whereas the high contents (up to several 100s of ppm) of Cu, Zn, and Pb are more
likely due to the trapping of a unrecognized small volume of metal-rich fluid in the SMIs. These
small volumes of metal-rich fluids would only slightly affect the major element composition of
the SMIs and of the elements preferentially concentrated in the melt (i.e., Sr and Rb) as
illustrated by the fact that, for most elements, the composition of the SMIs follow the trend

drawn by the whole rock and the SMIs hosted in magmatic quartz.

Discussion

New geochronological constraints on the hydrothermal mineralization at
Cerro de Pasco

Figure 12 presents the age of the three distinct porphyry-type mineralization events in
the frame of the magmatic and hydrothermal temporal evolution at Cerro de Pasco. The 15.59

+ 0.12 Ma Re-Os molybdenite age of the first porphyry-type mineralization (PM1) is coherent
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with the 15.36 = 0.03 Ma U-Pb zircon age of the dacitic tuff interpreted to be synchronous to
the formation of diatreme-breccia that hosts the dated clast (Baumgartner et al., 2009). These
two ages suggest a time gap from 380 to 80 kyr between the first porphyry event (PM1) and the
oldest dated outcropping magmatic rocks (dacitic tuff and rhyodacite bodies, 15.36 + 0.03 Ma
and 15.40 £+ 0.07 Ma, zircon U-Pb ID-TIMS, respectively; Baumgartner et al. 2009; Fig 12).
The age of the second porphyry-type mineralization (PM2) is bracketed by the mineralized
trachyte porphyry dated at 15.286 + 0.018 Ma and the crosscutting post-PM2 E-W quartz-
monzonite dyke dated at 15.16 + 0.04 Ma (Baumgartner et al., 2009). Therefore, the maximum
lifespan of PM2 mineralization is ~180 kyr (Fig. 12). The age of the last recognized porphyry
event (PM3), occurring as mineralized clasts hosted in a quartz monzonite dyke, is bracketed
by the age of 15.165 £+ 0.043 Ma (MSWD = 1.4, n=3) of the mineralized magmatic clast and
that of the host E-W striking quartz-monzonite dyke (15.16 = 0.04 Ma), i.e., a maximum time
span of ~90 kyr (Fig. 12). These ages reveal a period of approximately 400 kyr during which at
least three porphyry-type mineralization events alternating with volcanic to sub-volcanic

activity took place.

According to the available geochronology results, the epithermal polymetallic
mineralization of stages A, B, and C has been formed over a maximum lifespan of 1 My,
between ~15.4 and ~14.4 Ma (Fig. 12). These constrain are based on the fact that the NE-SW
quartz-monzonite dyke dated at 15.35 + 0.05 Ma (Baumgartner et al., 2009) is affected by the
polymetallic mineralization stages A and B and that alunite of the last stage (Cz) yields ages
between 14.54 £ 0.06 and 14.41 = 0.07 Ma (Ar/Ar; Baumgartner et al., 2009). Similar time gaps
between magmatic and porphyry Cu-Mo mineralization events and epithermal polymetallic
mineralization were observed in other districts such as Morococha (~0.5 Myr; Peru; Catchpole
et al., 2015b) and Rosario (~0.7 Myr; Chile; Masterman et al., 2004). The observed time-gap

suggests that giant porphyry-related epithermal polymetallic can be formed several hundreds of
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kyr after the last recognized expression of magmatic or porphyry-type mineralization events
(Catchpole et al., 2015b). Significance of this time-gap for the formation of porphyry-related

epithermal polymetallic mineralization will require further studies.

Magma storage and rejuvenation

The temperatures obtained by zircon saturation and the Ti-in-zircon thermometers are
similar and indicate that the magma had cooled, prior to its emplacement at sub-volcanic to
volcanic level (< 1 km), at temperatures between 675°C and 725 °C, i.e., at temperatures close
to the water-saturated solidus for a dacitic magma (Caricchi and Blundy, 2015). Even if the
storage pressures (between 0.9 and 3.4 kbar) obtained with the Ti-in-quartz thermobarometer
should be considered with caution in reason of their large potential errors, the data suggest that
quartz phenocrysts have crystallized in an upper-crustal magma reservoir. Finally, the spread
of 100 to 300 kyr observed within the single zircon grains of each dated (U-Pb) sample suggests
that the magmatic system was active during ~300 kyr and probably reflects continuous zircon
growth in a stable zircon-saturated magma reservoir (Fig. 4B). Similar time scales have been
proposed for other long-lived and continuously crystallizing magma reservoirs related to
porphyry Cu-(Mo)-(Au) deposits such as Bajo de la Alumbrera (241 + 43 kyr; Argentina; Buret
et al. 2016), Koloula (172 £ 115 kyr; Solomon Islands; Tapster et al. (2016); Ok Tedi (212 +
43 kyr; Papua New Guinea; Large et al., 2018), and Batu Hijau (336 + 27 kyr; Indonesia; Large
et al., 2020). Thus, the data suggest that quartz crystals from the sub-volcanic and volcanic
rocks have crystallized in a cool, long-lived, upper-crustal magma reservoir. In andesitic to
dacitic melts, quartz is among the last phases to crystallize. Therefore, the composition of the
SMIs hosted in magmatic quartz provides information on the highest crystallinity degree
reached by the magmas in the upper-crustal magma reservoir before their subsequent
emplacement at shallower level (< 1 km). At Cerro de Pasco, the studied SMIs hosted in

magmatic quartz are more evolved than the composition of their host rocks. This is a common
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feature in arc-related magmatic rocks (Kent et al., 2010; Lee and Bachmann, 2014; Reubi and
Blundy, 2009; Rottier et al., 2019 and 2020) and it can be interpreted as the record of the cooling
and crystallization of the injected magmas (andesitic to dacitic) into the upper crustal reservoir
(Bachmann and Huber, 2016; Caricchi and Blundy, 2015; Fiedrich et al., 2020; Lee and

Bachmann., 2014; Rottier et al., 2020).

Cesium is the element that behaves most incompatibly during magma evolution
(Audétat and Pettke, 2003; Audétat, 2015 and 2019; Bachmann et al., 2005) and therefore the
Cs content of the SMIs can be used as an indicator of the degree of crystallization of a magma.
In addition, the partition coefficient of Cs between intermediate-density fluids and evolved
silicate melt is relatively small, between 1 to 4 according to Audétat (2019) or even lower,
between 0.05 and 0.8 according to Fiedrich et al. (2020). Therefore, Cs content of the melt is
only slightly affected by fluid exsolution events. For the studied rocks, the Cs content of the
SMIs is between 10.9 and 20.8 ppm, whereas the Cs content of the rocks is between 1.8 and 6.1
ppm (Fig. 13B-C). To determine the degree of crystallization of the melt required to produce
the Cs content of the SMIs, two models of equilibrium crystallization in a closed system fashion
were applied (Fig. 13C). The first one assumes Cs as a totally incompatible element (bulk
K d®(mineral+fiuidymett = 0). In the second model, the system was assumed to be fluid-saturated and
the water solubility of the melt was fixed at 5 wt.% H>O which is a good approximation for
silicic melts stored in a reservoir at ~2 kbar (e.g., Chelle-Michou et al., 2017). The bulk Kd of
Cs was calculated using Kd“*auig/melt of 2 (Audétat, 2019), and by using the values Kd“mineraimelt
published by Padilla and Gualda (2016) of biotite (Kd“biotitrmeit = 0.43), plagioclase
(Kdpagioctase/met = 0.017), and K-feldspar (Kd®® k-etdsparmett = 0.013) for rhyolitic compositions.
For each rock, the bulk Kd(mincrai+fiuidymeit Was calculated using the mineral proportions
calculated from the QEMSCAN® mineral maps. The calculated bulk Kd“(mineral+fluidymelt varies

between 0.120 and 0.132 for the different rocks. In both models, the Cs content of the whole
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rock samples was taken as a proxy of the initial Cs concentration of the melt (Fig. 13C). The
assumption behind this hypothesis is that the whole rock compositions are a proxy for the melt
injected into the upper crustal reservoir. This assumption implies that the crystal cargo carried
by the magma was purely autocrystic and that whole rock composition has not been affected
by crystal fractionation or by less differentiated magma recharges. The similar plagioclase
composition in the different rocks (mostly between Anzi and An3p), the main mineral in the
rocks, suggest that these plagioclases are in majority phenocrysts and thus the volume of
xenocrysts or antecryst in the rocks is limited (Figs. 5 and 6; supplementary Figure A.2). The
possibility that the whole rock compositions were affected by crystal fractionation or magma
recharges, and consequently, are not representative of the melt injected into the upper crustal
reservoir cannot be discarded. Nonetheless, both cases imply that the composition of the melt
injected in the magma reservoir would be more primitive (less Cs-rich) than the ones used in
the models (i.e., whole-rock compositions), implying that the calculated crystallinity would be
underestimated. Therefore, the obtained degree of crystallinity would be overestimated only if
rocks with a higher Cs concentration than the whole-rock compositions are assimilated; this is
unlikely regarding the generally low Cs content of crustal rocks (<6 ppm; McLennan, 2001).
The constructed models show that between 44 and up to 99 % of crystallization are necessary
to reproduce the Cs concentrations measured in the SMIs hosted in the magmatic quartz (Fig.
13C). The highest crystallinity (> 99 %) obtained by the above models are too high to be
geologically realistic and they probably result from an overestimation of the Kd“S(mineral+ftuidy/mel.
Despite the different approximations introduced, the constructed models suggest that magmas
injected in the upper-crustal reservoir have reached crystallinity > 50% before to form the
volcanic and subvolcanic rocks. This high crystallinity is coherent with the evolved
composition of the SMIs (Figs. 10 and 11) and also with the low temperatures of crystallization

(< 725°C) obtained from the Zr saturation and Ti-in-zircon thermometers, which are closed to
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the solidus (Caricchi and Blundy, 2015). Highly evolved melts resulting of this intense
crystallization in the upper-crustal reservoir can form interconnected or isolated melt pockets
or alternatively formed large evolved melt lenses inside the crystal mush (Bachmann and Huber,
2016; Parmigiani et al., 2016). However, eruption of such large evolved melt lenses tends to
form crystal-poor rhyolitic rocks (Bachman and Huber, 2016; Parmigiani et al., 2016) that are
not consistent with the chemistry and the crystallinity of the subvolcanic and volcanic rocks
observed at Cerro de Pasco. Rather, it is proposed that the quartz phenocrysts of the different
rocks were formed in a crystal-rich (> 50 %) mush with interstitial highly evolved melt. At
crystallinity > 50%, magmas are considered to behave as rigid bodies unable to move through
the crust and to erupt (Bachmann and Bergantz, 2004 and 2006; Huber et al., 2010). Thus, a
mechanism is required to rejuvenate this reservoir to form the successive emplacement of the

sub-volcanic and volcanic rocks at Cerro de Pasco.

The three temporally distinct porphyry-type mineralization events (PM1, PM2, and
PM3) alternate with the emplacement of sub-volcanic and volcanic rocks (Fig. 12). The study
of the SMIs hosted in porphyry-type veins of these mineralization events allows a better
understanding of the potential mechanism leading to the rejuvenation of the upper crustal highly
crystallized magma reservoir. Silicate melt inclusions in hydrothermal quartz have been
observed only in few places (Harris et al., 2003; Ivascanu et al., 2003; Pintea, 1995 and 2014;
Rottier et al., 2016a and 2018a; Stefanova et al., 2014). They are interpreted mostly as small
droplets of residual melt sampled by hydrothermal fluids during their exsolution and/or
circulation in not-totally solidified intrusions (Rottier et al., 2016a and 2018a; Stefanova et al.,
2014). In the present study, this interpretation is supported by the fact that major and trace
element composition of the SMIs hosted in hydrothermal quartz follow the trend drawn by the
composition of the whole rock and of the SMIs hosted in magmatic quartz (Figs. 10 and 11). In

addition, this observation suggests that the SMIs and the hydrothermal fluid were in
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equilibrium, meaning either that the SMIs represent the melts from which the hydrothermal
fluid was exsolved or that the fluid has been equilibrated with the evolved melt after its
exsolution.

The most primitive fluid inclusions found in porphyry veins of PM1 are intermediate-
density inclusions that are rich in CO> (between 9 and 44 mass %) and sulfur (up to several
wt.%; Rottier et al., 2018a). Such fluids are unusually CO;- and sulfur-rich for intermediate
density fluids exsolved from evolved rhyolitic melt (Audétat, 2019; Fiedrich et al., 2020).
Considering the average melt composition recorded in the magmatic quartz, a temperature of
725°C, and a pressure of 2 kbar, to exsolve COx-rich fluids similar to those trapped in the
primitive fluid inclusions (up to 44 mas %), the evolved silicate melt would need to be unusually
H>O-poor (4.2 wt.%) and CO»-rich (330 ppm; Papale et al., 2006). Moreover, as anhydrite
inclusions in apatite were identified, sulfur content of the evolved magmas is buffered by the
sulfur concentration at anhydrite saturation (SCAS). The values of SCAS and the coefficient of
partition of sulfur between fluid and melt (Kdiamer) were calculated using the model Zajacz
and Tsay (2019). According, to the model of Zajacz and Tsay (2019), at the conditions
described above, the sulfur concentration of the melt and KdSruiamer will be 43 ppm and 72,
respectively. Thus, fluid exsolved from the highly evolved interstitial melt will have a sulfur
concentration ~3500 ppm, which is substantially lower than the sulfur concentrations of the
fluid inclusions (up to several wt.%; Rottier et al., 2018a). Therefore, the CO>- and S-rich
intermediate-density fluids are probably not sourced from the highly evolved residual melt.
They are interpreted to be sourced from less evolved magma recharges, that crystallized below
the silicic crystal mush (Rottier et al., 2018a). These magma recharges are probably close to an
andesitic composition according to the whole-rock composition of the volcanic and subvolcanic
rocks. Indication of magma recharges in the upper-crustal reservoir is also given by the reverse

chemical zonation observed in some zircon grains (Fig. 3C-D) suggesting that episodes of
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reheating and dissolution of the previously formed titanite (+ apatite) happened. Moreover,
additional evidence of circulation of COx-rich fluids inside the crystal mush is brought by the

occurrence of magmatic calcite inclusions in the apatite grains of the quartz-monzonite dykes

(Fig. 7).

The studied SMIs hosted in hydrothermal quartz are more evolved than those hosted in
magmatic quartz (Figs. 10, 11, and 13B-C). The occurrence of these SMIs trapped in
hydrothermal quartz from veins of each porphyry-mineralization event indicates that the
hydrothermal fluids circulated through a highly crystallized crystal mush before the formation
of the porphyry veinlets. As the SMIs hosted in hydrothermal and in magmatic quartz and the
whole rock yield similar compositional trends, the CO»- and S-rich fluids seem to have not
affected or only slightly the composition of the SMIs hosted in hydrothermal quartz. This can
be explained by the fact that the CO»- and S-rich fluids have been partly re-equilibrated with
the highly evolved melt during their circulation inside the crystal mush. The large compositional
range (Figs. 10, 11, and 13B-C) of the SMIs from PM1 veins dated at (15.59 + 0.12 Ma) is
thought to represent the varying compositions of the residual interstitial melt present in a
strongly crystallized crystal mush where not connected melt pockets having slightly different
compositions coexisted. In contrast, SMls from PM3 veins, formed later, between 15.286 +
0.018 Ma and 15.16 = 0.04 Ma, show lower Cs contents and more homogeneous compositions
(Figs. 11, and 13B-C), suggesting that during this period the residual melt inside the crystal
mush was less evolved and more chemically homogeneous than during the formation of PM1.
The occurrence of these SMIs in hydrothermal quartz combined with the close temporal
relationship between formation of the porphyry-type mineralization and emplacement of sub-
volcanic and volcanic rocks, indicates that circulation of hydrothermal fluids in the highly
crystallized magma chamber happened before the emplacement of sub-volcanic and volcanic

rocks.
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The observed alternating formation of porphyry-type mineralization and emplacement
of volcanic to sub-volcanic bodies at Cerro de Pasco and the occurrence of silicate melt
inclusions in hydrothermal veins of the different porphyry-type mineralization events can be
explained by the physical behavior of highly crystalline silicic magma reservoirs (Bachman and
Bergantz, 2006; Burgisser and Bergantz, 2011; Huber et al., 2011). As shown schematically in
Figure 14, in a first step, the highly crystallized crystal mush has a rigid behavior allowing the
circulation and upward migration of fluids exsolved from mafic to intermediate magmas
recharge below the silicic crystal mush and which subsequently formed the porphyry-type veins
in the shallow part of the system (step 2 in Fig. 14). This scenario is supported by the chemical
composition of the silicate melt and fluid inclusions found in the high-temperature (> 600°C)
porphyry veins of Cerro de Pasco and coherent with mechanisms proposed for other porphyry
systems (Buret et al., 2016; Tapster et al., 2016). Subsequently (step 3 in Fig. 14), the
progressive reheating provided by the circulation of hydrothermal fluids and by the intermediate
magma recharges triggered a crystallinity degree decrease of the crystal mush and make it
eruptible (Fig. 14). The moderate volume of the volcanic and sub-volcanic rocks present at
Cerro de Pasco suggests that, at each step, only a small part of the crystal mush is rejuvenated
by localized intermediate magmatic recharges and hydrothermal fluid circulation.

The new geochronological data reveal alternating formation of porphyry-type
mineralization and volcanic to sub-volcanic bodies emplacements. This is ultimately caused by
the physical behavior of the underlying highly crystalline silicic magmatic body. Successive
magma recharges and associated fluid exsolution events triggered several episodes of
rejuvenation of the crystal mush and of eruptive events. The fact that the PM3 porphyry-type
mineralization has been formed in a time span of less than 90 kyr before the emplacement of
the quartz-monzonite dykes indicates that crystal mush rejuvenation could be as fast as <100

kyr.
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Conclusions

The obtained U-Pb and Re-Os ages combined with field observations and previous
geochronological data offer a new comprehension of the evolution of the magmatic-
hydrothermal system of Cerro de Pasco. A period, at least 400 ka long, including three porphyry
mineralization events preceded (by 0.9 Ma or less) the formation of the large epithermal
polymetallic deposit of Cerro de Pasco. Further, the results indicate that the three porphyry-

type mineralization events alternated with volcanic to sub-volcanic activity.

The study of the SMIs hosted in magmatic quartz from the different volcanic and sub-
volcanic rocks suggests that the magma prior to emplacement was stored in an upper-crustal
reservoir that was highly crystalline (> 50 %) and in a non-eruptible state, close to the solidus
at temperatures as low as 680°C. Several rejuvenation events of this upper crustal reservoir
were necessary to form the different volcanic and sub-volcanic rocks. Porphyry mineralization
events temporally preceded each episode of subsurface magmatic activity. The silicate melt
inclusions hosted in hydrothermal quartz from the different porphyry mineralization events
provide information on the dynamics of the magmatic-hydrothermal system. The highly
evolved composition of these SMIs suggests that the hydrothermal fluids have circulated
through a highly crystalline reservoir in which the residual interstitial melt was strongly evolved
too. The primitive fluid inclusions found in PM1 porphyry veins are CO2- and S-rich,
suggesting that the fluid was sourced from an intermediate magmas. All the data are compatible
with a model where punctual recharge of intermediate magma crystallized at the contact with
the upper-crustal silicic reservoir. In this model, these intermediate magmas during their cooling
exsolved CO»- and S-rich fluids that have circulated through the upper-crustal reservoir and
have subsequently formed porphyry-type mineralization. Finally, the thermal energy provided
by the intermediate magma itself and by the circulation of the fluids permitted the rejuvenation

of parts of the upper-crustal magma reservoir and the formation of the volcanic to sub-volcanic
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rocks. The high precision CA-ID-TIMS geochronology indicates that these episodes of

rejuvenation and porphyry-type mineralization are as short as 90 ka.
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Figure captions:

Figure 1: Geological map and cross-section of the diatreme dome complex and epithermal
mineralization styles at Cerro de Pasco; slightly modified from Rottier et al. (2016b), compiled
from field observations and previous work of Rogers (1983), Baumgartner et al. (2008) and the
Volcan’s geological staff. A) Location of the Cerro de Pasco district; B) Geological map; C)

Porphyritic trachyte outcrop affected by porphyry-type mineralization PM2.

Figure 2: A-C) Magmatic (A) and hornfels (B-C) clasts found in the diatreme breccia crosscut
by HT1-type (A and C) and HT2-type, modified from Rottier et al. (2018a) (B) sulfide-poor
quartz-molybdenite-(chalcopyrite)-(pyrite) veins  belonging to the porphyry-type
mineralization PM1. D) Magmatic clast found in a quartz-monzonite dyke and affected by
porphyry-type mineralization PM3 (sample CP-14-BR-X1). The clast is affected by pervasive
silicification and crosscut by A- and B-type quartz-magnetite-chalcopyrite-pyrite veins with
potassic alteration halo. Sample selected for U-Pb zircon dating; E) Sample of the dated
porphyritic trachyte intrusion crosscut by quartz-magnetite-chalcopyrite-pyrite veinlets

(porphyry-type mineralization PM2).

Figure 3: A) Chondrite-normalized (Sun and McDonough, 1995) REE pattern for rims and
cores of zircon crystals from the mineralized magmatic clast and the mineralized trachyte

porphyry. B) Importance of REE Kd of each mineral relative to the bulk REE Kd of the mineral
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assemblages constituting the magmatic rock, considering the mineral composition of the
trachyte porphyry as determined by the QEMSCAN analysis. C) Trace element signatures of
analyzed zircons, Yb/Dy ratio versus Th/U ratio, Ce content and HREE. Core and rim of each
analyzed zircon grain are connected with gray lines. Normally zoned (circle) and reversely
zoned (diamond) zircons are represented separately (see text). D) SEM-CL image of a reversely
zoned zircon from the trachyte porphyry showing dissolution episode between core and rim.

The black circles refer to locations of LA-ICP-MS analyses.

Figure 4: Geochronology of the various magmatic events at Cerro de Pasco. (A) LA-ICPMS
206pb/238U ages with weighted mean age and the corresponding probability density plot for each
sample. (B) CA-ID-TIMS 2%°Pb/?*8U ages with weighted mean values of statistically equivalent
zircon populations (red vertical bars); previous data published by Baumgartner et al. (2009) are
also included for comparison. All uncertainties are reported at the 95% (20) confidence level.
(C) Re-Os dates for a molybdenite separate (sample CP-16-BR-X4), uncertainty includes all
sources of analytical uncertainty and the one related to the decay constant (Smoliar et al., 1996;

Begemann et al., 2001).

Figure 5: Mineral composition and texture of volcanic and subvolcanic magmatic rocks from
Cerro de Pasco - transmitted light photomicrograph, QEMSCAN mineral maps and
QEMSCAN Ca distribution maps (intensity of the green color reflects the Ca-content in
plagioclase and yellow color indicates presence of apatite and titanite): A) Dacitic tuff, B)
Dacitic lava-dome complex, C) Rhyodacitic lava-dome complex, D) Quartz-monzonite dyke.
Quantitative mineralogy of the rocks is based on the area% of each mineral determined from

the QEMSCAN maps.

Figure 6: Mineral composition and texture of the porphyritic trachyte - transmitted light

photomicrograph, QEMSCAN mineral map and QEMSCAN Ca distribution map (intensity of
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the green color reflects the Ca-content in plagioclase and yellow color indicates presence of
calcite, apatite, titanite and epidote). Chlorite, epidote and calcite result from a low-temperature

hydrothermal alteration associated with the quartz-magnetite-chalcopyrite-(pyrite) stockwork.

Figure 7: (A) Photomicrograph of an apatite crystal with inclusions of magmatic calcite and
anhydrite (transmitted light, //N). (B) Raman spectrum of calcite inclusion in apatite. (C) Raman

spectrum of anhydrite inclusion in apatite.

Figure 8: (A) Chondrite-normalized REE patterns (chondrite composition from Sun and
McDonough, 1995); (B) Primitive mantle-normalized trace element patterns (chondrite
composition from Sun and McDonough 1995). For A and B the red fields correspond to the
range of compositions of whole-rock samples from Cerro de Pasco and the gray field - to
compositions of Oligocene and Miocene magmatic rocks from the central Peruvian Cordillera
Occidental compiled by Bissig and Tosdal (2009); C) Sr/Y vs. Y; D) La/Yb vs. Yb. In C and

D, the dashed lines represent the adakite field (all data are in supplementary table A.9).

Figure 9: Silicate melt inclusions hosted in magmatic and hydrothermal quartz. A) Glassy
silicate melt inclusions hosted in magmatic quartz phenocryst from a rhyodacitic dome. B)
Glassy silicate melt inclusions hosted in hydrothermal quartz from PM1 quartz—molybdenite—
(chalcopyrite)—(pyrite) veins. C) Glassy silicate melt inclusions hosted in hydrothermal quartz

from PM3 quartz—magnetite—(chalcopyrite)—(pyrite) veins (mgt: magnetite).

Figure 10: Major element composition of the whole rock and the silicate melt inclusion. A)
AL O3 vs. SiO2; B) Fe03 vs. Si0z; C) MgO vs. SiO;; D) CaO vs. SiOz; E) K>0 vs. SiO> (all

data are available in supplementary Tables A.9 to A.11).

Figure 11: Trace element composition of the whole rocks and SMIs hosted in magmatic and
hydrothermal quartz. A) Rb vs. Cs; B) Sr vs. Cs; C) Zn vs. Cs; D) Cu vs. Cs; E) Pb vs. Cs; F)

W vs. Cs; G) Mo vs. Cs (all data are available in supplementary Tables A.9 to A.11).
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Figure 12: Compilation of ID-TIMS U-Pb ages of magmatic rocks obtained in this study and
by Baumgartner et al. (2009), the obtained Re-Os ages of molybdenite separate from PM1, the
potential age range based on cross-cutting relationships for the hydrothermal events and the
YOAr?Ar ages of alunite attributed to the enargite-pyrite veins (Baumgartner et al., 2009).

Modified after Rottier (2017).

Figure 13: A) Median Cs content of volcanic rocks classified by rock types. Hexagons are the
median of Oligocene and Miocene magmatic rocks from the central Peruvian Cordillera
Occidental compiled by Bissig and Tosdal (2009). B) Distribution of Cs content of the whole
rock, the quartz-hosted SMIs from different magmatic rocks (BR-201; BR-235, BR-230; BR-
232) and from the porphyry veins of PM1 and PM3. C) Evolution of Cs concentration of the
melt versus crystallinity, considering the two constructed model of fractional crystallization in
a closed system. The color bars along the X-axis correspond to the crystallinity ranges necessary

to reproduce the Cs concentration measured in the quartz-hosted SMIs.

Figure 14: Conceptual model of crystal mush rejuvenation by circulation of MVP exsolved

from an underplating andesitic magma.
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Figure 13:
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Figure 14
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