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ARTICLE INFO ABSTRACT
Keywords: The Buenavista del Cobre is a world-class porphyry Cu-Mo deposit located in the Cananea Mining District,
Porphyry copper deposit northern Sonora, México. Using zircon U-Pb dating, we show that the Proterozoic Cananea Granite, uncon-
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formably overlain regionally by Paleozoic limestones hosting skarn deposits underlies the present-day pit. We
also present new crystallization ages for host rocks of copper mineralization in the District, dating for the first
time a volcanic rock of the Henrietta Formation at 186.8 + 1.1/3.0 Ma and the El Torre Syenite at 176.3 + 1.1/
2.9 Ma. Zircon U-Pb dating of the different porphyritic bodies reveals that the magmatic activity at Buenavista
del Cobre lasted at least 4 Myr, from 59.7 + 0.5/1.1 Ma to 56.1 + 0.2/0.9 Ma. The deposit is composed by
several porphyry intrusions referred to as “ore-rich” and “ore-poor” based on their individual metal contribu-
tions, which provides the opportunity to study the origin and processes enhancing magma fertility in an indi-
vidual deposit. Combining our new geochronological dataset with geochemistry of apatite from the different
porphyries allows us to propose a new petrogenetic model for the Buenavista del Cobre deposit. As the apatite Eu
and Ce anomalies overlap with no clear difference between the ore-rich and ore-poor intrusions, we propose that
the magmatic oxidation states of the magmas were similar. However, differences in apatite REE signatures, as
well as variations in apatite Sr compositions between the two groups suggest that fractional crystallization
processes in the parental magma influence the fertility of the porphyries. Additionally, apatite Cl contents of ore-
rich porphyry intrusions are higher (>0.4 wt%) than the ore-poor intrusions (<0.2 wt%), suggesting an
important role of the initial Cl content of the magmas in the mineralization process. These observations give new
insights on the petrogenetic processes at origin of porphyry magma fertility. We propose that the evolution of the
parental melt by fractional crystallization of hydrous minerals (hornblende) at upper crustal levels induced low
H20 content of the residual magma, resulting in the formation of ore-poor porphyries. In contrast, we suggest
that fractionation of anhydrous minerals (plagioclase) increased the H,O content in the residual melt, leading to
the formation of ore-rich porphyries. Our new data allow us to propose an original genetic model for the Bue-
navista del Cobre deposit, which involves two cycles of supply, cooling and partial crystallization. This contri-
bution shows that petrogenetic processes controlling porphyry copper magmas fertility are recorded in the
composition of apatite at the deposit scale and highlights the importance of considering apatite geochemistry as
an exploration tool.

1. Introduction superposition of multiple porphyry intrusions (e.g., Proffett, 2003; Sil-
litoe, 2010). Zircon U-Pb geochronology studies indicate that the time

Porphyry copper deposits around the world are commonly associated span for the emplacement of porphyry intrusions in some giant deposits
with subduction-related magmatism and are typically the product of is ~ 2 to ~ 5 Myr (e.g., Ballard et al., 2001; Maksaev et al., 2004; Harris
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et al., 2008). At the deposit scale, each porphyry intrusion contributes to
the total metal budget of the deposit and are often labelled as “ore-rich”
or “ore-poor” intrusions based on their individual metal contribution.
Fertility of an intrusion is believed to be controlled by the oxidation state
and by the HO and volatile contents of the magma (Richards, 2003 and
2011; Sillitoe, 2010). The influence of these parameters on magma
fertility has been tested by analyzing and comparing ore-related versus
ore-barren intrusions on a global and regional scale (e.g., Lang and
Titley 1998; Loucks 2014). However, at the deposit scale, the processes
controlling the fertility of the different porphyry intrusions at the origin
of ore-poor and ore-rich intrusions remain unclear.

The Buenavista del Cobre deposit (formerly Cananea mine) is a
world-class porphyry Cu-Mo deposit located in the center of the Cananea
Mining District in northern Sonora, Mexico (Fig. 1). It is the largest Cu/
Mo producer in the district with tonnages of 7,140 Mt grading 0.42 % Cu
and 0.008 % Mo (Singer et al., 2005). The Cananea Mining District is
part of the Arizona-Sonora-New Mexico cluster of porphyry Cu deposits,
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which were emplaced from the Late Cretaceous to the Eocene (Keith and
Swan, 1995; Leveille and Stegen, 2012; Valencia-Moreno et al., 2016;
Fig. 1). Several porphyry phases have been recognized in the Buenavista
del Cobre deposit, which are distinguished by their cross-cutting re-
lationships, mineralogical compositions and textures (Valentine, 1936;
Ochoa-Landin and Echavarri-Pérez, 1978; Ochoa-Landin and Navarro-
Mayer, 1979). It has been long recognized that some of these in-
trusions have a more important metal contribution than others and were
therefore labelled as either ore-rich or ore-poor porphyry intrusions
(Ochoa-Landin and Navarro-Mayer, 1979). In particular, the La Colo-
rada and 755 porphyries are associated with significant contributions of
Cu and Mo sulfides to the porphyry system (Ochoa-Landin and Navarro-
Mayer, 1979; Correa-Garcia, 1983). On the other hand, the Feldspar and
8-110 porphyries are associated with low-Cu grade breccias and the
Coarse-grained Porphyry unit is referenced as “barren” (Ochoa-Landin
and Navarro-Mayer, 1979; Correa-Garcia, 1983), but presents scarce
sulfide mineralization. In the following, we thus refer to the La Colorada

Triassic-Jurassic
-El Torre Syenite

Paleozoic
- Sedimentary rocks

Cananea Granite
N~ Normal fault \ Mafic dykes
S\ Faut  \r.Strike and dip

-Henn'ena Formation
-Elenita Formation

Fig. 1. Location and regional geological setting of the Cananea Mining District. Stars indicate the location of the main porphyry copper deposits, their colors
corresponding to the age ranges of emplacement: green = 75-65 Ma, red = 65-60 Ma, orange = 60-55 Ma, and yellow = 55-40 Ma. A) Porphyry Cu deposits
province of southwestern North America. Dotted lines indicate the limit of the porphyry copper cluster of Arizona-Sonora-New Mexico (after Del Rio Salas et al.,
2017). BC = Buenavista del Cobre deposit. B) Regional geological map of the Cananea Mining District, modified from Noguez-Alcantara (2008) and Del Rio-Salas

et al. (2017).
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and 755 porphyries as “ore-rich intrusions” and to the Feldspar, 8-110
and Coarse-grained porphyries as “ore-poor intrusions”. A comparison
of the geochemical characteristics of “ore-poor” and “ore-rich” in-
trusions at Buenavista del Cobre can provide insights into the petroge-
netic processes that led to their formation. However, the intense
hydrothermal alteration associated with porphyry copper deposits pre-
vents the assessment of the petrogenetic processes controlling the
magma fertility using classical whole rock geochemistry.

Yet, apatite geochemistry has recently been used to assess metal-
logenetic fertility of different mineral deposits at a regional scale as well
as the role of the magmatic processes involved in their formation (e.g.,
Belousova et al., 2001; Belousova et al., 2002; Cao et al., 2012; Mao
et al., 2016). Apatite incorporates geologically valuable elements that
are sensitive to the evolution of magmas, such as rare-earth elements
(REE), Sr, Y, Th and U (e.g., Sha and Chappell, 1999; Piccoli and
Candela, 2002; Prowatke and Klemme, 2006; Bruand et al., 2017). Also,
it has recently been proposed as a porphyry indicator mineral (PIMS)
because it records magmatic and hydrothermal processes associated
with the formation of porphyry copper deposits (e.g., Loader, 2017;
Bouzari et al., 2017).

This study aims to characterize the chronology and the petrogenetic
processes responsible for the generation of the ore-poor and ore-rich
porphyritic bodies associated with Cu-Mo mineralization in the Buena-
vista del Cobre deposit. To this end, we dated the crystallization ages of
the porphyry intrusions related to the different magmatic events that
generated the mineralization. In addition, we used apatite trace element
compositions as a proxy to identify the petrogenetic processes involved
in the formation of ore-rich and ore-poor porphyry intrusions and to
evaluate the role of the oxidation state and volatile content of these
magmas in the mineralization process.

2. Geological background
2.1. Regional geological setting

The Cananea Mining District consists of several porphyry copper
deposits, including El Pilar, Milpillas, Lucy, Mariquita, Maria, Buena-
vista del Cobre Cu-Mo deposits and the El Alacran prospect (Fig. 1). The
basement of the District is represented by the Precambrian Cananea
anorogenic Granite (1.44 Ga; Anderson and Silver, 1977; Fig. 1) that
intruded the Precambrian metamorphic rocks of the Mazatzal province
(Anderson and Silver, 1981; Eisele and Isachsen, 2001; Whitmeyer and
Karlstrom, 2007). In the Cananea Mining District, Paleozoic sedimen-
tary rocks associated with the passive margin of Laurentia in south-
western North America (Stewart, 1988) are represented by quartzite and
limestone that unconformably overlie the Cananea Granite (Meinert,
1982; Fig. 1). During the Triassic-Jurassic, a Cordilleran magmatic arc
developed in Arizona and Sonora (Gastil et al., 1978; Tosdal et al., 1989)
associated with the subduction of the Kula plate beneath the North
American Plate (Brass et al., 1983). This Jurassic arc lead to the for-
mation of volcanic and plutonic rocks ranging in age from 180 to 150 Ma
(Coney and Reynolds, 1977; Anderson et al., 2005; Rodriguez-Castaneda
and Anderson, 2011; Valencia-Moreno et al., 2023). In the Cananea
Mining District, Meinert (1980) suggested that this period of magmatism
is probably represented by the Elenita and Henrietta volcanic Forma-
tions (Valentine, 1936; Fig. 1) and the El Torre Syenite pluton (Emmons,
1910; Fig. 1). The Elenita Formation is composed by a sequence of
rhyolitic to andesitic tuff and flows with interbedded sandstone and
quartzite (Valentine, 1936). The Henrietta Formation is composed by
medium- to high-K, calc-alkaline, dacitic to rhyolitic tuff (Wodzicki,
1995) and contains clasts of rocks from the Elenita Formation
(Valentine, 1936). The El Torre Syenite was described by Valentine
(1936) as a pinkish-gray rock mainly composed of feldspar and horn-
blende + biotite + quartz and other accessory minerals.

After a magmatic activity hiatus during the Early Cretaceous,
subduction-related arc magmatism was reactivated at the end of the
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Early Cretaceous, associated with the subduction of the Kula-Farallon
oceanic plates beneath the southwestern North American plate (Coney
and Reynolds, 1977). During the Late Cretaceous-Paleogene, a north-
eastward migration of the arc magmatism associated with a change in
the subduction angle was documented in southwestern North America
(Coney and Reynolds, 1977; Engebretson et al., 1985; Stock and Molnar,
1988). In Sonora, this period of magmatic activity has been historically
referred to as the “Laramide magmatic arc” because it was contempo-
raneous of the Laramide orogeny (e.g., McDowell et al., 2001). How-
ever, Valencia-Moreno et al. (2021) suggested that this term should be
changed to “Cretaceous-Eocene Mexican Magmatic Arc” (CEMMA) due
to the characteristics of this arc in terms of tectonic style and magma-
tism. It is during this period of magmatism, that the porphyry copper
deposits of the Arizona-Sonora-New Mexico cluster were emplaced
(Valencia-Moreno et al., 2016; Fig. 1).

In the Cananea Mining District, Late Cretaceous volcanic rocks
associated with the CEMMA are represented by the Mariquita and Mesa
Formations (Valentine, 1936; Fig. 1). The latter has been dated between
~ 72.6 and ~ 65.8 Ma by the “°Ar/>°Ar method (Wodzicki, 1995; Cox
et al., 2006). The Tinaja Diorite and the Cuitaca Granodiorite represent
the plutonic part of this magmatic arc (Valentine, 1936; Meinert, 1982;
Wodzicki, 1995; Fig. 1). Both plutons share geochemical similarities and
form a composite batholith called the Tinaja-Cuitaca Batholith
(Valentine, 1936; Wodzicki, 1995; Fig. 1). Zircon U-Pb ages of 64 + 3
Ma and 63.8 £ 1.1 Ma were obtained for the Cuitaca Granodiorite
(Anderson and Silver, 1977; Del Rio-Salas et al., 2013). At the end of the
emplacement of the Tinaja-Cuitaca Batholith, a series of quartz-
feldspathic porphyry intrusions (closely related with several breccia
pipes and important copper-molybdenum mineralization) emplaced
between ~ 64 and ~ 57 Ma (Meinert, 1982; Bushnell, 1988; Valencia
et al., 2006; Del Rio-Salas et al., 2013 and 2017; Fig. 1).

After the Late Cretaceous-Early Paleogene magmatism, Sonora
experienced a period of tectonic quiescence from the Paleocene to the
Oligocene (Wong et al., 2010). This was followed by a period of intense
magmatism associated with the ignimbrite “flare-up” that culminated
with the formation of the Sierra Madre Occidental during the Oligocene
(Ferrari et al., 2018). After this period, the Basin and Range continental
extension began, interpreted as a consequence of slab rollback or post-
orogenic collapse of the crust (Coney and Harms, 1984; Wernicke,
1992; Sonder and Jones, 1999). In Sonora, this extension was active
from the Oligocene to the early Miocene (Nourse et al., 1994; McDowell
et al., 1997; Gans, 1997; Vega-Granillo and Calmus, 2003; Wong and
Gans, 2003; Wong et al., 2010). In the Cananea Mining District, the
extension triggered the development of N-S trending normal faults
(Wodzicki, 2001; Fig. 1). It resulted in a regional eastward tilting of the
Mesa Formation and several breccia pipes (Perry, 1961; Meinert, 1982;
Bushnell, 1988; Fig. 1) across the district, as well as the formation of
continental basins filled by clastic deposits intercalated with basaltic
flows of Oligo-Miocene age (Fig. 1).

2.2. Geology of Buenavista del Cobre deposit

The Buenavista del Cobre deposit is located in a tilted block
controlled to the west by a west-dipping normal fault (Fig. 1 and 2). This
deposit is a typical porphyry Cu-Mo deposit where hypogene minerali-
zation is found within porphyry intrusions, high-grade breccia pipes, as
disseminated sulfides, as well as in stockwork veinlets (Perry, 1935 and
1961; Meinert, 1980; Bushnell, 1988; Virtue, 1996). Post-mineralization
exhumation associated with Basin and Range extension promoted the
development of a thick (up to 500 m) supergene chalcocite blanket
where the current mining activity is focused (Virtue, 1996; Ayala-
Fontes, 2009).

In the Buenavista del Cobre deposit, the Proterozoic Cananea Granite
is a coarse-grained plutonic rock that consists of centimetric K-feldspar,
subhedral plagioclase and sub-rounded quartz crystals (Fig. 3A). It is
unconformably overlain by the Paleozoic sediments in the northern part
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Fig. 2. Geological map of the Buenavista del Cobre porphyry copper deposit, modified from Meinert (1982), Wodzicki (1995), Noguez-Alcantara (2008), Ortiz-
Olvera (2022), and the geological department of Buenavista del Cobre mine. VS: volcano-sedimentary rocks.

of the deposit (Fig. 2). This area corresponds to a horst-like structure
bounded by the WNW-ESE trending Elisa and Capote Pass faults
(Emmons, 1910; Valentine, 1936; Meinert, 1980; Ortiz-Olvera, 2022;
Fig. 2). There, the Paleozoic sedimentary rocks of the Bolsa, Abrigo,
Escabrosa and Martin Formations, and the Naco Group developed Zn-Cu
skarn mineralization (Meinert, 1980). The oldest volcanic rocks corre-
spond to the Elenita and Henrietta Formations which crop out in the
western and central part of the area, respectively (Fig. 2). The Henrietta
Formation is considered to be younger than the Elenita Formation
(Valentine, 1936). The Elenita Formation was intruded by the El Torre
Syenite which is cut by the NW-SE trending Tinaja Creek fault at Sierra
Elenita (Valentine, 1936; Fig. 2). The Henrietta and Elenita Formations
are in a structural contact south of the deposit along the Tinaja Creek

fault, which is supposed to be normal (Fig. 2). The Mesa Formation is
mainly exposed in the central and eastern areas of the deposit where it
gently dips (~15°) to the east (Fig. 2). The intrusive rocks of Tinaja-
Cuitaca Batholith crop out to the northwest and to the west of the cur-
rent mine operation (Fig. 2).

A series of ore-related porphyries intruded and hydrothermally
altered and mineralized the entire rock section mentioned above
(Ochoa-Landin and Echavarri-Pérez, 1978; Perry, 1935; Valentine,
1936; Ochoa-Landin and Navarro-Mayer, 1979; Meinert, 1980; Bush-
nell, 1988; Wodzicki, 1995; Fig. 2). The relative age of these intrusions
has been established based on crosscutting-relationships (Ochoa-Landin
and Echavarri-Pérez, 1978; Ochoa-Landin and Navarro-Mayer, 1979).

The ore-poor Feldspar Porphyry was the first emplaced in the area
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Fig. 3. Hand specimens of mineralized host rocks dated in this study. A) Cananea Granite (sample BD5753-468 m). Note the selective alteration of plagioclase to
sericite. B) Plutonic rock (sample BD5752-669 m) with a coarse-grained texture of K-feldspar, plagioclase, quartz, and biotite. C) Coarse-grained plutonic rock
(sample BD5753-627 m) composed by K-feldspar, plagioclase, quartz and biotite. D) Volcanic flow of the Henrietta Formation (sample BD5571-180 m) showing a
porphyritic texture of anhedral quartz and feldspar phenocrysts embedded in a quartz-sericite groundmass. E) Medium-grained plutonic rock (sample BD5578-690
m) composed mainly of K-feldspar, plagioclase with minor quartz, hornblende, and biotite. F) Tinaja Diorite (sample BC-22-11) showing a phaneritic texture
composed mainly of plagioclase (>90 %) with minor quartz, pyroxene, hornblende, and biotite. Qz = quartz; Feld = feldspars; Kfs = potassic feldspar; Plg =
plagioclase; Px = pyroxene; Hbl = hornblende; Bt = biotite; Ser = sericite; Sul = sulfides; Alu = alunite. The same abbreviations will be used henceforth.
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and crops out in the center of the present open pit and in the Capote
Basin (Fig. 2), where it was emplaced along NW-SE trending fractures
(Ochoa-Landin and Navarro-Mayer, 1979; Fig. 2). It is a quartz-
monzodioritic porphyry composed of 1-2 mm feldspar phenocrysts,
and 1 mm anhedral quartz crystals embedded in a fine matrix of quartz-
sericite (Fig. 4A). Feldspars show chloritic alteration overprinted by
sericitic alteration. Some biotites are brown to colorless due to the ser-
icitization. Sulfides are associated with disseminated sericite, replacing
mafic minerals, and occur in quartz veinlets with sericitic envelopes
(Fig. 4A). According to Ochoa-Landin and Navarro-Mayer (1979), this
ore-poor intrusion was followed by the subsequent emplacement of the
La Colorada, 755 and 8-110 porphyries along N-S fractures or faults
(Fig. 2).

The ore-rich La Colorada Porphyry crops out in the eastern part of
the present-day pit (Fig. 2) and is composed by 2-7 mm subhedral
feldspar phenocrysts, and 2-3 mm sub-rounded quartz crystals and
biotite phenocrysts in a quartz and feldspar fine-grained matrix. Feld-
spars from the La Colorada Porphyry show a strong silicification and
thin K-feldspar veinlets (Fig. 4B). The high-grade La Colorada breccia
pipe is genetically and spatially related to the La Colorada Porphyry as it
occurs at its top, where it mimics the shape of the stock (Perry, 1935 and
1961; Bushnell, 1988). The breccia pipe is a high-grade orebody char-
acterized by pegmatitic silicate-sulfide mineralization (6 Mt, 7 % Cu and
0.8 % Mo; Perry, 1935 and 1961; Wodzicki, 1995). Today, this breccia
no longer exists as it has been completely mined. The age of the
mineralization at the top of this breccia has been constrained to 59.2 +
0.3 Ma (molybdenite Re-Os dating; Barra et al., 2005; Fig. 2).

The ore-rich 755 Porphyry is located in the central part of the open
pit, where it crosscuts the Feldspar Porphyry (Fig. 2). This intrusive
consists of feldspars phenocryst and 2-3 mm quartz crystals embedded
in a fine silicified matrix of quartz and feldspars.

The ore-poor 8-110 Porphyry crops out in the western part of the
present-day pit (Fig. 2). It only intrudes the Henrietta Formation. It is
composed by 2-7 mm feldspar and 1 mm quartz phenocrysts with biotite
and hornblende embedded in a fine matrix composed by quartz, feld-
spars and sericite (Fig. 4C). In this rock, felspars are altered to chlorite
and later to sericite. Hornblende has a fibrous texture and green color
because of biotitization. Early thin K-feldspar veinlets and late quartz-
sericite-pyrite veins crosscut the porphyry (Fig. 4C). Sulfides occur in
disseminations and are associated with coarse-grained sericite crystals.
A low Cu grade tourmaline breccia is spatially related to this porphyry
stock (Varela, 1972).

The ore-poor Coarse-grained Porphyry is often considered as the last
intrusion emplaced in the deposit. This porphyritic body crosscuts the
8-110 Porphyry in the western part of the present-day pit (Fig. 2). It is
composed of < 7 mm plagioclase phenocrysts, <20 mm K-feldspar
(orthoclase) phenocrysts, and < 5 mm sub-rounded quartz crystals
(Fig. 4D). In this rock, sulfides occur as disseminated pyrite crystals.

In this study, we report a newly discovered ore-rich porphyry (here
referred to as the El Galo Porphyry, Fig. 4E and F). This porphyry does
not crop out at the current level of mining and was identified in the drill
hole BD5764 south of the present-day open pit (Fig. 2). In that area, it
intrudes the volcanic rocks of the Henrietta Formation (Fig. 2). It is
composed by K-feldspar, plagioclase, minor quartz, biotite and horn-
blende phenocrysts embedded in a fine matrix of quartz + feldspar +
biotite (Fig. 4E). In this rock, feldspars were altered by early chlorite and
later by sericite, and hornblende was completely replaced by small
flakes of biotite. The emplacement of this porphyry was accompanied by
an important potassic alteration characterized by the development of
biotite + quartz + chalcopyrite + molybdenite + pyrite + anhydrite
veins (Fig. 4F).

Additionally, a set of sericitically altered and barren porphyry stocks
consisting of large rhyolitic plugs crop out north of the Buenavista del
Cobre deposit (Wodzicki, 2001; Fig. 2). At Cerro Teocalli, the sericite
alteration has been dated in a rhyolitic porphyry at 54.2 + 2 Ma (K-Ar on
sericite; Wodzicki, 1995).
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2.2.1. Alteration and mineralization

The alteration and mineralization patterns at Buenavista del Cobre
deposit are complex. Mineralization occurs in disseminated deposits
with stockwork veinlets, breccia pipes, breccia zones and skarn deposits
(Meinert, 1980; Bushnell, 1988; Wodzicki, 1995; Virtue, 1996). For
practical purposes, the alteration and mineralization processes associ-
ated with Cu-Mo mineralization has been divided into early and late
alteration and mineralization, based on cross-cutting relationships
(Bushnell, 1988). The alteration and mineralization related to the
development of skarn deposits is beyond the scope of this study, but the
reader is referred to Meinert (1980) for a detailed description.

Early alteration and the precipitation of disseminated sulfides have
been interpreted as being associated with the emplacement of the La
Colorada Porphyry and formation of the La Colorada breccia pipe
(Bushnell, 1988 and references therein). This alteration consists of thin
veinlets of quartz, K-feldspar and sulfides in conjunction with meta-
somatic K-feldspar and biotite (Bushnell, 1988). At La Colorada breccia
pipe, a potassic alteration consisting of quartz + K-feldspar + biotite
pegmatitic zones with Cu(Fe) sulfides, and molybdenite has been
described (Wodzicki, 1995). The age of this alteration was constrained
by K/Ar on phlogopite at 59.9 + 2.1 Ma (Damon and Mauger, 1966) and
58.5 + 2.1 Ma (Varela, 1972). Moreover, widespread propylitic alter-
ation characterized by partial replacement of ferromagnesian minerals
by actinolite and chlorite + sphene =+ rutile, and alteration of plagio-
clase to sericite + clays and epidote is probably contemporaneous with
the early mineralization (Virtue, 1996; Wodzicki, 1995). This propylitic
alteration is well developed at the Tinaja and El Torre plutons, to the
west of the study area (Wodzicki, 1995).

Late alteration has been interpreted to correspond to quartz-sericite
(phyllic) hydrothermal alteration. This alteration type is the dominant
alteration at the Buenavista del Cobre deposit and extends to a depth of
~ 1 km (Schwartz, 1947; Meinert, 1980; Bushnell, 1988; Virtue, 1996).
At shallow levels, this alteration overprints the early alteration mineral
assemblages described above. The associated hypogene mineralization
occurs mainly disseminated within the volcanic host rocks and within
the porphyries, and has been dated by Re-Os on molybdenite at 59.3 +
0.3 Ma in a phyllic-altered quartz-feldspar porphyry with disseminated
chalcopyrite and molybdenite (Barra et al., 2005). The intense and
pervasive phyllic alteration is characterized by the replacement of
feldspars by sericite and of the mafic minerals by sericite + pyrite +
chalcopyrite (Wodzicki, 1995).

A late argillic alteration is also reported at the Buenavista del Cobre
deposit. It consists of fine-grained clay (kaolinite), quartz, and alunite
(Wodzicki, 1995; Virtue, 1996). It was locally documented in the upper
levels of La Colorada Porphyry where the sericitic alteration is crosscut
by alunite veinlets (Perry, 1961; Wodzicki, 1995), and in some areas of
the disseminated mineralization. An hypogene origin for this alteration
has been proposed (Wodzicki, 1995; Bushnell, 1988). However, host
rock interaction with supergene acid fluids may be the origin of some
argillic alteration zones and alunite veinlets (Bushnell, 1988; Virtue,
1996).

A thick supergene alteration profile characterizes the Buenavista del
Cobre deposit and makes it economically significant. It consists, from
top to bottom, of a leached capping oxide zone, a secondary copper
sulfide enriched zone, a partially enriched zone (mixture of hypogene
and supergene mineralization), and a primary mineralization zone
(Virtue, 1996). The supergene enrichment mineralogy mainly consists of
chalcocite and covellite replacing and coating hypogene Cu sulfides in
disseminations and veinlets (Virtue, 1996).

2.2.2. Structure

Several major faulting episodes have been reported in the Buenavista
del Cobre deposit. An early episode is represented by a group of steeply
dipping WNW-ESE trending faults corresponding to the Elisa, Capote
Pass, Tinaja Creek, and Ricketts faults (Emmons, 1910; Valentine, 1936;
Fig. 2). In particular, the Elisa and Capote Pass faults bound the Cananea
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Fig. 4. Hand specimens of main porphyries dated in this study. A) Feldspar Porphyry (sample BD5570-613 m) showing a porphyritic texture composed of feldspars
with minor quartz and biotite embedded in a fine matrix of quartz + sericite. B) La Colorada Porphyry (sample BD5753-815 m) showing feldspar, quartz, and biotite
phenocrysts embedded in a fine matrix of quartz and feldspar. The 755 Porphyry presents a similar texture and mineralogy. C) 8-110 Porphyry (sample BD5721-574
m) showing a coarse-grained texture composed of feldspar phenocryst with quartz, biotite and hornblende. Note the quartz-sericite-pyrite veins and the thin K-
feldspar veinlets. D) Coarse-grained Porphyry (sample BC-22-13) composed by quartz + K-feldspar + plagioclase. Sulfides correspond to disseminated pyrite crystals.
E) El Galo Porphyry (sample BD5764-826 m) mineralogy consists of feldspar, minor quartz, and biotite and hornblende phenocrysts. Note the chalcopyrite dis-
seminations and the biotite + quartz + sulfides vein that crosscuts the porphyry. F) Potassic alteration associated with the El Galo Porphyry emplacement showing a
coarse-grained quartz-biotite vein associated with the precipitation of chalcopyrite, molybdenite, pyrite and anhydrite. Py = pyrite; Ccp = chalcopyrite; Mol =
molybdenite; Anh = anhydrite.
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Granite and the Paleozoic sedimentary rocks in the Capote Basin (Fig. 2).
The NNW-SSE Ricketts reverse fault cuts part of the Paleozoic sequence
(Ortiz-Olvera, 2022; Fig. 2). The Tinaja Creek fault controls the south-
western border of the El Torre Syenite pluton and separates the Elenita
Formation from the Henrietta Formation in the western part of the de-
posit (Fig. 2). The interpretation of the kinematics of these faults re-
mains poorly documented. Ortiz-Olvera (2022) proposed that the Elisa
and Ricketts faults are reverse faults that were active between 67 and 64
Ma during the Laramide compression. In addition, a normal displace-
ment sense of faulting has been proposed for the Capote Pass fault,
which was probably active in the Oligo-Miocene during the Basin and
Range extension (Ortiz-Olvera, 2022).

A late episode of faulting is represented by N-S to NW-SE trending
normal faults that cut all the rocks in the deposit. In particular, the main
faults belonging to this family occur at the westernmost border of the
study area (Fig. 2) and control the tilting of the structural block where
the deposit occurs. This post-mineralization faulting consists of high-
angle normal faults associated with the Basin and Range extension
and influenced the oxidation and supergene enrichment in the Buena-
vista del Cobre deposit (Bushnell, 1988; Wodzicki, 1995; Virtue, 1996).

3. Methodology and analytical techniques

Samples of texturally and compositionally different porphyritic and
intrusive host rocks were taken either from drill holes or outcrops at
different locations in the Buenavista del Cobre deposit (Fig. 2). A com-
plete petrographic description of the analyzed samples can be found in
the Supplementary material (S1). Four samples from the igneous host
rocks (Fig. 2 and 3), one sample from the precursor batholith (Tinaja
Diorite; Fig. 2 and 3F) and five different samples from the main porphyry
intrusions were collected for zircon U-Pb geochronology (Fig. 2 and 4).
Concerning apatite trace elements compositions and U-Pb geochro-
nology, two samples from the igneous host rocks and six samples from
ore-related porphyries were analyzed. In order to compare the apatite
geochemical characteristics of the ore-rich and ore-poor porphyry in-
trusions at Buenavista del Cobre deposit, the main porphyries (Fig. 4)
were sampled based on their metal contribution and were divided into
two groups: (1) ore-rich porphyries represented by La Colorada, 755 and
El Galo porphyries samples, and (2) ore-poor porphyries represented by
the 8-110 and the Coarse-grained porphyries samples.

After crushing and sieving, magnetic and heavy mineral separation
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techniques were used to isolate zircon and apatite crystals. Crystals were
then hand-picked from the heavy fraction under a binocular microscope.
Around 50-100 apatite and zircon grains for each sample were
embedded in an epoxy resin and polished to expose their inner part.

LA-ICP-MS U-Pb dating was performed on all the collected samples.
All analyses were performed at the GeOHeLiS Plateform, University of
Rennes, France, using an ESI NWR193UC Excimer laser coupled to an
Agilent 7700x Q-ICP-MS. The analytical procedure and instrument
operating conditions are detailed in the Supplementary file S2. Zircon
grains were imaged by cathodoluminescence and then analyzed with a
25 pm round spot (Supplementary material S3), with a repetition rate of
4 Hz and a fluence of 6 J/cm?. The GJ-1 zircon was used as a primary
standard (Jackson et al., 2004), while the Plesovice (Slama et al., 2008)
and Fish Canyon Tuff (Boehnke and Harrison, 2014) zircon reference
materials were used for quality control. Additional information on the
analytical protocol can be found in Nosenzo et al. (2022). Apatite U-Pb
and trace elements concentration data were acquired using apatite
fission track protocol of Cogné et al. (2020) on inclusion free-grains,
using a 30 pm round spot with a 5 Hz repetition rate and a 4 J/cm?
fluence. For U-Pb standard bracketing, the Madagascar apatite
(Thomson et al., 2012) was used as a primary standard, the McClure
apatite (Schoene and Bowring, 2006) and Durango apatite (McDowell
et al., 2005) were employed as quality control material.

Data reduction was carried out with the Iolite data reduction scheme
U-Pb Geochronology (Paton et al., 2011) for zircon, and the data
reduction scheme Vizual-Age UcomPbine (Chew et al., 2014a) for
apatite. Concordia ages and diagrams were generated using IsoplotR
(Vermeesch, 2018). In the case of zircon U-Pb data, a threshold of &+ 2 %
of concordance of a single grain was used to select zircon grains for
concordia date calculations. Concordia dates are quoted with two un-
certainties, without and with systematic uncertainties propagated
(Horstwood et al., 2016; Table 1).

Apatite Cl (wt %) concentrations were calculated using the protocol
of Chew et al. (2014b) with McClure apatite as a low-Cl standard and a
synthetic Cl-apatite (Klemme et al., 2013) as a high-Cl standard. Trace
element data were reduced using the TraceElement DRS, with NIST 612
as external standard (Jochum et al., 2011) and **Ca as internal standard
with a value 39.36 % for apatite. McClure apatite are used as quality
control material (Cogné et al., 2024). Concentration calculated were
then normalised to chondrite values (Barrat et al., 2012). Eu and Ce
anomalies were calculated according to Lodders (2010) with Eu/Eu* =

Table 1
Zircon and apatite U-Pb dates for the Buenavista del Cobre host rocks and main porphyries. Coordinates in WGS84, UTM zone 12.
Coordinates

Sample ID Rock type UTM (N) UTM (E) Elevation (m) U-Pb date (Ma)
Zircon U-Pb dating
BD5753-468 m Intrusive host rock 3,425,398 564,031 1107 1421 + 14/18
BD5752-669 m Intrusive host rock 3,424,409 565,029 889 186.9 + 1.3/3.1
BD5571-180 m Henrietta Formation 3,428,416 563,299 1594 186.8 + 1.1/3.0
BD5578-690 m Intrusive host rock 3,424,429 563,312 1094 176.3 + 1.1/2.9
BC-22-11 Tinaja Diorite 3,423,671 558,799 1704 73.8 + 0.6/1.3
BD5570-613 m Feldspar Porphyry 3,428,010 562,314 1175 59.7 + 0.5/1.1
BD5753-815 m La Colorada Porphyry 3,425,398 564,031 760 58.9 + 0.5/1.0
BD5749-606 m 755 Porphyry 3,425,209 563,977 969 57.5 + 0.2/0.9
BD5721-574 m 8-110 Porphyry 3,426,015 562,846 895 56.5 + 0.3/0.9
BD5764-826 m El Galo Porphyry 3,424,498 563,516 948 56.1 + 0.2/0.9
Apatite U-Pb dating
BD5753-627 m Intrusive host rock 3,425,398 564,031 948 56.7 + 4.6
BD5578-690 m Intrusive host rock 3,424,429 563,312 1094 54 + 10
BD5753-815m La Colorada Porphyry 3,425,398 564,031 760 59.2 + 2.2
BD5749-606 m 755 Porphyry 3,425,209 563,977 969 58.3 + 3.1
BD5727-547 m 8-110 Porphyry 3,426,084 563,237 833 56.8 + 2.6
BD5700-711 m 8-110 Porphyry 3,426,116 562,591 827 56.8 + 1.9
BD5721-574 m 8-110 Porphyry 3,426,015 562,846 895 56.0 + 4.6
BD5764-826 m El Galo Porphyry 3,424,498 563,516 948 57.0 + 8.2
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Eucy o (Smey @ Gden)™®° and Ce/Ce* = Cecy o (Lacy ® Pron) .
4. Results

4.1. Petrology of the El Galo Porphyry

In this study, we report a newly discovered porphyry (here referred
as El Galo Porphyry) intersected by exploration drilling. This porphyry
does not crop out at the current level of mining and was identified in the
drill hole BD5764 to the south of the present-day open pit where it in-
trudes and mineralizes the volcanic rocks of the Henrietta Formation
(Fig. 2). It is composed by K-feldspar, plagioclase, minor quartz, biotite
and hornblende phenocrysts embedded in a fine matrix of quartz +
feldspar + biotite (Fig. 4E). This porphyry is spatially associated with a
potassic alteration zone expressed as massive coarse-grained hydro-
thermal veinlets of biotite + quartz + chalcopyrite + pyrite + molyb-
denite + anhydrite, and disseminations of chalcopyrite, molybdenite
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and pyrite (Fig. 4F). Based on these observations, we classify the El Galo
Porphyry as an ore-rich porphyry such as the La Colorada and 755
porphyries.

4.2. Zircon U-Pb dating

Four new zircon U-Pb dates (Table 1) have been obtained from
different igneous host rocks at Buenavista del Cobre deposit (Wetherill
and Tera-Wasserburg concordia plots are reported in Figure 5 and data
in Supplementary Table S4). Zircon grains from sample BD5753-468 m,
supposedly belonging to the Cananea Granite (Fig. 3A), are predomi-
nantly prismatic and elongated (186-350 um in size) and show oscilla-
tory or patchy zoning (e.g., G15 and G13, respectively; S3 Fig. 1). The
analyzed zircon grains show high U (186-2525 ppm) and Pb (330-1012
ppm) contents with Th/U ratios ranging from 0.11 to 0.31. Thirty ana-
lyses performed in zircon rims (S3 Fig. 1) define a discordia line with an
upper intercept date of 1421 + 14/18 Ma and a lower intercept date of

A Lower incercept date=111 + 9 Ma B Concordia date=186.9+1.3/3.1Ma (n=17)
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Fig. 5. Wetherill and Tera-Wasserburg concordia plots of zircon U-Pb analysis of the intrusive host rocks of the Buenavista del Cobre deposit. Concordia dates are
reported with two different uncertainties separated by a dash bar (/): the first one without propagating the systematic uncertainties and the second after proper

propagation (Horstwood et al., 2016).



V. Almada-Gutiérrez et al.

111 + 9/9 Ma (n = 30, MSWD = 2.3; Fig. 5A). Five analyzed zircon
grains yield a concordia date of 1449 + 11 Ma (n = 5, MSWD = 1.1;
Fig. 5A).

We also analyzed zircons from sample BD5752-669 m, a coarse-
grained intrusive host rock with K-feldspar, plagioclase, quartz and
biotite phenocrysts (Fig. 3B). In this rock, plagioclase is altered to
chlorite and mafic minerals are replaced by small grains of biotite. Thin
veinlets of biotite crosscut the rock and are cut by late quartz-sericite
veins. Sulfides are associated with biotite and quartz-sericite veins,
and also occur as disseminations. Zircon crystals from this rock are
stubby, euhedral to subhedral (166 to 373 pm in size), mostly with a
concentric oscillatory zoning (S3 Fig. 1) and less commonly with patchy
zoning (e.g., G23; S3 Fig. 1). They can also present inherited cores (e.g.,
G22; S3 Fig. 1). All the analyses were performed in the zircon rims (S3
Fig. 1) and show variable U (310-1248 ppm) and Pb (65-2086 ppm)
contents with Th/U ratios ranging from 0.23 to 0.34. Seventeen zircon
analyses yield a concordia date of 186.9 + 1.3/3.1 Ma (n = 17, MSWD
= 1.0; Fig. 5B). The remaining analyses are discordant because of the
presence of a non-negligible and variable amount of common Pb (f206¢
> 0.2 %, Supplementary Table S4).

Sample BD5571-180 m corresponds to a porphyritic volcanic rock of
the Henrietta Formation conformed by anhedral quartz and feldspar
phenocrysts embedded in a quartz-sericite groundmass (Fig. 3D).
Quartz-pyrite veinlets with sericite envelopes are common in this sam-
ple of the Henrietta Formation, it has to be noted that thin supergene
white alunite veinlets tapped the quartz-sericite veinlets to precipitate.
Zircons from this sample are prismatic (240-333 pm in size) with
concentric oscillatory zoning and, more rarely, patchy zoning (e.g., G24;
S3 Fig. 1). All the analyses were performed in the zircon rims (S3 Fig. 1).
They show high U (278-4850 ppm) and Pb (57-1828 ppm) contents
with Th/U ratios ranging from 0.18 to 0.83. Twenty-one zircon analyses
yield a concordia date of 186.8 + 1.1/3.0 Ma (n = 21, MSWD = 1.4;
Fig. 5C). The remaining data are discordant due to the presence of
common Pb in the crystals lattice (f206¢ > 0.2 %, Supplementary Table
54).

Finally, sample BD5578-690 m corresponds to a medium-grained
plutonic host rock composed of K-feldspar and plagioclase with minor
quartz, hornblende and biotite (Fig. 3E). In this rock, hornblende is often
replaced by small grains of biotite, and selective chloritization of
plagioclase is observed. Thin veinlets of quartz + biotite + sulfides
crosscut the rock (Fig. 3E). Zircon crystals from this sample are prismatic
(166-369 um in size) with oscillatory (e.g., G5; S3 Fig. 1) and patchy
zoning (e.g., G26, G7 and G10; S3 Fig. 1). They can sometimes display
some inherited cores (e.g., G23; S3 Fig. 1). Zircon grains have low U
(30-121 ppm) and Pb (18-225 ppm) contents with Th/U ratios ranging
from 0.20 to 0.33. Twenty analyses performed in the zircon rims (S3
Fig. 1) yield a concordia date of 176.3 + 1.1/2.9 Ma (n = 20, MSWD =
1.1; Fig. 5D). Here again, the remaining data are discordant because of
the presence of a non-negligible amount of common Pb (f206¢ > 0.6 %,
Supplementary Table S4).

Six new zircon U-Pb dates (Table 1) are reported for the precursor
batholith and ore-related porphyry rocks (Tera-Wasserburg concordia
plots are reported in Figure 6 and data in Supplementary Table S4).
Zircon grains from the Tinaja Diorite (sample BC-22-11; Fig. 2) are
stubby, euhedral to subhedral (266-340 um in size) with distinct
morphology and texture when compared to the zircon crystals from the
porphyry rocks (S3 Fig. 2). Indeed, the crystals commonly exhibit a
zoning marked by wide dark-CL zones and narrow bright-CL zones (S3
Fig. 2) and, less commonly, are characterized by the presence of
concentric oscillatory (eg., G5; S3 Fig. 2) or patchy zoning (G7; S3
Fig. 2). All the analyses were performed in zircon outer parts (S3 Fig. 2)
and show variable U (445-2448 ppm) and Pb (34-372 ppm) contents
with Th/U ratios ranging from 0.13 to 0.50. Twenty-three U-Pb zircon
analyses yield a concordia date of 73.8 + 0.6/1.3 Ma (n = 23, MSWD =
2.0; Fig. 6A). The remaining analyses plot in a discordant position owing
for the presence of a non-negligible amount of common Pb (f206c up to
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18 %, Supplementary Table S4).

Five zircon U-Pb dates have been obtained from the main porphyritic
intrusions at Buenavista del Cobre deposit (Table 1; Fig. 6), which are
compositionally and texturally different (Fig. 4). In general, zircon
grains from porphyry rocks have needle-like shapes (80-380 pm in size)
with concentric oscillatory growth zoning (S3 Fig. 2), which is typical of
magmatic zircon that crystallized in fast-cooling intrusions (Corfu et al.,
2003; Nathwani et al., 2023). Zircon grains from sample BD5570-613 m
collected from the NW-SE trending Feldspar Porphyry (Fig. 2) show
variable U (510-1824 ppm) and Pb (35-333 ppm) contents with Th/U
ratios ranging from 0.23 to 0.71. Fifteen zircon U-Pb analyses performed
either in the inner or the outer parts of the grains (S3 Fig. 2) yield a
concordia date of 59.7 + 0.5/1.1 Ma (n = 15, MSWD = 0.4; Fig. 6B). A
second group of four concordant analyses yield a concordia date of 65.1
+ 1.0/1.5 Ma (n = 4, MSWD = 0.4; Fig. 6B), while one grain is
concordant at ca. 174 Ma (Fig. 6B). The remaining data are discordant
due to the presence of common Pb (f206¢ > 0.4 %, Supplementary Table
S4).

Zircon crystals from the La Colorada Porphyry (sample BD5753-815
m) show variable U (175-1132 ppm) and Pb (13-329 ppm) contents and
Th/U ratios ranging from 0.15 to 0.35. Twenty-two analyses performed
in zircon outer parts (S3 Fig. 2) yield a concordia date of 58.9 + 0.5/1.0
Ma (n = 22, MSWD = 1.4; Fig. 6C). The remaining data are slightly
discordant because of the presence of a slight amount of common Pb
(f206¢ > 0.1 %, Supplementary Table S4).

Zircon grains from the 755 Porphyry (sample BD5749-606 m) show
variable U (250-1434 ppm) and Pb (16-125 ppm) contents, and Th/U
ratios ranging from 0.18 to 0.36. Twenty-two analyses performed in
zircon outer parts (S3 Fig. 2) yield a concordia date of 57.5 4 0.2/0.9 Ma
(n =22, MSWD = 1.7; Fig. 6D). Two concordant analyses yield dates of
around ~ 170 Ma (Fig. 6D) while two others yield dates around ~ 65 Ma
(Fig. 6D). The remaining analyses are slightly discordant due to the
presence of a slight amount of common Pb in the crystal lattice (f206¢ >
0.4 %, Supplementary Table S4).

Zircon crystals from the 8-110 Porphyry (sample BD5721-574 m)
show high U (138-3593 ppm) and Pb (22-520 ppm) contents with Th/U
ratios ranging from 0.11 to 0.49. Seventeen zircon U-Pb analyses per-
formed in the inner and outer parts of the crystals (S3 Fig. 2) yield a
concordia date of 56.5 £+ 0.3/0.9 Ma (n = 17, MSWD = 1.3; Fig. 6E). One
older ~ 63 Myr old zircon was analyzed (Fig. 6E). The remaining ana-
lyses are discordant because of the presence of common Pb in these
grains (f206c up to 22.6 %, Supplementary Table S4).

Zircon grains from the newly discovered El Galo Porphyry (sample
BD5764-826 m) show variable U (93-1340 ppm) and Pb (23-114 ppm)
contents with Th/U ratios ranging from 0.16 to 0.42. Fifteen analyses
were performed either in the inner or outer parts of the grains (S3 Fig. 2)
and yield a concordia date of 56.1 + 0.2/0.9 Ma (n = 15, MSWD = 1.2;
Fig. 6F). Four concordant zircons yield dates of ~ 175 Ma, ~156 Ma,
~73 Ma and ~ 61 Ma, respectively (Fig. 6F). The remaining analyses
have f206¢ > 0.3 % and are therefore discordant (Supplementary Table
S4). We also sampled the Coarse-grained Porphyry which crosscuts the
8-110 Porphyry in the western part of the present-day pit (sample BC-
22-13, Fig. 2 and 4D). However, we did not find any apatite or zircon,
probably because it displays strong acidic hydrothermal alteration that
could be responsible for the dissolution of the apatite and zircon grains.
Probably for the same reason, we did not find apatite crystals in the
Feldspar Porphyry.

4.3. Apatite U-Pb dating

Two new apatite U-Pb dates (Table 1) are reported for intrusive host
rocks of the Buenavista del Cobre deposit (Tera-Wasserburg plots with
apatite U-Pb lower intercept dates are reported in Figure 7 and data in
Supplementary Table S5). Apatite grains from sample BD5753-627 m
(Fig. 3C) are subhedral to anhedral with tabular and prismatic shapes
(284-721 um in size). For this sample, 37 apatite grains were analyzed.
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They are characterized by high U (9 to 43 ppm) and homogeneous Pb (3
to 8 ppm) contents. In a Tera-Wasserburg diagram, they plot in a
discordant position and yield a lower intercept U-Pb date of 56.7 + 4.6
Ma (n = 37, MSWD = 1.1; Fig. 7A) with an initial common Pb value of
(27Pb/2%6pb), = 0.83 =+ 0.02. For sample BD5578-690 m, 24 analyses
were performed. Apatite grains are mostly subhedral to anhedral with
stubby, tabular and prismatic shapes (291-642 um in size). They are
characterized by fairly homogeneous U (3 to 34 ppm) and Pb (4 to 9
ppm) contents with variable Th/U ratios ranging from 0.05 to 1.93.
Plotted in a Tera-Wasserburg diagram (Fig. 7B), they are all discordant
and yield a lower intercept U-Pb date of 54.0 + 10 Ma (n = 24, MSWD =
0.8; Fig. 7B) with a (3*’Pb/?%°Pb). = 0.83 + 0.02.

Apatite analyses from six samples from the ore-related porphyries
yielded lower intercept apatite U-Pb dates ranging from 59.2 + 2.2 to
56.0 + 4.6 Ma (Table 1 and Fig. 7; apatite U-Pb data are available in
Supplementary Table S5). In general, apatite grains from porphyry rocks
are commonly subhedral to anhedral (225-927 um in size) with broken-
off tips and less commonly stubby and prismatic in shape. In the La
Colorada Porphyry (sample BD5753-815 m) 27 apatites were analyzed.
They have variable U (1-123 ppm) and more consistent Pb (4-9 ppm)
contents with Th/U ratios ranging from 0.17 to 1.35. All the apatite U-Pb
analyses plot in a discordant position and yield a lower intercept date of
59.2 £ 2.2 Ma (n = 27, MSWD = 1.2; Fig. 7C) with an initial common
lead composition value of (207Pb/206Pb)C =0.84 + 0.02.

Apatite grains of the 755 Porphyry (sample BD5749-606 m) yield
variable U (1-85 ppm) and more consistent Pb (2-9 ppm) contents with
Th/U ratios ranging from 0.16 to 0.96. Twenty-two analyses define a
discordia line with a lower intercept U-Pb date of 58.3 + 3.1 Ma (n = 22,
MSWD = 0.7; Fig. 7D) with (2*”Pb/2°°Pb). = 0.86 + 0.02.

The apatite grains from three samples from the 8-110 Porphyry
yielded similar lower intercept apatite U-Pb dates (Fig. 7). Twenty-eight
apatite grains were analyzed from sample BD5727-547 m. They have
variable U (13-90 ppm) and Pb (6-17 ppm) contents with Th/U ratios
ranging from 0.08 to 0.95. In the Tera-Wasserburg diagram, all the
analyses plot in a discordant position and yield a lower intercept date of
56.8 + 2.6 Ma (n = 28, MSWD = 1.4; Fig. 7E) with (3*’Pb/?°°Pb), =
0.84 + 0.02. Sample BD5700-711 m have apatite grains with variable U
(14-118 ppm) and Pb (4-7 ppm) contents with Th/U ratios ranging from
0.08 to 2.61. Thirty-seven analyses define a discordia line with a lower
intercept date of 56.8 + 1.9 Ma (n = 37, MSWD = 0.8; Fig. 7F) with
(37pb/2%%pb). = 0.83 + 0.02. Apatite crystals from sample BD5721-
574 m have variable U (12-77 ppm) and Pb (3-9 ppm) contents with
Th/U ratios ranging from 0.36 to 1.27. Thirty analyses yielded a lower
intercept date of and 56.0 + 4.6 Ma (n = 30, MSWD = 1.0; Fig. 7G) with
(?7Pb/2%°Pb), = 0.83 + 0.02.

Finally, the apatite grains from El Galo Porphyry (sample BD5764-
826 m) have variable U (8-41 ppm) and consistent Pb (4-11 ppm)
contents with Th/U ratios ranging from 0.15 to 4.44. A total of 23 an-
alyses yielded a lower intercept U-Pb date of 57.0 + 8.2 Ma (MSWD =
1.3; Fig. 7H) with (?*°”Pb/?°°Pb). = 0.85 =+ 0.02.

4.4. Apatite trace element composition

Apatite trace element composition data are available in Supple-
mentary Table S6. Concerning the intrusive host rocks, the REE distri-
bution of apatite from sample BD5753-627 m shows a classical right-
sloping REE pattern with an enrichment in LREE and a depletion in
HREE (Fig. 8A) with (La/Lu)y ratios ranging from 1.2 to 15.3 (median of
2.1). Eu and Ce anomalies range from 0.3 to 0.8 (median 0.6) and from
1.1 to 1.3 (median 1.2), respectively. Apatite Cl concentrations are
lower than 1.0 wt% (median 0.5 wt%), and Sr concentrations range from
198 to 372 ppm (median 256 ppm). Apatite of sample BD5578-690 m,
another intrusive host rock, shows a relatively flat REE pattern (Fig. 8B)
with (La/Lu)y ratios ranging from 0.4 to 4.5 (median 1.7). Eu anomalies
and Ce anomalies range from 0.6 to 1.5 (median 0.9) and from 1.0 to 1.2
(median 1.1), respectively. Apatite Cl concentrations are below 0.7 wt%
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(median 0.4 wt%), and Sr concentrations range from 150 to 499 ppm
(median 199 ppm).

In the ore-rich group, apatite from La Colorada Porphyry (BD5753-
815 m) display a slightly enriched LREE pattern compared to HREE
(Fig. 8C) with (La/Lu)y ratios ranging from 1.2 to 5.9 (median 1.6) and
(Ce/Yb)y ratios ranging from 1.6 to 7.4 (median 2.1). This sample shows
(La/Sm)y ratios ranging from 0.2 to 2.0 (median 0.8) and (Dy/Yb)x
ratios ranging from 0.9 to 2.5 (median 1.2). Eu and Ce anomalies range
from 0.3 to 1.4 (median 0.4) and from 1.0 to 1.3 (median 1.2), respec-
tively. Apatite Cl concentrations are less than 0.6 wt% (median 0.4 wt%;
Fig. 9) and the Sr concentrations range from 273 to 531 ppm (median
352 ppm). The 755 Porphyry apatite grains (BD5749-606 m) show a
slightly enriched LREE pattern compared to HREE (Fig. 8D) with (La/
Lu)y ratios ranging from 0.8 to 2.5 (median 1.5) and (Ce/Yb)y ratios
ranging from 1.2 to 2.9 (median 1.9). The (La/Sm)y ratios are ranging
from 0.3 to 2.0 (median 0.8) and (Dy/Yb)y ratios are ranging from 0.7 to
1.6 (median 1.2). Eu and Ce anomalies range from 0.3 to 1.0 (median
0.4) and from 1.1 to 1.2 (median 1.2), respectively. Apatite Cl concen-
trations are less than 0.6 wt% (median 0.4 wt%; Fig. 9) and Sr con-
centrations range from 183 to 489 ppm (median 332 ppm). Apatites
from El Galo Porphyry (BD5764-826 m) display a convex REE pattern
with a slightly enrichment in LREE compared to HREE (Fig. 8E) with
(La/Lu)y ratios ranging from 1.9 to 3.3 (median 1.5) and (Ce/Yb)y ratios
ranging from 1.4 to 4.4 (median 2.0). This sample shows (La/Sm)y ratios
ranging from 0.4 to 1.2 (median 0.6) and (Dy/Yb)y ratios ranging from
1.3 to 1.8 (median 1.5). Eu and Ce anomalies range from 0.3 to 0.7
(median 0.4) and from 1.1 to 1.3 (median 1.2), respectively. Apatite Cl
concentrations range from 0.1 to 0.6 wt% (median 0.4 wt%; Fig. 9) and
the Sr concentrations range from 195 to 263 ppm (median 218 ppm).

In the ore-poor group, represented by the 8-110 Porphyry samples,
apatite grains from sample BD5727-547 m display a right inclined REE
pattern (Fig. 8F) with (La/Lu)y ratios ranging from 1.3 to 4.3 (median
2.3) and (Ce/Yb)y ratios ranging from 1.8 to 4.5 (median 2.7). This
sample shows (La/Sm)y ratios ranging from 0.7 to 1.9 (median 1.0) and
(Dy/Yb)y ratios ranging from 1.2 to 1.4 (median 1.3). Eu and Ce
anomalies range from 0.3 to 0.4 (median 0.4) and from 1.0 to 1.3
(median 1.2), respectively. Apatite Cl concentrations are less than 0.5 wt
% (median 0.3 wt%; Fig. 9), and Sr concentrations range from 310 to
356 ppm (median 332 ppm). In the case of sample BD5700-711 m,
apatite grains show a right inclined REE pattern slightly enriched in
LREE compared to HREE (Fig. 8G) with (La/Lu)y ratios ranging from 1.2
to 11.4 (median 2.6) and (Ce/Yb)y ratios ranging from 1.7 to 10.7
(median 3.2). The (La/Sm)y ratios are ranging from 0.5 to 2.9 (median
1.2) and (Dy/Yb)y ratios are ranging from 1.0 to 1.7 (median 1.2). Eu
and Ce anomalies range from 0.4 to 0.9 (median 0.4) and from 1.1 to 1.3
(median 1.2), respectively. The apatite Cl concentrations are less than
0.4 wt% (median 0.2 wt%; Fig. 9), and the Sr concentrations range from
297 to 396 ppm (median 327 ppm). Apatite grains from sample BD5721-
574 m display a right inclined apatite REE pattern (Fig. 8H) with (La/
Lu)y ratios ranging from 1.3 to 6.1 (median 3.1) and (Ce/Yb)y ratios
ranging from 1.2 to 5.8 (median 3.7). The (La/Sm)y ratios are ranging
from 0.5 to 2.4 (median 1.1) and (Dy/Yb)y ratios are ranging from 1.1 to
1.5 (median 1.3). Eu and Ce anomalies range from 0.3 to 0.6 (median
0.3) and from 0.8 to 1.3 (median 1.2), respectively. The apatite Cl
concentrations are less than 0.4 wt% (median 0.2 wt%; Fig. 9) and the Sr
concentrations range from 303 to 361 ppm (median 328 ppm).

5. Discussion
5.1. Host rocks geochronology

New zircon U-Pb dates obtained from the intrusive host rock of the
mineralization help to support and discuss the geological observations
made by several authors over the years. Sample BD5753-468 m was
collected from a deep exploration drill hole (Fig. 2) in the present mine
operation and corresponds to a coarse-grained granitic rock that is
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Fig. 8. Chondrite-normalized apatite REE patterns of the intrusive host rocks and main porphyries of Buenavista del Cobre deposit. A) Sample BD5753-627 m
displays a classical right-sloping REE pattern. B) Sample BD5578-690 m from a Jurassic pluton has a flat apatite REE pattern. Diagrams C, D, and E represent the
apatite REE distributions from the ore-rich group (La Colorada, 755 and El Galo porphyries, respectively), displaying relatively flat to upward convex apatite LREE
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14



V. Almada-Gutiérrez et al.

M La Colorada Porphyry (n=26, out.=
M 755 Porphyry (n=21, out.=1)
M 8-110 Porphyry (n=87, out.=7)

0.6

Apatite Cl (wt %)

ore-ric

1
“|m El Galo Porphyry (n=23)

0.5 —

0.4 —

ore-ricl

Ore Geology Reviews 175 (2024) 106320

ore-rich

ore-poor

Fig. 9. Box plots showing the apatite chlorine composition for ore-rich and ore-poor porphyry intrusions. The central box is the middle 50% of data from the first
(bottom of the box) and third (top of the box) quartiles. The black circle and line are the mean and median of the data, respectively. The whiskers are the extreme
values that are not outliers. Outliers values (out.) were discarded for this comparison. Porphyries are organized from older (left) to younger (right).

unconformably overlain by the Henrietta Formation. This sample yiel-
ded an upper intercept age of 1422 + 14/18 Ma (Fig. 5A). The upper
intercept date is equivalent to the upper intercept age of 1440 + 15 Ma
reported by Anderson and Silver (1977) for the Cananea Granite in the
Capote Basin. We therefore interpret it as the emplacement age of the
Cananea Granite, confirming the Precambrian age of this intrusive. In
the case of the lower intercept age (111 + 9/9 Ma; Fig. 5A), no tectono-
magmatic event that could explain lead loss has been recognized yet in
the Cananea Mining District at the end of the Lower Cretaceous. For this
reason, we believe that the lower intercept age recorded by the Cananea
Granite possibly has no geological meaning.

To date, the only known outcrop of the Cananea Granite in the
Cananea Mining District occurs in the Capote Basin (Valentine, 1936),
where it is unconformably overlain by the Paleozoic strata and bordered
by the NW-SE oriented Elisa and Capote Pass faults. In the Capote Basin,
Zn-Cu skarns mineralization developed in the Paleozoic rocks associated
with the emplacement of the Late Cretaceous-Paleogene magmatic-hy-
drothermal systems (Meinert, 1980, Farfan-Panama, 2002; Ortiz-Olvera,
2022). Recently, the Capote Pass fault has been interpreted as an Oligo-
Miocene south-dipping normal fault (Ortiz-Olvera, 2022). If this fault
displaced the Cananea Granite to the south, as suggested by its recog-
nition in drill hole exploration, then the Paleozoic sequence and its
associated skarn mineralization might be present below the Mesa and
Henrietta Formations, east of the current open pit operation (Fig. 2).
This new finding highlights the importance of dating newly discovered
intrusive bodies as it could have important consequences, in this case
increasing the possibility of finding previously undiscovered Zn-Cu
skarns deposits.

The presence of Triassic-Jurassic igneous rocks in the region of
Cananea Mining District has been proposed by several authors (e.g.,
Valentine, 1936; Meinert, 1980; Wodzicki, 1995). These rocks include
the volcanic rocks of the Elenita and Henrietta Formations and the El
Torre Syenite pluton. This assumption was made on the basis of cross-
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cutting relationships between different rock units and their litholog-
ical similarities to rocks of Triassic-Jurassic age in southern Arizona. For
example, the Elenita Formation was correlated with the Late-Triassic to
Mid-Jurassic Mt. Wrightson Formation, which crops out in Santa Rita
Mountains, Arizona (Drewes, 1971). Despite the contact between Ele-
nita Formation and Henrietta formation being a fault, clasts of the Ele-
nita Formation were reported by Valentine (1936) in the lowermost
Henrietta Formation, which was therefore considered to be younger.
Previous attempts of “°Ar/3°Ar hornblende dating of the Henrietta
Formation yielded ages of 57.9 + 0.2 Ma and ~ 94 Ma, which were
interpreted as a thermally reset age and a minimum formation age for
this unit (Wodzicki, 1995). In this study, we report for the first time a
zircon U-Pb age of 186.8 + 1.1/3.0 Ma (Fig. 5C) that was obtained for a
volcanic flow from the Henrietta Formation (Fig. 2), confirming an Early
Jurassic age for these rocks.

In addition, a Jurassic age has been proposed for the El Torre Syenite
pluton based on its lithologic and geochemical similarities to the granitic
to syenitic plutons emplaced from 170 to 150 Ma in Sonora (Gastil et al.,
1978; Anderson and Silver, 1978; Meinert, 1980; Wodzicki, 1995). An
40Ar/39Ar hornblende age of 58.4 + 0.5 Ma for this rock was interpreted
as reset age due to its similarity with the age of porphyry copper
mineralization of the district, whereas a ~ 70 Ma date was interpreted as
a minimum formation age with a poorly defined plateau (Wodzicki,
1995). In this study, samples BD5752-669 m and BD5578-690 m from
two plutonic rocks intersected at depth by two exploration drill holes
(Fig. 2), yielded zircon U-Pb ages of 186.9 + 1.3/3.1 Ma (Fig. 5B,
Table 1) and 176.3 + 1.1/2.9 Ma (Fig. 5D, Table 1), respectively. Spe-
cifically, sample BD5578-690 m corresponds to a medium to fine-
grained plutonic rock and is composed dominantly by K-feldspar +
plagioclase + hornblende + quartz + biotite and accessory zircon and
apatite (Fig. 3E). This composition is similar to the mineralogical
composition described for the El Torre Syenite (Valentine, 1936; Mei-
nert, 1982) and we thus argue for an Early Jurassic age for this intrusion.
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In addition, the new apatite U-Pb ages obtained in this study from
intrusive host rocks are 56.7 + 4.6 Ma (sample BD5753-627 m, Fig. 7A,
Table 1) and 54.0 + 10.0 Ma (sample BD5578-690 m, Fig. 7B, Table 1),
and are in accordance with the previously published “°Ar/*°Ar age. We
therefore interpret these ages as thermally reset ages due the effects of
the porphyry emplacement. For this reason, we prefer not to discuss
apatite geochemistry of host rocks in this study because of the possible
compositional re-equilibration of apatites during high-temperature hy-
drothermal alteration.

The Jurassic zircon U-Pb ages we obtained for both volcanic and
plutonic rocks in the Buenavista del Cobre deposit evidence the presence
of an Early Jurassic magmatic arc at Cananea latitude (Anderson and
Silver, 1978; Tosdal et al., 1989; Valencia-Moreno et al., 2024). It has to
be noted that Jurassic porphyry copper mineralization associated with a
Jurassic arc magmatism has been reported ~ 65 km northeast of the
Buenavista del Cobre deposit in Bisbee, Arizona, and throughout
southwestern North America (Barton et al., 2011). The recognition of an
Early Jurassic volcano-plutonic system in the Buenavista del Cobre de-
posit opens the possibility of the development of a contemporaneous
magmatic-hydrothermal system. However, further evidence is needed to
confirm the existence of such an event.

Several authors have suggested that the Tinaja Diorite and the Cui-
taca Granodiorite are part of the same batholitic body and that they are
the precursor magmas of the porphyry copper mineralization at Cananea
Mining District (Valentine, 1936; Meinert, 1982; Bushnell, 1988; Wod-
zicki, 1995; Santillana-Villa et al., 2021). Limited geochronological data
preclude establishing a temporal relationship between these intrusions.
The Cuitaca Granodiorite has a zircon U-Pb age of ~ 64 Ma (Anderson
and Silver, 1977; Del Rio-Salas et al., 2017). Our new zircon U-Pb age of
73.8 + 0.6/1.3 Ma (sample BC-22-11, Fig. 6A, Table 1) for the Tinaja
Diorite reveals that this intrusion was emplaced ~ 10 Ma earlier than the
Cuitaca Granodiorite. Thus, we interpret the previously reported
“0Ar/*Ar hornblende age of 63.0 + 0.4 Ma for the Tinaja Diorite
(Wodzicki, 1995) as a thermally reset age due to the intrusion of the
Cuitaca Granodiorite at ~ 64 Ma. In addition, a similar age of ~ 74 Ma
(Del Rio-Salas et al., 2017) was obtained for the precursor pluton at the
El Pilar deposit, ~40 km northwest of the Buenavista del Cobre deposit
(Fig. 1). Together, these data suggest that the Tinaja Diorite and El Pilar
intrusive rocks probably represent the onset of the magmatism related to
the precursor magmas of the main porphyry systems at the Cananea
Mining District at ~ 74 Ma.

5.2. Multiple magmatic events

Giant porphyry copper deposits around the world, such as Chuqui-
camata (Reynolds et al., 1998; Ballard et al., 2001), El Salvador
(Gustafson and Hunt, 1975; Lee et al., 2017), El Teniente (Maksaev
etal., 2004), and Bajo de la Alumbrera (Harris et al., 2004 and 2008) are
the product of multiple superimposed magmatic events as indicated by
zircon U-Pb dating of ore-related porphyry intrusions. However, it is
known that differences in emplacement ages between the different
porphyries that make up a porphyry copper deposit can be difficult to
determine, even with high-resolution methods such as zircon U-Pb
SHRIMP analyses (e.g., Lee et al., 2017). Therefore, further geological
evidences such as cross-cutting relationships between porphyry in-
trusions with different mineralogy, texture and/or geochemistry, as well
as dating of minerals associated with alteration and mineralization are
needed to reconstruct the emplacement timing of the different
intrusions.

Zircon grains from the Buenavista del Cobre porphyry rocks exhibit
needle-like shapes with a concentric oscillatory growth zoning (S3
Fig. 2), typical of magmatic zircon that crystallized in rapidly cooling
intrusions (Corfu et al., 2003; Nathwani et al., 2023). In addition, most
zircons have similar ages in the inner and outer parts of the grains,
suggesting no effects of zircon recrystallization on inherited grains. For
these reasons, we interpret the zircon U-Pb dates of the main cluster of
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concordant analyses as the emplacement ages of the different porphyry
intrusions. These new zircon U-Pb ages of porphyry rocks obtained in
this study do not allow us to clearly differentiate in time discrete
magmatic pulses for the Buenavista del Cobre deposit, as all ages overlap
within the analytical error at 2 level (Fig. 10). However, as mentioned
before, several porphyry phases have been recognized in the Buenavista
del Cobre deposit, which are distinguished by their cross-cutting re-
lationships, mineralogical compositions, textures, and their ore-poor/
ore-rich natures (Valentine, 1936; Ochoa-Landin and Echavarri-Pérez,
1978; Ochoa-Landin and Navarro-Mayer, 1979). Considering all the
disponible data, the proposed sequence of porphyry intrusions is as
follows: Feldspar Porphyry, La Colorada, 755, 8-110, and El Galo por-
phyries, and finally the Coarse-grained Porphyry phase. Hereunder, we
review the different arguments used to establish this chronology.

The Feldspar Porphyry yields a zircon U-Pb age of 59.7 + 0.5/1.1
Ma, which is indistinguishable from the La Colorada Porphyry that
yields a zircon U-Pb age of 58.9 + 0.5/1.0 Ma (Fig. 10). A second group
of dates from the Feldspar Porphyry, corresponding to four concordant
analyses, yield a concordia date of 65.1 & 1.0/1.5 Ma (n = 4, MSWD =
0.4; Fig. 6B). This date is fairly similar to the emplacement age of ~ 64
Ma of the Cuitaca Granodiorite (a precursor magma of the porphyry
magmas) elsewhere in the Cananea Mining District (Anderson and Sil-
ver, 1977; Del Rio Salas et al., 2013). We thus suggest that this older
group corresponds to zircon grains that formed at depth in the Cuitaca
magmatic chamber and were dragged-up to shallower crustal levels
during the emplacement of the Feldspar Porphyry. Moreover, both
zircon U-Pb ages of the Feldspar and La Colorada porphyries correlate
with the molybdenite Re-Os ages of 59.2 + 0.3 Ma for a chalcopyrite +
pyrite + molybdenite (massive) mineral association at the top of the La
Colorada breccia pipe, and of 59.3 + 0.3 Ma for a disseminated style
mineralization (Barra et al., 2005; Fig. 10). In the case of the dissemi-
nated style Re-Os mineralization age, it is possible that the emplacement
of the Feldspar Porphyry marks the onset of mineralization at the Bue-
navista del Cobre deposit at 59.3 + 0.3 Ma. Yet, further work on the
mineralization associated with the Feldspar Porphyry emplacement is
required to confirm or infer this possibility. Indeed, since the Feldspar
Porphyry is considered an ore-poor porphyry and is not spatially related
to the La Colorada breccia pipe, it cannot be associated with the main
Cu-Mo mineralization event associated with the formation of this
breccia (Ochoa-Landin and Navarro-Mayer, 1979; Fig. 10). In contrast,
the La Colorada Porphyry is classified as an ore-rich intrusion (Fig. 10),
which occurs in a close spatial relationship to the La Colorada breccia
pipe (Perry, 1935). Additionally, the early potassic alteration in the La
Colorada breccia pipe (Bushnell, 1988) was dated by K/Ar on phlogopite
at 59.9 4+ 2.1 Ma and 58.5 + 2.1 Ma (Damon and Mauger, 1966; Varela,
1972). These ages correlate well with the lower intercept apatite U-Pb

L P ore-poor
@ U-Pb (zircon) ——
# Re-Os (molybdenite
(molyl ) o
LC .
— e ore-rich
755
—
8-110
ore-poor
EG .
—_— ore-rich
2CG> ore-poor
h L L . . . )
54 55 56 57 58 59 60 61
Age (Ma)

Fig. 10. Emplacement (zircon U-Pb ages) and Cu-Mo mineralization timing
(Re-Os ages by Barra et al., 2005) of the six known porphyry intrusions in the
Buenavista del Cobre deposit. Error bars on zircon U-Pb data correspond to
propagated systematics uncertainties. Abbreviations: FP (Feldspar Porphyry),
LC (La Colorada Porphyry), 755 (755 Porphyry), 8-110 (8-110 Porphyry), EG
(El Galo Porphyry), CG (Coarse-grained Porphyry).
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age of 59.2 + 2.2 Ma (sample BD5753-815 m, Fig. 7C, Table 1) obtained
for the La Colorada Porphyry and suggest that the main Cu-Mo miner-
alization event at Buenavista del Cobre began with the emplacement of
the La Colorada Porphyry at 58.9 4+ 0.5/1.0 Ma (zircon U-Pb emplace-
ment age of sample BD5753-815 m, Fig. 6C and 10, Table 1), after the
emplacement of the ore-poor Feldspar Porphyry at 59.7 + 0.5/1.1 Ma
(zircon U-Pb emplacement age for sample BD5570-613 m, Fig. 6B and
10, Table 1).

In the case of the 755 Porphyry, we obtained a zircon U-Pb age of
57.5 £+ 0.2/0.9 Ma (Fig. 6D) and an apatite U-Pb age of 58.3 + 3.1 Ma
(Fig. 7D). The zircon U-Pb age overlaps with the La Colorada Porphyry
emplacement age but postdates the Feldspar Porphyry emplacement age
(Fig. 10). This observation is in good agreement with the fact that the
755 Porphyry crosscuts the Feldspar Porphyry and that it shares apatite
geochemical characteristics with the ore-rich La Colorada Porphyry (cf.
next section). One possible interpretation is that the La Colorada and the
755 porphyries belong to a single porphyry complex originating the
main Cu mineralization event. Alternatively, these porphyries could
correspond to two different intrusions that were emplaced in a relatively
short period of time (as described for the L and K porphyries in the El
Salvador deposit; Gustafson and Hunt, 1975; Lee et al., 2017), making it
impossible to differentiate their emplacement ages by our dating
methods. Interestingly, it has to be noted that the 755 Porphyry zircon
U-Pb emplacement age does not overlap with the molybdenite Re-Os
ages of the main Cu mineralization event related to the La Colorada
Porphyry emplacement (Fig. 10). We thus consider that the emplace-
ment of the 755 Porphyry corresponds to a different magmatic pulse that
might have developed a magmatic-hydrothermal system associated with
a second Cu-Mo mineralization event. However, further works on Re-Os
and *°Ar/*°Ar geochronology on ore-related minerals are needed to
confirm this interpretation.

The 8-110 Porphyry yields a zircon U-Pb age of 56.5 + 0.3/0.9 Ma
(sample BD5721-574 m, Fig. 6E, Table 1) and three apatite U-Pb ages of
56.8 &+ 2.6 Ma (sample BD5727-547 m, Fig. 7E, Table 1), 56.8 + 1.9 Ma
(sample BD5700-711 m, Fig. 7F, Table 1), and 56.0 + 4.6 Ma (sample
BD5721-574 m, Fig. 7G, Table 1). Additionally, the El Galo Porphyry
yields a zircon U-Pb age of 56.1 + 0.2/0.9 Ma (sample BD5764-826 m,
Fig. 6F, Table 1) and an apatite U-Pb age of 57.0 + 8.2 Ma (Fig. 7H,
Table 1). Considering the propagated error uncertainties, these in-
trusions (8-110 and El Galo porphyries) are thus temporally indistin-
guishable from the 755 Porphyry (Fig. 10), impeding defining different
discrete igneous events of emplacement.

However, the 8-110 Porphyry has historically been classified as an
ore-poor porphyry (Ochoa-Landin and Navarro-Mayer, 1979; Fig. 10)
and exhibits apatite geochemistry differences from the 755 and El Galo
ore-rich porphyries (cf. next section). We also show that the El Galo
Porphyry emplacement is spatially associated with an ore-rich potassic
alteration zone (Fig. 4F), and that it shares apatite geochemical char-
acteristics with the ore-rich porphyries (La Colorada and 755 por-
phyries; cf. next section). Taken together, these observations suggests
that the emplacement of the El Galo Porphyry is related to a different
magmatic-hydrothermal system than the 8-110 Porphyry.

Moreover, the maximum age of the Cu-Mo mineralization event
associated with the El Galo Porphyry potassic alteration is constrained to
56 Ma as Cu and Mo sulfides veinlets cross-cut the El Galo Porphyry
(Fig. 4E), which has a 56.1 + 0.2/0.9 Ma crystallization age (Fig. 6F,
Table 1). This is younger than the available molybdenite Re-Os ages
associated to the emplacement of the La Colorada Porphyry and breccia
(see above, Fig. 10). Even if there is no molybdenite Re-Os date to
further constrain this young mineralizing hydrothermal system, we
consider that at least two discrete events of mineralization occurred at
Buenavista del Cobre, associated with the emplacement of the La Col-
orada Porphyry for the first event and with the El Galo Porphyry for the
younger event (note that it is possible that another mineralizing event
occurred associated with the emplacement of the 755 Porphyry).

Finally, the Coarse-grained Porphyry is an ore-poor porphyry
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intrusion, which is likely younger than the 8-110 and El Galo porphyries
as it crosscuts the 8-110 Porphyry (Ochoa-Landin and Navarro-Mayer,
1979; Fig. 10). Unfortunately, we did not find any apatite and zircon
crystals in this porphyry and were unable to further characterize this
intrusion.

5.3. Geochemistry of apatite as a fertility indicator

5.3.1. Magmatic oxidation state

Apatite prefers to incorporate Eu>t and Ce3* rather than Eu?* and
Ce*" because the difference in ionic radius between them and Ca?* is
small and they can substitute for it (Sha and Chappell, 1999; Cao et al.,
2012; Pan et al., 2016). Moreover, the redox ratios Eu>"/Eu®* and Ce3*/
Ce*" of a melt is a function of oxygen fugacity, temperature, pressure
and composition of the melt (Sha and Chappel, 1998). Oxidized melts
with high oxygen fugacity and low Eu?*/Eu®" ratios have higher Eu*
abundance than reduced melts. As apatite preferentially incorporate
Eu’", apatites crystallizing from oxidized melts are expected to present
higher Eu content and thus a lower Eu anomaly than apatites crystal-
lizing from reduced melts. The same reasoning can be done for Ce in
apatite: Ce®t/ Ce*t of oxidized melts is low and their Ce3" content
(which preferentially partitions in apatite) is low, thus apatites crystal-
lizing from an oxidized melt are expected to exhibit low Ce content and
thus higher Ce anomalies than apatites from reduced melts. As a result,
apatite chemistry has been used as a proxy for the oxidation state of
magmas using Eu and Ce anomalies (e.g., Sha and Chappell, 1999; Cao
et al., 2012; Pan et al., 2016).

In Buenavista del Cobre, the Eu and Ce anomalies (Eu/Eu* and Ce/
Ce* values) of apatite from ore-rich and ore-poor intrusions overlap with
no clear difference between the two groups (Fig. 11A). These results
suggest that the magmatic oxidation states of the porphyritic magmas
were similar and that Eu and Ce anomalies cannot be used in our case as
good fertility indicators to distinguish ore-rich from ore-poor magmas.
This also suggests that other factors such as the magma H30 content are
more important at the deposit scale than the magma oxidation state (e.
g., Richards, 2011).

5.3.2. Apatite REE signature

In contrast to the relative oxidation state of the magmas, an evalu-
ation of the general apatite REE composition of ore-rich and ore-poor
porphyries allows us to distinguish two fields with specific (La/Sm)y
and (Ce/Yb)y signatures (Fig. 11B). As REE are incompatible elements,
and because LREE are more incompatible than HREE, these values allow
to track the relative differentiation of melts. Apatites from the ore-poor
group show a more fractionated REE distribution ((Ce/Yb)y = 1.2-10.7;
median 3.1) with a slight LREE enrichment compared to apatites from
the ore-rich group ((Ce/Yb)y = 1.2 to 7.4; median 2.0). In addition, the
ore-poor apatite show a higher LREE concentrations and MREE deple-
tion with higher (La/Sm)y ratios (0.5 to 2.9; median 1.1) than apatites
from ore-rich porphyries ((La/Sm)y = 0.2 to 2.0; median 0.8). These
findings suggest that the ore-poor porphyries experienced a higher de-
gree of LREE fractionation and therefore, a higher degree of magmatic
differentiation compared to ore-rich porphyries. However, this inter-
pretation is at odds with the fact that Cu is an incompatible element and
should concentrate in the melts the more differentiated from the
parental magma (e.g., Richards 2003). We instead propose that the
apatite trace element composition difference between ore-rich and ore-
poor magmas is controlled by petrogenetic processes such as crystal
fractionation of specific REE-bearing and hydrous or anhydrous mineral
phases in the parental melt (eg., Sha and Chappell, 1999; Sun et al.,
2022; Quan et al., 2023). Indeed, mineral fractionation is known to in-
fluence the concentration of REE and volatiles such as the HyO in re-
sidual magmas which affects the transport of metals and magma
fertility. We explore this possible interpretation in the next section.
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Fig. 11. Apatite Ce vs Eu anomalies and (La/Sm)y vs (Ce/Yb)y ratios plots. Red
and gray dotted lines represent the Mahalanobis contour ellipses with a p-value
= 0.95 showing the data outliers for the ore-rich and ore-poor groups,
respectively.

5.3.3. Fractional crystallization process of porphyry magmas sources

Apatite trace element content (such as Sr, Th, U, and REE) can be
used as a geochemical index to trace the mineral crystallization
sequence involved in the petrogenesis of granitic rocks (Nathwani et al.,
2020; Sun et al., 2022; Quan et al., 2023), which may control the fertility
of porphyritic magmas. Indeed, trace elements composition of apatite
depends on the mineral phases that crystallized before or at the same
time as apatite (e.g., Pan et al., 2016; Nathwani et al., 2020; Zhang et al.,
2020; Sun et al., 2022; Quan et al., 2023). In particular, accessory
minerals such as monazite, allanite, titanite, and zircon can incorporate
REE, U, and Th in their crystalline structure and compete with apatite
during magma crystallization (Sha and Chappell, 1999; Sun et al., 2022
and references therein).

In Buenavista del Cobre, apatite grains from ore-rich and ore-poor
groups, show positive correlation between REE and Th, and between
REE and U (Fig. 12); suggesting the co-crystallization of accessory
minerals that may compete with apatite incorporating these elements
(Sha and Chappell, 1999; Sun et al., 2022 and references therein). The
crystallization of monazite, which could play a role in Th incorporation,
is unlikely because of the calc-alkaline nature of the porphyry magmas,
an unusual environment for monazite crystallization (Sha and Chappell,
1998). Moreover, experimental studies suggest that zircon typically
crystallizes later than apatite during the cooling of continental arc
magmas (e.g., Lee and Bachmann, 2014), limiting the influence of zircon
crystallization on the U and Th composition of apatite. Allanite may also
crystallize at the same time or before apatite, incorporating REE as well
as Th. Actually, the normalized apatite REE patterns of all samples show
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a depletion in La (Fig. 8C-H) and a positive correlation between Th and
total REE composition (Fig. 12), which are consistent with allanite
crystallization (e.g., Cao et al., 2012; Quan et al., 2023). Finally, if
titanite crystallizes before or at the same time as apatite, the composi-
tion of the latter will show a positive correlation between U and total
REE composition (Quan et al., 2023; Fig. 12). Titanite crystallization is
typical of oxidized magmas (Wones, 1989). Our results are thus in
agreement with the relatively high oxidation state expected for the
source of porphyry magmas. However, if crystal fractionation of titanite
and allanite in the parental magma promotes the formation of porphy-
ritic melts (e.g., Cao et al., 2012), it does not have any effect on the
porphyry magmas fertility (both ore-poor and ore-rich porphyries show
titanite and allanite fractionation signature) because it only controls the
REE budget of the magma, which does not affect metal solubility.

In porphyry copper deposits, metal solubility increases with the HyO
content of causative magmas. The initial H2O content of a melt is related
to its origin at deep crustal levels (in the MASH zone; Cloos, 2001;
Richards, 2003 and 2011; Sillitoe, 2010). At shallower crustal levels, in
the parental magma chamber, crystallization of anhydrous minerals
such as plagioclase tends to increase the HyO content of the residual
magma, whereas crystallization of hydrous minerals such as hornblende
removes H,O from the melt (Cloos, 2001; Tosdal and Richards, 2001).
On one hand, when apatite crystallizes from a melt dominated by
plagioclase fractionation, Sr and to a lesser extent LREE tend to be
retained in plagioclase, which induces a large spread in apatite Sr con-
tents (Sha and Chappell, 1999; Belousova, 2001; Pan et al., 2016: Sun
et al., 2022; Quan et al., 2023). On the other hand, hornblende tends to
incorporate MREE, and when apatite crystallizes from a melt dominated
by hornblende fractionation, apatite will exhibit a large spread in the
(La/Sm)y ratios as consequence of MREE depletion (Sun et al., 2022).

In the Buenavista del Cobre porphyritic bodies, apatite commonly
occurs as sub-rounded inclusions within major minerals (quartz, feld-
spars and hornblendes; S1 Fig. 3) suggesting that apatite crystallized at
depth and were transported by the porphyritic melt. If this interpreta-
tion is correct, the apatite chemistry must reflect the petrogenetic pro-
cesses that occurred at depth, and at the origin of the different metal
budgets of the porphyritic magmas. The ore-poor 8-110 Porphyry
yielded apatite showing a hornblende fractionation signature (Fig. 12),
whereas all the apatites from ore-rich porphyry intrusions show Sr
contents and REE patterns indicating plagioclase fractionation (Fig. 12).
This can be explained by the fact that crystallization of hydrated mineral
phases such as hornblendes at depth results in a low-fluid content re-
sidual melt, lowering the potential of magmatic-hydrothermal activity
and inhibiting metal mobilization, fluid exsolution and mineralization at
shallow crustal levels (Fig. 13). In contrast, crystallization at depth of
anhydrous mineral phases such as plagioclase increases the fluid content
of the residual melt, which in turn increases metal mobilization and
promotes high-grade mineralization in hydrothermal systems at shal-
lower crustal levels (Fig. 13). Thus, we interpret that in the Buenavista
del Cobre deposit the ore-poor and ore-rich porphyry magmas are the
product of parental magmas in which hornblende and plagioclase
crystallized, respectively.

5.3.4. Apatite Cl content

The Cl content of the porphyry magmas is often used to assess their
fertility because Cl forms complexes with metals such as Cu and de-
termines the metal transport capacity of magmas and hydrothermal
fluids (e.g., Shinohara, 1994; Williams et al., 1995; Chelle-Michou and
Chiaradia, 2017). Apatite can record the volatile content of magmas due
to its ability to incorporate elements such as Cl, S and F (e.g., Sha and
Chappell, 1999). Figure 9 shows the variation in apatite chlorine content
of the different porphyry intrusions at the Buenavista del Cobre deposit.
During the first fertile stage of Cu-Mo mineralization, the La Colorada
and the 755 ore-rich porphyries have slightly high apatite Cl (median =
0.4 wt%) concentrations (Fig. 9). Subsequently, the ore-poor 8-110
Porphyry emplacement is associated with a slightly lower apatite Cl
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Fig. 12. Different plots used to track the fractionation of different mineral phases that compete with apatite for trace element incorporation (REE composition, (La/
Sm)y ratios, Sr, U and Th concentrations). Abbreviations: Aln = alanite; Ttn = titanite.

concentrations (median = 0.2 wt%). The apatite Cl concentration in-
creases again (median = 0.4 wt%) with the emplacement of the El Galo
ore-rich Porphyry. These results show that apatite from the ore-rich
porphyries have slightly higher magmatic Cl-contents than those from
the ore-poor porphyries. This observation highlights the importance of
magmatic chlorine content as an important factor in the magma fertility
and in the development of an ore-rich porphyry intrusion.

5.4. Genetic model of the Buenavista del Cobre deposit

Based on cross-cutting relationships, zircon U-Pb geochronology and
apatite geochemistry, we propose that the mineralization of Buenavista
del Cobre deposit is the result of the emplacement of several porphyry
intrusions within a period of at least 4 Ma (Fig. 14). Apatite geochem-
istry indicate that ore-poor and ore-rich porphyry intrusions record a
different magmatic evolution. Indeed, all porphyry intrusions share
similar magmatic oxidation states (as shown by the overlapping of
apatite Eu and Ce anomalies; Fig. 11A) but exhibit differences in
emplacement time, and apatite Sr and REE signatures (Fig. 11B and 12).
We propose that these characteristics reflects changing petrogenetic
processes through time.

The porphyry intrusions sequence probably began with the
emplacement of the ore-poor Feldspar Porphyry at 59.7 + 0.5/1.1 Ma
(Fig. 14). Despite the lack of apatite in this porphyry because of acid
alteration, we speculate that the injection of a hot, hydrous (>5.5 wt%
H,0) mafic magma into the upper crust during the early stages of the
magmatic system may have promoted the crystallization of high tem-
perature hydrated minerals as hornblendes in the absence of plagioclase
fractionation, which crystallizes at lower temperatures (e.g., Loucks,

2014; Fig. 14). As previously discussed, this process can remove some of
the HoO volume (retained in the crystals) of the residual magma,
resulting in a subsequent ore-poor porphyry intrusion. In porphyry
copper systems, it is common for the early porphyry intrusions to be
poorly mineralized and for the well-mineralized porphyries to develop
at later stages of the magmatic evolution (e.g., El Salvador; Gustafson
and Hunt, 1975; Lee et al., 2017).

At Buenavista del Cobre, we suspect that as the temperature of the
parental magma (Tinaja-Cuitaca Batholith) decreases with inward
crystallization and magma differentiation in a closed system, there was a
change in magma composition towards a more evolved composition,
leading to plagioclase fractionation (Fig. 14). As plagioclase is an
anhydrous mineral, this process allowed fluid exsolution and accumu-
lation in the residual magma. At high temperature and pressure Cu is
soluble in the fluid phase (Williams et al., 1995), as a result, porphyry
copper melts issued from plagioclase-dominated fractional crystalliza-
tion tend to produce ore-rich porphyry intrusions. Cross-cutting re-
lationships indicate that a period of Cu-Mo fertility began after the
emplacement of the Feldspar Porphyry, associated with the emplace-
ment of the ore-rich La Colorada Porphyry at 58.9 + 0.5/1.0 Ma
(Fig. 14). In addition, the ore-rich 755 Porphyry probably represent
another magmatic pulse with an emplacement age of 57.5 + 0.2/0.9 Ma
as this crystallization age does not overlap with the mineralization age
of the La Colorada breccia pipe (Fig. 10). Apatite geochemistry in both
intrusions indicates plagioclase fractionation, which explains their ore-
rich character (Fig. 14). Moreover, anhydrous mineral fractionation
can promote HyO but also a volatile content increase in the residual
magma. This is evidenced by the high apatite Cl content of the La Col-
orada and 755 porphyry intrusions (Fig. 9). As these ore-rich porphyries
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and promoting the formation of an ore-poor porphyry. When plagioclase, which preferentially incorporates Sr, crystallizes at the same time as apatite, the latter show
a wide range in their Sr content (#[Sr]). As plagioclase is an anhydrous mineral, its crystallization leads to a H,O content increase and favors Cu solubility in the
residual melt leading to the formation of ore-rich porphyry magmas. Note that in this model, apatite crystals crystallized at depth and are transported to shallower
crustal levels at the time of the porphyry emplacement (as indicated by the occurrence of apatite as sub-rounded inclusions in the major minerals of the por-

phyry rocks).

are not separated by a known ore-poor porphyry, we consider that their
emplacement time correspond to a long period of Cu-Mo productivity at
the Buenavista del Cobre deposit (Fig. 14). Interestingly, at the Mar-
iquita porphyry copper deposit (Fig. 1) which has estimated resources of
about 58 Mt of Cu at 0.4-0.6 % (Aponte-Barrera, 2009), the age of
mineralization has been constrained by two Re-Os molybdenite ages
between 59.2 + 0.3 Ma and 59.3 + 0.3 Ma (Del Rio-Salas et al., 2017).
These mineralization ages are in good agreement with the timing of the
mineralization (~59 Ma) associated with the La Colorada porphyry
emplacement and suggest a productive period of Cu-Mo mineralization
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at the batholitic scale.

At 56.5 + 0.3/0.9 Ma, the ore-poor 8-110 Porphyry was emplaced.
This intrusion is characterized by an apatite geochemical signature
indicating hornblende fractionation at depth (Fig. 12). Moreover, the
low CI content of apatite in this intrusion (Fig. 9) is in good agreement
with its ore-poor character as a low-Cl magma composition implies a
limited metal transport capacity in the exsolved fluids as there are less
chlorine complexes available (Shinohara, 1994; Williams et al., 1995).
We thus propose that the 8-110 intrusion followed a magmatic recharge
of the batholith (and probably magma mixing?) at ~ 57 Ma, and the
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Fig. 14. Petrogenetic model for the formation of the Buenavista del Cobre porphyry copper deposit. A first magmatic cycle involving hornblende partial crystal-
lization followed by plagioclase partial crystallization produced a sequence of ore-poor and ore-rich porphyry intrusions represented by the Feldspar Porphyry (FP),
and La Colorada (LC) and 755 porphyries, respectively. A magmatic recharge of the batholith at ca. 57 Ma triggered a new sequence of ore-poor followed by ore-rich
porphyries intrusions corresponding to the 8-110 Porphyry and El Galo Porphyry (EG), respectively. The end of the magmatic-hydrothermal system is marked by the
emplacement of the ore-poor Coarse-grained Porphyry (CG), the scarce sulfide mineralization in this intrusion reflecting the fluids and metals exhaustion at the end

of the magmatic cycle.

beginning of a new magmatic cycle (Fig. 14). This recharge triggered the
resumption of hornblende crystallization at depth. After a period of
fractional crystallization from which the 8-110 ore-poor Porphyry was
produced, a new period of Cu-Mo productivity began when the evolving
batholithic magma composition allowed plagioclase fractionation.
Increased HoO exsolution triggered the emplacement of the ore-rich El
Galo Porphyry at 56.1 & 0.2/0.9 Ma (Fig. 14), characterized by apatite
with relatively high Cl content (Fig. 9). We propose that the end of the
magmatic-hydrothermal system is marked by the emplacement of the
ore-poor Coarse-grained Porphyry (Fig. 14). We interpret the absence of
Cu mineralization associated with the emplacement of this intrusion as
reflecting the fluids and metals exhaustion at the end of the magmatic
cycle (Fig. 14).

6. Conclusions

The Buenavista del Cobre porphyry Cu-Mo deposit is the result of the
superposition of multiple magmatic-hydrothermal pulses over a period
of at least 4 Ma. The proposed genetic model involves two cycles of
supply, cooling and partial crystallization of the parental magma of the
porphyry intrusions and gives new insights on the petrogenetic pro-
cesses at the origin of porphyry magma fertility. Fractional crystalliza-
tion process of the parental magma influences the fertility of the
porphyry magmas, resulting in the formation of ore-rich or ore-poor
porphyry intrusions. The evolution of the parental melt by fractional
crystallization of plagioclase increases the HyO content of the residual
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magma resulting in the formation of ore-rich porphyritic intrusions. In
contrast, hornblende fractionation leads to the formation of ore-poor
porphyritic intrusions.

The variations of apatite REE signatures (such as (Ce/Yb)y and (La/
Sm)y ratios) and trace element composition (such as Sr and Cl, U and Th)
can be used to track petrogenetic processes involved in the formation of
an economic porphyry copper deposit. This contribution further sup-
ports that petrogenetic processes controlling porphyry copper magmas
fertility are recorded in the composition of apatite at a deposit scale and
highlights the importance of considering apatite geochemistry as an
exploration tool.

In addition, the recognition of the Cananea granite below the
present-day pit at Buenavista del Cobre deposit indicates that the skarn
Zn-Cu mineralization hosted in the Paleozoic sequence might be present
below the Mesa and Henrietta Formations in the eastern part of the
deposit. Finally, the confirmation of the presence of the Cordilleran
Jurassic magmatic arc at Cananea latitudes increases the possibility of
finding undiscovered Jurassic magmatic-hydrothermal systems in the
Cananea Mining District.
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