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Abstract. Copper Creek is an unusual porphyry Cu-Mo 
district characterized by early halo style veining and 
magmatic cupola style mineralization overprinted by 
abundant hydrothermal breccias. The latter commonly 
contain high-grade mineralization. Massive sulphide 
bodies interpreted as silica-replacive intermediate 
sulphidation mineralization occur locally as well. Breccias 
are dominantly crackle or jigsaw fit breccias with sulphide 
cement and sericite +/- kaolinite alteration. They probably 
didn’t breach the surface during emplacement. 
The mineralization is largely hosted by the 62 Ma Copper 
Creek batholith and 63 Ma Glory Hole volcanics emplaced 
in a NW trending Laramide thrust fault system, later 
reactivated during Basin and Range extension. While 
breccias and porphyry intrusions followed this principal 
NW orientation, a prominent array of steeply dipping E to 
ENE oriented as well as shallowly west dipping 
extensional veins controlled early halo style porphyry 
mineralization.  
Mineralization styles and cross-cutting relationships 
suggest that early halo-style porphyry mineralization took 
place at approximately 5-6 km crustal depth followed by 
rapid exhumation which facilitated the emplacement of 
hydrothermal breccias. Thus, the mineral system was 
emplaced at a time of an important tectonic transition.   
 
1 Introduction  

Copper Creek in Arizona is one of the largest 
undeveloped copper deposits in the prolific 
Laramide copper province of Southwestern US and 
northern Mexico, with 422 million tons of 0.48% Cu 
equivalent measured and indicated resource (Fig. 1: 
Faraday Copper news release May 3rd 2022).   

Mineralization styles differ from those in other 
deposits in the region and from the classic porphyry 
model. Early halo style porphyry veins (e.g., Proffett, 
2009), are dominant whereas A and B-type veins are 
comparatively rare. In addition, the district is known 
for widespread breccia hosted mineralization, with 
recently identified massive sulphide mineralized 
zones consisting of chalcopyrite, bornite and pyrite. 
This paper summarizes the current understanding of 
the geology and mineralization of this district. 

 
Figure 1. Location of Copper Creek, relative to other 
major porphyry copper deposits and prospects in 
southern Arizona.  
 
1.1. Exploration and Mining History 

Small scale mining in the district occurred 
intermittently between 1861 and 1982 with 
approximately 300,000 t of ore produced from the 
Old Reliable and Childs-Aldwinkle mines in the early 
20th century.  

More than 200 km of drilling was carried out in the 
district, the bulk of it between the mid-1990s and 
2015. Exploration including drilling resumed after 7 
years of minimal activity in late 2021 when the new 
Management of Faraday Copper Corp. took over the 
project. 
 
2. Geology of Copper Creek 

The Copper Creek deposit is in the Galiuro 
mountains in southern Arizona, approximately 20 km 
NE of the historic San Manuel mine at the 
intersection of two major trends of porphyry copper 
deposits (Fig. 1).  

Mineralization at Copper Creek is largely hosted 
by the Palaeocene (~62 Ma) Copper Creek batholith 
which intruded Palaeocene Glory Hole volcanics 
(~63 Ma) and Proterozoic to Palaeozoic sedimentary 
rocks (Fig. 2). The Copper Creek batholith is 
compositionally zoned and contains a shallowly west 
dipping monzogranite domain at depth and a dioritic 
border phase (Fig. 3), with the bulk being of 
granodioritic composition. Four main types of 
granodiorite to quartz diorite porphyry dykes and 
plugs have been recognized; these largely intruded 
before and during mineralisation (cf., Riedell et al. 
2013).  

Hydrothermal breccias crosscut both the batholith 
and Glory Hole volcanics. The Oligocene Galiuro 
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volcanics cover the Copper Creek batholith and 
Glory Hole volcanics.  
The Copper Creek batholith, porphyries and 
breccias were emplaced in the hanging wall of the 
NW trending Holy Joe thrust fault (Favorito and 
Seedorff, 2018) and parallel, related structures. 
Over 400 mapped breccias form two prominent NW-
aligned trends: the Western and Eastern breccia 
trends, the latter containing the bulk of the resource 
(Fig. 2) but only 17 of the mapped breccias have 
been sufficiently drilled to be included in the current 
mineral resource estimate. 
The Western breccia trend is characterized by 
widespread argillic and locally advanced argillic 
alteration and widespread occurrence of tourmaline, 
whereas alteration in the Eastern breccia trend is 
more confined and dominated by quartz-sericite +/- 
kaolinite. 
 

 
Figure 2: Geology, structural architecture, and 
distribution of breccias in the copper Creek district. 
Dashed line in the resource area indicates 
approximate section trace for Figure 3. 
 
The thrust faults were variably reactivated as 
extensional faults during Miocene Basin and Range 
extension leading to more exhumation in the 
Eastern, compared to the Western breccia trend, 
which also explains the more mature stage of 
exploration in the eastern trend with ~90% of the 
historic drilling focused there. 
 
3. Alteration and Mineralization  

The mineralization can be subdivided into an early 
porphyry stage overprinted by breccia-hosted 
mineralization. Supergene oxidation and secondary 
sulphide enrichment are relatively minor but 
occurred within the uppermost 10-40 m. 

The bulk of the porphyry stage mineralization is 
hosted by early halo veins in the American Eagle 
zone (Fig. 3, 4) above the monzogranite domain, 
i.e., 500 to 1100 m below present surface. Two 
dominant vein orientations are recognized: steeply 
dipping E to NE striking extensional veins crosscut 
shallowly west to southwest dipping extensional 
veins. Sulphides are vertically zoned from 

pyrite>chalcopyrite to chalcopyrite to bornite-
chalcopyrite. Mineralization hosted by miarolitic 
cavities and coarse quartz +/- K-feldspar veins, 
interpreted as a variation of unidirectional 
solidification textures (UST’s) is important in some 
areas such as in the Keel zone.   
 

Figure 3: Long section through the American Eagle 
and Keel zone, showing the batholith zonation and 
copper mineralization concentrated above the 
monzogranite domain. 
 

 
Figure 4: Examples of early-stage mineralization 
styles: A) miarolitic cavity with central bornite infill 
surrounded by K-feldspar: Keel cupola zone; B) 
Early halo vein cutting granodiorite with finely 
disseminated chalcopyrite with muscovite-biotite 
and K-feldspar alteration in halo: American Eagle 
zone. 
 

Alteration is overall subtle during the first stage of 
mineralization and is characterized by biotite, 
muscovite and K-feldspar in the early halo veins with 
localized zones of K-feldspar flooding as well as 
secondary biotite.  
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Breccia-hosted mineralization occurs dominantly 
as sulphide cement to crackle and jigsaw fit breccias 
without appreciable clastic matrix (Fig. 5). The 
breccias have not experienced significant clast 
rounding or milling and are not thought to have 
breached the surface at the time of formation.  
 

 
 

Figure 5: Examples of late-stage mineralization 
styles: A) Glory Hole breccia with pyrite-chalcopyrite 
cementing angular, sericite-kaolinite altered clasts. 
B) Massive chalcopyrite-bornite-pyrite 
mineralization from Copper Prince. The overall zone 
has 10.83% Cu over 15 m. 

 
Alteration associated with mineralized breccias is 

quartz-sericite +/- kaolinite. Breccias can be 
vertically extensive with up to 1430 m of known 
vertical extent in the Keel-Mammoth zone (see also 
Andersson et al. 2009) but are only few 100 m 
across. The Mammoth breccia is the largest known 
breccia body. It reaches within 30 m of present-day 
surface but does not crop out (Andersson et al. 
2009) and recent drilling suggests that it overprints 
earlier cupola style mineralization in the Keel zone 
over 1000 m below surface.  

During Faraday’s phase II drilling program, a 
zone of massive sulphide mineralization (15 m @ 
10.83% Cu, 55.6 g/t Ag and 1.65 g/t Au; Fig. 5) was 
discovered approximately 200 m below surface near 
the Copper Prince breccia. Sulphides in this zone 
are dominantly chalcopyrite with variable amounts of 
pyrite and bornite and are spatially associated with 
highly crystalline kaolinite and sericite alteration. 
This zone contains the highest gold grades known 
from the Copper Creek district.  
 
3.1 Mine plan 

Approximately one third of the measured and 
indicated resource is hosted in high-grade breccias 
and occurs near the surface, whereas the remainder 
occurs as porphyry style and magmatic cupola style 
mineralization 500-1100 m below surface. This 
distribution of the mineralized resource lends itself to 
an initial open pit mine plan followed by the 
development of an underground block caving 
operation.   
 

4. Discussion and Conclusions 

Mineralization at Copper Creek was emplaced 
immediately after Laramide orogeny and was 
controlled by a significant NW striking thrust fault. 
This setting is consistent with porphyry deposits 
elsewhere, including the Central Andes (e.g., 
Mpodozis and Cornejo, 2012). Both, the distribution 
of breccias and vein orientations can be explained 
by this setting, with early subhorizontal veining 
forming during thrusting and E to NE oriented 
steeply dipping extensional veins explained by 
extension normal to the orogen following 
compressional deformation. Breccias were 
emplaced in the hanging wall of the orogen parallel 
thrust faults.  

Reactivation of thrust faults as normal faults during 
Neogene basin and range extension led to the 
preservation of shallow portions of the mineral 
system, including epithermal alteration assemblages 
in the Western- compared to the Eastern Breccia 
trend.  

Early halo vein hosted mineralization is interpreted 
to reflect relatively deep crustal emplacement of 
porphyry mineralization at approximately 5-6 km 
crustal depth (e.g., Proffett, 2009). Conversely, 
hydrothermal brecciation occurs above magmatic 
cupolas where fluid pressure is sufficient to 
overcome confining lithostatic pressure which would 
be facilitated at shallower crustal depths. However, 
there is no evidence that any of these breccias 
breached the surface at the time of emplacement. 
Nevertheless, the cross-cutting relationships 
suggest that the Copper Creek mineral system 
experienced a period of rapid exhumation 
accompanied by breccia emplacement following the 
emplacement of Early Halo vein hosted 
mineralization. This interpretation is also consistent 
with the structural observations from the district 
which suggest that mineralization was emplaced 
following Laramide orogeny during a time of tectonic 
relaxation.  

The processes forming massive sulphide zones at 
Copper Prince are interpreted to be somewhat 
similar to some of those described from Bor, Serbia 
(Klimentyeva et al. 2021). There, they have been 
explained as silicate-replacive orebodies resulting 
from a high-sulphidation overprint on earlier 
porphyry Cu-Au mineralization. Due to their limited 
size, such massive sulphide zones can be 
challenging to explore for, but the exceptional grades 
make them a worthwhile exploration objective at 
Copper Creek.  
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Abstract. Porphyry copper deposits have been widely 
studied; however, it is still unclear why some systems are 
fertile while others are not. This work explores this 
question by studying igneous rocks associated with the 
world’s largest and third largest copper deposits, the Rio 
Blanco and El Teniente Cu deposits, located in Central 
Chile, with special emphasis on the role that sulphide 
saturation plays in magma fertility. We provide new whole-
rock, major and trace elements data, including platinum 
group elements from intrusions related to these deposits. 
The results show that the Rio Blanco and El Teniente 
magmatic systems reached sulphide saturation early in 
their evolution. This depleted the magma in Au, relative to 
Cu, leading to the formation of Cu-dominated deposits. It 
is concluded that the timing of sulphide saturation did not 
play a key role in the formation of these deposits because 
early sulphide saturation did not prevent their formation. 
Instead, we argue that other factors such as the small 
amount of sulphide melt to precipitate from the magma 
and the enormous size of the magma chamber, were 
responsible for the formation of these supergiant deposits. 
 
 
1 Introduction  

There are several factors that affect the ability of 
magmas to form a porphyry deposit, such as: the 
tectonic setting; the depth of magma emplacement; 
the duration of the magmatic activity; the metal and 
water content and oxidation state of the magma; 
among others (e.g. Richards 2003, 2013; Cooke et 
al. 2005; Audétat and Simon 2012; Wilkinson 2013). 
Although it is usually the combination and 
optimization of all these processes that lead to the 
formation of economic porphyries (Richards, 2003, 
2013), this study focuses on the role that the timing 
of sulphide saturation plays in magma fertility. 
Previous studies (e.g. Park et al. 2013, 2019; Cocker 
et al. 2015; Hao et al. 2017; Lowczak et al. 2018) 
have shown that the Platinum Group Elements 
(PGE) can be used to identify the onset of sulphide 
saturation because they have a strong affinity for 
immiscible sulphide melts during magmatic 
differentiation. It has been suggested that if sulphide 
saturation occurs early in the magmatic evolution, 
chalcophile elements, including Cu and Au, will be 
trapped in the magma chamber and, therefore, will 
not be available to enter the fluid phase when volatile 
exsolution occurs, which will prevent the formation of 
an economic deposit (Hamlyn et al. 1985; Park et al. 
2013; Cocker et al. 2015; Hao et al. 2017).  
This study evaluates the role that the timing of 
sulphide saturation plays in copper-gold magma 
fertility in the Andes of Central Chile, where the 

world’s largest copper reserves are found. For this, 
we have studied igneous rocks associated with the 
Rio Blanco and El Teniente porphyry copper 
deposits. We present new whole-rock geochemistry 
for the intrusions from these deposits, including 
whole-rock major and trace elements 
concentrations, with an emphasis on the PGE. 
 
2 Geological setting 

The Rio Blanco and El Teniente porphyry copper 
deposits are located in the Main Cordillera of the 
Andes of central Chile (Fig. 1). They contain the 
largest and third largest known concentration of 
copper in the world, each of them containing more 
than 100 Mt of this metal (Mudd and Jowitt 2018). 
Molybdenum is an important by-product.  
 

 
Figure 1. Simplified regional geologic map of the Late 
Tertiary magmatic belt of Central Chile (Serrano et al. 
1996 in Deckart et al. 2005). 
 
These deposits are part of the Miocene-Pliocene 
metallogenic belt of Central Chile (Maksaev et al. 
2004). This belt coincides with the position of the 
Miocene volcanic centres (Fig. 1), which comprises 
volcanic and volcaniclastic rocks of the Farellones 
and Abanico formations (Maksaev et al. 2004). Both 
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units are intruded by late Miocene to early Pliocene 
plutons (Fig. 1), the late stages of which are 
temporally and spatially related to the Cu-Mo 
mineralization (Cannell et al. 2005; Stern et al. 2011; 
Mpodozis and Cornejo 2012). 
At the Rio Blanco-Los Bronces District, the San 
Francisco Batholith was emplaced between 16.4 ± 
0.2 and 8.16 ± 0.45 Ma (Warnaars et al. 1985; 
Deckart et al. 2005; Toro et al. 2012). The Cu-Mo 
endowment is hosted in porphyry stocks and breccia 
pipes that formed between 8.36 ± 0.06 Ma and 4.87 
± 0.02 Ma (Toro et al. 2012; Deckart et al. 2014). The 
magmatic activity ended with the emplacement of 
the post-mineralization La Copa Volcanic Complex 
at 4.92 ± 0.1 to 4.31 ± 0.05 Ma (Warnaars et al. 1985; 
Deckart et al. 2005; Toro et al. 2012).  
The magmatism at El Teniente includes a large pre-
mineral intrusive complex that includes the El 
Teniente Mafic Complex, emplaced at 8.9 ± 1.4 Ma 
(Stern et al. 2011), and the Sewell Tonalite, which 
formed between 7.4 ± 1.5 Ma and 6.15 ± 0.08 Ma 
(Cuadra 1986; Maksaev et al. 2004). Several felsic 
intrusions, linked to the mineralization were 
emplaced between 6.46 and 4.82 Ma (Mpodozis and 
Cornejo 2012). The formation of post-mineralization 
lamprophyre dikes at 3.85 ± 0.18 Ma (Maksaev et al. 
2004) mark the last magmatic pulse in the district 
(Cuadra 1986).  
This long magmatic history and wide range of 
compositions make these deposits ideal cases to 
study the role of the timing of sulphide saturation in 
the formation of porphyry copper deposits. 
 
3 Samples and methods 

A total of fifty-eight drill-core samples from both 
deposits were collected with the support of the 
Andina and El Teniente divisions of CODELCO, and 
Exploraciones Mineras Andinas (EMSA). The 
samples were selected to cover the widest possible 
range of compositions and to avoid areas with 
strong hydrothermal alteration. They include the 
different lithologies recognized in the pre-
mineralization and ore-related porphyritic intrusions. 
In addition, three samples of hydrothermal veins 
from Rio Blanco were also studied.  

The samples were prepared for chemical 
analyses at the Research School of Earth Sciences 
(RSES) of the Australian National University (ANU). 
Approximately 1 kg of sample was crushed and 
~200g was milled to the consistency of flour. Major 
elements were measured by XRF with sample 
digestion by lithium tetraborate fusion at Intertek 
Laboratories (Perth, Australia). Trace elements 
were analysed on lithium tetraborate fused samples 
and quantified by Laser Ablation Inductively 
Coupled Plasma Mass Spectrometry (LA-ICP-MS) 
at RSES-ANU.  

The concentrations of PGE, Re and Au were 
determined using the Ni-sulphide fire assay, isotope 
dilution method (NiS-FA-ID) described by Park et al. 
(2012), which allows the determination of PGE at 
ultra-low concentrations (pg/g levels). For the 

measurements, two quadrupole ICP-MS systems 
were used: An Agilent 7700x and a ThermoFisher 
iCap RQ, both at RSES-ANU. Duplicate analyses, 
procedural blanks and the reference material TDB-
1 (CANMET diabase) were analysed in each 
analytical session to assess heterogeneity, 
contamination, accuracy and precision. The method 
detection limits (MDL) were calculated as half the 
difference between the highest and lowest values of 
the laboratory historical procedural blanks.  

 
4 Results and discussions 

4.1 Major and trace element geochemistry  

The samples have different degrees of 
differentiation with compositions that range from 
basalt to rhyolite. The MgO contents in the samples 
range from 2.83 to 0.42 wt.% for Rio Blanco and 
from 5.63 to 0.62 wt.% for El Teniente. 
The general coherence between the geochemical 
data and particularly, the sub-parallel rare earth 
elements (REE) and multi-incompatible elements 
patterns, indicate that the pre-mineralization and the 
porphyritic intrusions are co-genetic for each 
deposit. Although there is considerable scatter in the 
data, the concentrations of most of the major and 
trace elements vary continuously with decreasing 
MgO wt.%, which suggests that fractional 
crystallization dominated the observed variations. 
 
4.2 PGE, Re and Au geochemistry  

Most of the Ir, Rh and Ru contents of the samples 
are close to or below detection limits (b.d.l.) and for 
this reason, will not be discussed further. The Pd 
and Pt abundances in the Rio Blanco samples do 
not show any clear trend with decreasing MgO until 
~1.4 wt.%, when the Pd and Pt values fall with 
decreasing MgO. Rhenium and Au concentrations 
in these samples are scattered, and they do not 
exhibit a clear trend. Although some scatter, at El 
Teniente District there is an overall decrease in the 
concentrations of Pt, Pd, Re and Au with decreasing 
MgO in the high MgO pre-mineralization intrusions, 
which suggests that sulphide saturation occurred 
early in the El Teniente magmatic system.  
Figure 2 compares the variations in Pd and Pt in the 
Rio Blanco and El Teniente samples as a function of 
MgO with samples from Pual-Ridge and Niuatahi-
Motutahi oceanic arc lavas (Park et al. 2013, 2015); 
the intrusions related to El Abra (Cocker et al. 2015) 
and Escondida (Hao et al. 2019) porphyry copper 
deposits and the Sanim and Sanyo-Ryoke barren 
suites (Park et al. 2019). The Rio Blanco and El 
Teniente intrusions show Pd and Pt concentrations 
that are about one order of magnitude lower than 
pre-sulphide saturation samples from Pual-Ridge 
and Niuatahi-Motutahi lavas but are similar to the 
post-sulphide saturation samples from the same 
locations. We interpret this to indicate that sulphide 
saturation occurred early in the Rio Blanco and El 
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Teniente magmatic systems, which caused an 
overall decrease in the PGE content of the magma.  
 

 
Figure 2. (a) Pd and (b) Pt versus MgO for the Rio Blanco 
and El Teniente intrusions (this study) compared to 
Escondida, (Hao et al. 2019) and El Abra (Cocker et al. 
2015) porphyry copper deposits; the Pual Ridge and 
Niuatahi-Motutahi (Park et al. 2013, 2015) Cu-Au lavas; 
and the Sanin and Sanyo-Ryoke barren suites  (Park et al. 
2019). The Pd-Pt line trends are from the cited authors. 
 
Sulphides cumulates also sequester Au and Cu, but 
their partition coefficients into sulphide melts are 
about one and two orders of magnitude lower than 
Pd and Pt (Mungall and Brenan 2014), respectively. 
Elements with lower partition coefficients will enter 
the immiscible sulphide melt at a lower rate. We 
suggest that the low Au content of the Rio Blanco 
and El Teniente ores are due to this element being 
sequestered by cumulus sulphides in a putative 
lower magma chamber. Here, Au remains trapped, 
and inaccessible to the ore-fluids that exsolve from 
upper crustal magma systems.   
 
4.3 Implications for ore-forming processes 

Previous studies have suggested that the timing of 
sulphide saturation relative to volatile exsolution, 
together with the amount of sulphide that separates 
from the melt, can play a critical role in determining 
the fertility of felsic magma systems (Park et al. 
2015, 2019; Cocker et al. 2015; Hao et al. 2017; 
Lowczak et al. 2018). Here we have interpreted the 
Rio Blanco and El Teniente magmatic systems to 
have reached early sulphide saturation, before the 
MgO content of the magma had fallen to 3 and 6 
wt.% MgO, respectively, in a deep, unexposed lower 
magma chamber. Although the Rio Blanco and El 
Teniente magmatic system experienced early 

sulphide saturation, which must have resulted in a 
large fraction of the Cu being locked in the 
cumulates of the lower crustal magma chamber, this 
has not prevented the formation of two of world’s 
largest copper deposits.  
One possibility is that the amount of sulphide to 
precipitate from the melt was small, so it had little 
effect on the concentration of copper in the melt, due 
to its low partition coefficient in sulphide melts 
compared to Pd and Au. We suggest that early 
sulphide saturation caused an important depletion in 
the Pd and Au content of the residual melt, but it did 
not cause an important decrease in the Cu content 
due to its lower partition coefficient into immiscible 
sulphide melts compared to Pd and Au (Mungall and 
Brenan 2014; Cocker et al. 2015). Then, by the time 
that the evolving melt reached volatile exsolution, 
the magma still contained enough Cu to form a 
porphyry deposit. Furthermore, the significant 
decrease in the Au content of the magma compared 
to Cu is likely to have been responsible for the 
formation of a Cu-dominated porphyry deposit, 
rather than a Cu-Au one.  
Although several factors may have contributed to the 
formation of these supergiant porphyry copper 
deposits, we suggest that the size of the magma 
chamber and its long duration were the most 
important. Assuming a magma that contains 50 ppm 
of Cu, a minimum of 1,400 km3 and 761 km3 are 
required to produce the ~184 and 100 Mt of Cu in 
the Rio Blanco and El Teniente deposits, 
respectively. However, this back-of-the-envelope 
calculation assumes that Cu was extracted with 
100% efficiency, which is highly unlikely. A more 
realistic minimum volume is ten times this or 14,000 
and 7,610 km3 respectively for each of the ore 
systems. Although we cannot calculate the exact 
size of the magma chamber that produced these 
deposits, it is clear that it was enormous. 
 
5 Conclusions 

The results from this study show that the magmas 
that produced the pre-mineralization and ore-related 
porphyries at the Rio Blanco and El Teniente 
deposits are co-magmatic. The overall low 
concentrations of PGE show that the Rio Blanco and 
El Teniente magmatic systems reached sulphide 
saturation at an early stage of their evolution, before 
their MgO content fell to 2.8 and 5.7 wt.% MgO, 
respectively. We interpret this to have occurred in a 
deep and unexposed lower magma chamber, where 
the sulphide cumulates trapped a significant 
proportion of the PGE, Au and Cu content in the 
magma. Gold was more affected than Cu due to its 
higher partition coefficient in sulphide melts, which 
explains why the Rio Blanco and El Teniente are Cu-
dominant deposits with little Au. 
The results from our study show that early sulphide 
saturation did not prevent the formation of the Rio 
Blanco and El Teniente deposits and therefore, we 
conclude that the timing of sulphide saturation did 
not play a key role in the formation of the supergiant 
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porphyry copper deposits in Central Chile. We 
propose that there are other factors controlled the 
formation of these deposits, including the small 
amount of sulphide melt that formed, the large size 
of the magma chamber and the long duration of the 
magmatic activity.  
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Abstract. The Santa María and Antares Zn-Pb skarn 
deposits from the Velardeña mining district are located in 
central-NW Mexico. They lie 470 m apart from each other 
along the contact between Oligocene felsic bodies and 
Cretaceous limestones. The prograde stage in these 
systems was promoted by fluids at ~600 °C and 15 wt. % 
NaCl equiv., and was dominated by garnet-
wollastonite±vesuvianite±clinopyroxene and biotite±K-
feldspar±magnetite assemblages. The retrograde stage 
formed by fluids around 400 °C and ~20-50 wt. % NaCl 
equiv., is characterized by chlorite-amphibole-epidote-
calcite-quartz-sericite-adularia-fluorite-muscovite along 
with sphalerite-pyrite-galena-pyrrhotite-arsenopyrite-
chalcopyrite±fahlore±Bi-Sb-sulfosalts assemblages. 
δ18Ocalcite data between 15 and 20 ‰ in Santa María, and 
between 10 and 15 ‰ in Antares show a less-modified 
magmatic affinity for the latter. δ13Ccalcite values between 0 
and -9 ‰ register recycling processes of sedimentary C. 
Moreover, δ34SVCDT values between -3 and 2 ‰ revealed 
a magmatic source for S. Altogether, these data suggest 
that, in Santa María, magmatic-derived fluids actively 
interacted with the wall rocks, which did not occur at 
Antares. In both bodies, ore deposition was triggered by 
cooling and neutralization of the magmatic derived fluids. 
The 40Ar/39Ar ages for adularia at ~37.5 Ma place the 
deposits within the Eocene-early Miocene metallogenetic 
epoch of central-NW Mexico. 
 
1 Introduction 

Skarn deposits are governed by diverse variables 
that control the evolution and type of mineralization 
—i.e., temperature and depth of formation, nature of 
wall rocks, fO2 – fS2 of involved fluids, and proximity 
to the heat/fluids source (Meinert et al. 2005). 
Sulfide-rich skarn deposits are common in central-
NW Mexico, where silicic flare-ups during the 
Eocene-Oligocene intercepted carbonates units of 
the “Sector Transversal de Parras” (STP; Camprubí 
2013).  

The Zn-Pb±Ag Velardeña Mining District is 
located in Durango state and encompasses the 
Santa María and San Lorenzo ranges (Figure 1A). 
Skarn systems in the Santa María range are present 
along the contact between Cretaceous limestones 
(Cuesta del Cura Formation) and felsic intrusions 
from the Velardeña Intrusive Complex (Figure 1B). 
The combined resource of the Santa María and 
Antares deposits is 8 Mt, grading at 25 g/t Ag, 0.3-
0.6 wt. % Pb, and 5-6 wt. % Zn. 

 
Figure 1. Geological map (A) and cross section (B) 
depicting the Antares and Santa María skarn deposits. 
 

In the present study, we analyzed drill-core 
sample suites from the Antares and Santa María 
bodies through petrography, fluid inclusion studies, 
EPMA mineral chemistries, stable isotope analyses, 
and 40Ar/39Ar geochronology. Our results underpin 
the first comprehensive genetic model for the 
deposits. In addition, these data shed new light on 
the processes involved into the development of a 
Zn-Pb skarn system consisting of orebodies with 
distinct features. The orebodies at Antares are 
associated with a “typical” stock, whereas those at 
Santa María are the result of a smaller “satellite” 
intrusive (Figure 1B). This allows to assess, by 
comparison, two mineralization endmembers 
whose mineralizing fluids show variably modified 
magmatic signals due to interaction with the host 
limestones. Additionally, detailed studies on fluid 
evolution and mineral assemblages revealed 
peculiarities regarding physicochemical conditions 
of the fluids during ore precipitation (e.g., moderate-
high temperature and salinity) —when compared to 
“traditional” Zn-Pb skarns (Chang et al. 2019). 
 
2 Methodology 

A total of 15 drill holes across the Santa María and 
Antares orebodies were provided by Industrias 
Peñoles. Quantitative mineral chemistry analyses 
were performed with a JEOL JXA-8900R electron 
probe micro-analyzer at the Laboratorio de 
Geoquímica y Mineralogía (LANGEM) with as 
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analytical condition: 20KeV, 20nA beam current, 
and 40s acquisition time. 

Carbon and oxygen stable isotopes were 
analyzed in 82 samples of calcite from the wall-
rocks and skarn system. Measurements were 
carried out at the LANGEM using a Thermo 
Finnigan MAT 253 mass spectrometer coupled with 
a Gas Bench II. 

Sulfur isotopes were carried out in 61 pure sulfide 
separates from massive ores and mineralized veins. 
Analyses were performed at the Centres Científics i 
Tecnològics (Universitat de Barcelona) with a Delta 
Plus XP Thermo Fisher mass spectrometer coupled 
with a TC-EA pyrolizer and a Carlo Erba 1108 
elemental analyzer. 

Fluid inclusion studies were carried out in 23 
samples using a microscope coupled with a Linkam 
THMSG 600 stage, available at the LANGEM. 
Salinities were calculated using ice melting 
temperature or, when present, halite dissolution 
temperature following Bodnar (1993). 

Two samples of adularia from the ore stage at 
Santa María were collected for 40Ar/39Ar dating. The 
analyses were performed at the Geochronology 
Laboratory of Oregon State University (OSU) on 
samples that had been previously irradiated at a 
TRIGA CLICIT nuclear reactor available at the 
Radiation Center of the OSU. A FCT-NM (28.201 ± 
0.023 Ma) neutron fluence monitor was employed. 
The ages were obtained using an ARGUS-VI multi-
collector mass spectrometer. Irradiated samples 
were placed in a high-vacuum sample chamber and 
incrementally heated by a 25 W Synrad CO2 laser.  

 
3 Results and discussion 

3.1 Ore and gangue assemblages 

Santa María 
-Exoskarn: The prograde mineralogy consists of 
grossular-andradite, wollastonite, and vesuvianite, 
plus lesser calcite and quartz (Figure 2). The 
retrograde stage obliterates prograde minerals in 
most cases and consist of the following mineral 
assemblages: 1) garnet, tremolite, and calcite; 2) 
sericite, chlorite, calcite, quartz, tremolite, and lesser 
biotite, epidote, and muscovite; 3) actinolite, 
sphalerite, quartz, and pyrite; and 4) sulfides and 
sulfosalts accompanied by chlorite, fluorite, quartz, 
calcite, epidote, tremolite, and muscovite. 

-Endoskarn: The prograde stage consists only of 
local biotitic alteration. In contrast, the retrograde 
stage consists of 1) actinolite, quartz, pyrite, and 
lesser scapolite, followed by 2) 
pseudorhombohedral adularia, fluorite, quartz, 
muscovite, and calcite. The latter assemblage is 
conspicuous and tightly related to ore deposition. 

-Mineralization: Sulfides and sulfosalts formed 
massive replacement zones that obliterate any 
remaining sedimentary or igneous textures. Pyrite 
and sphalerite dominate the ore assemblages and 
coexist with variable amounts of galena, 
arsenopyrite, pyrrhotite, chalcopyrite, tetrahedrite-

hakite-freibergite, lillianite-gustavite, and 
heyrovskýite-eskimoite (Figure 3B-C, E). Fahlore 
and arsenopyrite geothermometry yielded 170-300 
°C and 350-490 °C, respectively (Figure 3D, F). 

 
Figure 2. Paragenetic sequences for both orebodies. 
 
Antares 
-Exoskarn: Prograde assemblages are dominated 
by garnet, clinopyroxene, wollastonite, and 
vesuvianite. In some cases, pyrrhotite and sphalerite 
crystallized during garnet formation, and are 
observed as tiny solid inclusions, rims, or 
intercrystalline fillings. The retrograde event consists 
of actinolite, tremolite, quartz, calcite, epidote, and 
chlorite that accompany the most economically 
important mineralization in the orebody. 

 
Figure 3. Diagrams for garnet-clinopyroxene (A), Bi-Se-
Sb sulfosalts (B), arsenopyrite (C), and fahlores (E). 
Arsenopyrite (D) and fahlore (F) geothermometry. 
 

-Endoskarn: Prograde minerals are grossular-
andradite and diopside with locally pyrrhotite, 
arsenopyrite, and Fe-rich sphalerite. Further, biotite 
and K-feldspar alteration was produced at the end 
of the prograde stage and became more 
widespread during the retrograde stage, which is 
marked by 1) tremolite-actinolite, fluorite, and 



© Society for Geology Applied to Mineral Deposits, 2023 11 

apatite, and 2) muscovite, sericite, prehnite, 
scapolite, and pyrite assemblages.  

-Mineralization: Massive sulfides and minor 
sulfosalts crystallized during two substages: 1) 
pyrrhotite, arsenopyrite, Fe-rich sphalerite, 
chalcopyrite, molybdenite, and 2) arsenopyrite, 
pyrite, galena, and minor pyrrhotite, molybdenite, 
jamesonite, boulangerite, and marcasite (Figure 1B-
C). Arsenopyrite geothermometry yielded 350-450 
°C (Figure 1D). 

 
3.2 Fluid inclusion studies 

Santa María 
-Prograde stage: Secondary L + V fluid inclusions 
hosted in garnet exhibit ice melting temperatures 
(Tmi) averaging -28.9 °C (28.1 wt.% NaCl equiv.). 
The average homogenization temperature (Th) to 
liquid is 437 °C (Figure 4A). 

 
Figure 4. Th vs. salinity plots with evolutionary trends (B). 
 

-Ore stage: primary and pseudosecondary L + V 
fluid inclusion assemblages (FIAs) hosted in 
sphalerite, calcite, quartz, and fluorite from the ore 
stage have eutectic temperatures (Te) between -
120 and -90 °C, suggesting the occurrence of 
methane (confirmed through FT-IR spectroscopy 
analyses). The average Tmi are -19.2 ± 9.4 °C (1σ) 
in FIAs hosted in calcite, -26.5 ± 5.3 °C in sphalerite, 
-22,8 ± 5.8 °C in fluorite, and -38.1 ± 11.9 °C in 
quartz, equivalent to salinities of 21.0 ± 7.5, 26.6 ± 
3.7, 24.0 ± 4.1, and 36.8 ± 10.2 wt. % NaCl equiv., 
respectively. The very low Tmi suggests abundant 
CaCl2 in the salt assemblage, which is also revealed 
by hydrohalite melting temperatures around -50 °C 
approaching the H2O-NaCl-CaCl2 eutectic point (-
51.0 °C). This could also explain the obtained high 
salinities in the absence of daughter halite crystals. 
Homogenization to liquid occurred at 374 ± 7 °C in 
FIAs hosted in calcite, 392 ± 23 °C in sphalerite, 399 
± 36 °C in fluorite, and 431 ± 81 °C in quartz. 
 
Antares 

-Prograde stage: FIAs enclosed in garnet display 
Te around -40.0 °C, thus indicating the occurrence 
of bivalent cation chlorides (i.e., FeCl2 or MgCl2). 
The Tmi range between -16.7 and -11.4 °C (15.4 
and 20.0 wt. % NaCl equiv.), and Th varies between 
595 and 598 °C. However, several fluid inclusions 
remained biphasic at 600 °C. 

-Ore stage: Primary and pseudosecondary FIAs 
in fluorite from the massive ores contain daughter 
halite, sylvite, and two unidentified solids. The Te at 
~-38.4 °C and -100.0 °C suggest the presence of 
MgCl2 or FeCl2 plus NaCl, KCl, and, perhaps, CH4. 
The average Tmi and Th are -16.3 ± 0.2 °C and 416 
± 10 °C, respectively. Halite dissolution occurs at 
~379 °C and sylvite between 195 and 299 °C, 
equivalent to salinities of 45.5 wt. % NaCl equiv. 
 
3.3 C, O, and S stable isotopes 

Santa María 
Limestones display δ18OVSMOW from 18.5 to 19.5 ‰, 
and δ13CVPDB from -3.4 to 0.7 ‰. Calcite from the 
exoskarns has δ18OVSMOW between 14.8 and 18.1 ‰, 
and δ13CVPDB between -6.9 and -3.3 ‰, plotting near 
or within the magmatic fluids box. Marbles show 
δ18OVSMOW between 14.6 and 21.3 ‰, and δ13CVPDB 
between -8.0 and -0.5 ‰ —i.e., mixed signatures 
between limestones and magmatic fluids— similar to 
calcite from massive sulfides (δ18OVSMOW from 14.6 
to 21.1 ‰, and δ13CVPDB from -2.6 to -0.2 ‰). 

δ34SVCDT values range between -3.2 and 1.7 ‰, 
matching those of magmatic S (~0‰; Hoefs, 2009). 
The δ34SVCDT values in arsenopyrite range between 
-2.6 and -0.3 ‰, between -2.8 and 0.5 ‰ in pyrite, 
between -0.7 and -0.2 ‰ in pyrrhotite, between -3.2 
and 1.2 ‰ in sphalerite, at -1.4 ‰ in galena, and at 
-0.4 ‰ in marcasite. 

 
Antares 
Limestones display average δ13CVPDB values at 14.1 
‰ and δ18OVSMOW at -0.3 ‰. Calcite from prograde 
skarns yielded δ18OVSMOW between 9.4 and 15.4 ‰, 
and δ13CVPDB between -7.0 and -0.6 ‰ —that is, 
within the fields of magmatic fluids. Similarly, calcite 
from marble yielded consistent δ18OVSMOW at ~13.1 
‰ and δ13CVPDB between -5.6 and -0.1 ‰, partly 
overlapping the magmatic fluids box. Moreover, 
calcite from massive sulfides yielded δ18OVSMOW 
between 12.2 and 20.1 ‰, and δ13CVPDB between -
8.1 and 0.4 ‰, similar to magmatic fluid signatures. 
Overall, calcites from Antares show lower isotopic 
values than at Santa María, revealing less modified 
magmatic signals. 

δ34SVCDT data range between -2.8 and 1.7 ‰ 
(magmatic S; Hoefs, 2009). δ34SVCDT values in 
arsenopyrite range between -1.5 and -0.6 ‰, 
between -1.4 and 1.2 ‰ in chalcopyrite, between -
0.9 and 1.7 ‰ in galena, between -2.8 and 0.4 ‰ in 
pyrrhotite, between 0.0 and 0.4 ‰ in pyrite, between 
-1.9 and 1.5 ‰ in sphalerite, at -0.4 ‰ in marcasite, 
and at 0.8 ‰ in molybdenite. 
 
3.4 39Ar/40Ar geochronology 

Two samples of pseudorhombohedral adularia from 
the ore stage at Santa María yielded plateau ages 
at 37.48 ± 0.09, 37.62 ± 0.09 and 37.58 ± 0.09 Ma, 
and inverse isochron ages at 37.47 ± 0.13 and 37.64 
± 0.1 Ma. This reveals that the ore event at Santa 
María occurred during the latest Eocene. 
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4 Evolution of the skarn deposits 

The Santa María and Antares Zn-Pb±Ag skarn 
deposits developed during the intrusion of felsic 
subalkaline-alkaline magmas into hypabyssal 
Cretaceous carbonates of the Sector Transversal de 
Parras (STP) during the Eocene-Oligocene. The 
age dates presented in this study are similar to other 
polymetallic skarn deposits along the STP (e.g., 
Concepción del Oro, Mazapil, and Mapimí; see 
references in Camprubí 2013).  

The intrusion of igneous bodies into carbonate 
rocks generated extensive marble aureoles and was 
followed by metasomatism. Metasomatic pulses 
were produced by deep magmatic-exsolved fluids 
that flowed upwards along lithological contacts and 
reacted with limestones and, to a lesser extent, 
felsic rocks, producing high-temperature calcsilicate 
assemblages (Figures 2, 5). This process was 
promoted by single-phase fluids with moderate 
salinities. Albeit sulfides are normally scarce during 
the prograde stage in skarns, early pyrrhotite and 
sphalerite were partly coeval with garnet at Antares. 

The ore event occurred during the retrograde 
stage, as is usually observed in skarn deposits 
elsewhere (Meinert et al. 2005). Ore stages at 
Antares and Santa María were produced by cyclic 
fluid pulses at intermediate temperatures (360-430 
°C). These temperatures for the ore-stage are 
atypically high compared to what have been found 
in many Zn-Pb skarn deposits worldwide (e.g., Shu 
et al. 2021). Nevertheless, other relatively “high”-
temperature deposits have been documented (e.g., 
El Mochito, Honduras; Samson et al. 2008). 

 
Figure 5. Genetic model for Antares and Santa María. 

 
Hypogene ores consisting of sphalerite (either 

Fe-rich or Fe-poor) – pyrite – arsenopyrite ± fahlores 
at Santa María and pyrrhotite – Fe-rich sphalerite – 
arsenopyrite at Antares, suggest that, during the ore 
stage, the Antares body evolved along a low 
sulfidation trend, whereas Santa María records a 
transition from low- to intermediate-sulfidation as 
the system cooled (Einaudi et al. 2003). 

The evolution of the fluids in each ore body 
behaved differently. At Antares, magmatic-derived 

fluids evolved along deep boiling (arrow 1 in Figure 
4B) and cooling paths (arrow 2a-2b). Later, boiled-
off fluids experienced dilution with meteoric waters 
(arrow 5 in Figure 4B). Magmatic waters at Santa 
María followed a boiling path (arrow 1) that led to 
isothermal mixing with deeply-circulated meteoric 
fluids (arrow 3). Afterwards, cooling processes 
became dominant (arrow 4). In both ore bodies, ore 
deposition was mostly triggered by cooling and 
neutralization of the mineralizing fluids. 
 
5 Conclusions 

The Santa María and Antares ore bodies are Zn-
Pb±Ag skarn deposits spatially linked to aplite dikes 
and rhyolitic stocks related to the initial silicic flare-
ups of the Sierra Madre Occidental. Both deposits 
were formed in two major stages: prograde and 
retrograde/ore. The prograde stage was promoted 
by magmatic fluids that generated high-temperature 
alterations, which later evolved into cooler fluids that 
produced the retrograde and ore stages. Carbon-O 
isotopic data denote a magmatic signature in calcite 
from Antares, contrasting with trends at Santa María 
that are greatly influenced by the host limestones. 
Sulfur isotopes indicate a magmatic source for S.  
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Abstract. The Tres Cerrillos prospect is a Miocene 
porphyry copper system located in the Western Cordillera 
of Ecuador, which is under an exploration program by 
EMSAEC (Codelco). Preliminary results from whole rock 
geochemistry and zircon trace elements of this magmatic-
hydrothermal system show that porphyritic and precursor 
intrusions underwent a deep crustal evolution with 
suppression of plagioclase, and possibly involving some 
garnet fractionation in addition to amphibole. Whole rock 
geochemical proxies (Sr/Y, La/Y, V/Sc and Sr/Zr) and 
zircon trace elements suggest a fertile magmatic suite for 
this prospect. Future work will consist of placing mineral 
chemistry (e.g., zircon and apatite) within the frame of high 
precision CA-ID-TIMS U-Pb zircon geochronology to 
refine fertility indicators that can potentially be used as a 
proxy for metal endowments.  
 
1 Introduction  

Magmatism in thick convergent margins is a major 
process in the development of porphyry copper 
deposits (PCD) and large eruptions. Both require 
large magma volumes accumulated at upper crustal 
levels from magmas that have previously evolved in 
mid- to lower crustal zones (Chiaradia and Caricchi 
2022). From the economic point of view, 
understanding the temporal evolution of fertile 
magmatic systems associated with supergiant PCD 
(>10 Mt Cu), from precursor intrusions (barren 
batholiths) to pre-, syn-, and post- mineralization 
porphyritic events, is crucial for developing toolkits 
for exploration and understanding what controls the 
different orders of magnitude of PCD. Here, we 
present preliminary results from whole rock 
geochemistry and zircon trace elements from 
precursor and syn-mineral porphyritic intrusions of 
the Tres Cerrillos prospect of the Western Cordillera 
of Ecuador assessing magma fertility for PCD and 
an early deep crustal evolution of their magmas. 
The Tres Cerrillos prospect is a Cu-Mo porphyry 
system that is being explored by geologists of the 
EMSAEC team (Codelco) in the northernmost part of 
the Western Cordillera of Ecuador, approximately 
120 km northeast from Quito (Figure 1). The 
basement rocks of the prospect mainly consist of 
allochthonous oceanic and island arc terranes (and 
associated sedimentary units), part of the Caribbean 
Large Igneous Province that collided and accreted to 
the continental margin of South America during the 
Late Cretaceous (Vallejo et al. 2019). Subsequently, 

intermittent subduction has produced Cenozoic 
plutonic and volcanic arc units that intrude and 
overlie the basement rocks and are sites of ongoing 
exploration for porphyry copper systems (Figure 1). 
In fact, the northernmost part of the Western 
Cordillera is of high economic interest due to the 
recent discovery of the Cascabel porphyry Cu-Au 
deposit which is associated with Eocene rocks and 
the Llurimagua porphyry Cu-Mo of Miocene age, 
both defining two different metallogenic belts. 
 

 
Figure 1. Location of the Tres Cerrillos prospect and 
simplified geology of the northwestern Ecuador. 
 
The Tres Cerrillos project is centered on Miocene 
multiphase porphyritic intrusions of dacitic, 
quartzdioritic and dioritic compositions (Figure 2a), 
which are emplaced either into equigranular, 
granodioritic to dioritic intrusions (precursor 
intrusions that can be as old as Eocene, Figure 2b), 
or into the local basement. Various degrees of 
potassic (biotite-K-feldspar) and sericitic (quartz-
sericite) alteration develop extensively throughout 
the porphyry intrusions, where pyrite ± chalcopyrite 

Pacific 
ocean 
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± molybdenite occur in stockwork veinlets. U-Pb 
zircon crystallization ages of the porphyritic 
intrusions reveals they are syn-mineralization, 
overlapping the range of Re-Os molybdenite dates 
that bracket the duration of the ore deposition (dates 
from CODELCO). The youngest mineralization age 
from Tres Cerrillos is similar to previous Re-Os 
molybdenite dates from the Chaucha Cu-Mo 
porphyry district located further south (i.e., 
9.54±0.05 Ma; Schütte 2012). Late andesitic dykes 
crosscut the system. 
Future work will consist of placing mineral chemistry 
(e.g., zircon and apatite) within the frame of high 
precision CA-ID-TIMS U-Pb zircon geochronology to 
refine fertility indicators that can potentially be used 
as a proxy for metal endowments. 
 

 
 

 
Figure 2. Main intrusions in the Tres Cerrillos prospect. a. 
Syn-mineralization, quartzdioritic porphyritic intrusion, 
showing sericitic alteration with D-type veins. b. 
Unaltered, equigranular, phaneritic granodiorite (precursor 
intrusion). 
 
2 Whole rock geochemistry 

The SiO2 content from precursor and porphyry 
intrusions ranges between 57.8–72 wt%, while MgO 
content spans between 0.71–5.88 wt%. The volatile 
content (LOI) ranges mainly between 0.38-6.43 wt% 
which is high for igneous rocks in arc settings and 
indicates alteration. These intrusive rocks have a 
broad calc-alkaline signature that show 
intermediate andesitic compositions when 
compared with incompatible elements (Nb/Y versus 

Zr/TiO2 classification diagram, Figure 3a). The 
investigated rocks are the least altered ones as 
seen in the alteration box plot that compare major 
oxides (Figure 3b). However, they can be 
misleadingly classified as more felsic, due to the 
presence of quartz veinlets (Figure 2a). 
 

 
 
Figure 3. a. Nb/Y versus Zr/TiO2 plot (Winchester and 
Floyd 1977). b. Alteration Box Plot (Large et al. 2001) that 
compares the Ishikawa Alteration Index versus Chlorite-
carbonate-Pyrite index (CCPI). 
 
Precursor intrusions, intra-mineral porphyries and 
late dykes (Figure 4a), show a strong enrichment of 
LREE compared to MREE and HREE, and a 
common lack of Eu anomaly in chondrite-normalized 
plots. Additionally, intra-mineral porphyritic 
intrusions display a clear depletion of MREE and 
HREE compared with precursor intrusions and late 
andesitic dykes. This MREE and HREE depletion 
could be due to amphibole ± garnet ± titanite 
fractionation. The systematic increase of Dy/Yb and 
Sm(N)/Yb(N) with differentiation proxies (i.e., MgO and 
SiO2; Figure 4b, c) also support garnet ± zircon 
fractionation, and therefore a possible deep crustal 
evolution of these magmas prior reaching shallow 
levels in the thick crust of the Western Cordillera of 
Ecuador (>35 km).  
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Figure 4. Whole rock geochemistry plots a. REE 
concentrations normalized to Chondrites. b-g. 
Geochemical proxies of magma fertility for porphyry 
copper systems. 
 
Protracted magma storage at deep crustal level 
suppresses plagioclase fractionation (where Sr and 
Eu are compatible), whereas high pressure and H2O 
content stabilize amphibole ± garnet (where Y, 
MREE and HREE are compatible) (Richards 2011; 
Chiaradia and Caricchi 2017). Therefore, assessing 
Sr/Y is of high importance as a magma fertility proxy. 
In the Tres Cerrillos prospect, Sr/Y ratios from the 
intra-mineral porphyritic intrusions have values that 
overlap the range of fertility (50-150), whereas 
precursor bodies and late dykes have lower values 
(Figure 4d). This probably reflects a different 
magmatic evolution for the two series. Likewise, the 
Sr/Y ratio decreases as the chemical composition of 
the magma is more primitive. This pattern is also 
shown by the La/Yb proxy when compared with MgO 
(Figure 4e). Other magma fertility proxies such as 
V/Sc and Sr/Zr also define a fertile behavior for the 
Tres Cerrillos magmatic suite (Figure 4f, g).  

 
3 Zircon trace elements 

Zircon trace elements proxies based on plots of 
Eu/Eu* (and also (Eu/Eu*)/Y) against Ce/Nd, Dy/Yb 
and (Ce/Nd)/Y (Lu et al. 2016) do not clearly 
discriminate between pre- and syn-mineralization 
samples from the same mineralized system. 
However, when comparing Dy/Yb versus Eu/Eu*, a 
distinction between the intra-mineral porphyritic 
intrusions of Tres Cerrillos and Eocene to Oligocene 
intrusion (old intrusions) becomes evident (Figure 
5a), with the intra-mineral rocks presenting higher 
Dy/Yb values (~>0.3).  
 

 
 
Figure 5. Zircon trace element plots a. Dy/Yb against 
Eu/Eu* (Lu et al. 2016), b. Th/U against Yb/Gd. c. Yb/Dy 
against Yb. 
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On the other hand, zircon trace elements can be 
used to assess the magmatic evolution of the 
fertile/barren rocks. Th/U is a ratio commonly used 
to track the crystallization from increasingly evolved 
magmas, with zircons having lower Th/U values 
being crystallized from more differentiated magmas. 
In the Th/U versus Dy/Yb plot (Figure 5b), the intra-
mineral intrusions of the Tres Cerrillos prospect 
show higher Dy/Yb ratio at similar Th/U values, 
suggesting garnet fractionation at similar degrees of 
relatively early evolution, consistent with whole rock 
geochemistry results. In contrast, the old intrusion 
suite seems to have evolved at shallower levels 
following a differentiation trend with decreasing 
Dy/Yb as Th/U decreases, and a late zircon 
fractionation explaining the drastic increase in Dy/Yb 
values. These different magmatic evolution of barren 
versus fertile suites may provide regional 
geochemical tools to discriminate and fertile 
systems. In Figure 5c, a comparison between Yb/Dy 
versus Yb, where garnet fractionation is addressed 
with by low Yb and Yb/Dy ratio, shows that the Tres 
Cerrillos intra-mineral porphyritic intrusions possibly 
underwent a magmatic evolution similar to that of 
giant copper porphyry systems such as 
Chuquicamata, Escondida and El Teniente. 
 
4 Conclusions 

Syn-mineralization porphyritic intrusion of the Tres 
Cerrillos Cu-Mo prospect show evidence for a 
deeper crustal evolution compared with their 
precursor intrusions. In fact, both whole rock 
geochemistry and zircon trace elements suggest 
that these magmas could have experienced early 
garnet fractionation in addition to amphibole at lower 
crustal levels, a typical feature of fertile magmatic 
suites associated with PCD. Zircon geochemistry of 
Tres Cerrillos rocks shares similar geochemical 
characteristics as those of supergiant porphyry 
copper systems, making this prospect potentially 
important in terms of Cu endowment. 
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Abstract. The interaction between magmatic-
hydrothermal fluids sourced from the Jurassic Yerington 
batholith and the carbonate-rich middle Triassic – early 
Jurassic basement produced several generations of 
metasomatic garnet-pyroxene skarn that locally contain 
Cu mineralization (Einaudi, 1977). The Cu-skarn is 
assumed to be genetically linked to the porphyry Cu 
deposits found in the Yerington district (Einaudi, 1977; 
Harris and Einaudi, 1982). However, state-of-the-art 
petrographic, geochemical, and geochronological 
evidence for a genetic link between porphyry-style and 
skarn mineralization is still lacking. Four different garnet 
textures have been identified throughout the Yerington 
skarn: (a) cm-sized coarse-grained oscillatory zoned 
garnet, (b) fine-grained matrix garnet associated with 
pyroxene, carbonate, and oxides, (c) breccia-filling garnet, 
and (d) vein garnet in non-brecciated settings. In this study 
we provide the first in-situ geochemical characterization of 
the different garnet textures that constitute the garnet-
pyroxene Cu-skarn. Geochemical differences between 
garnet generations possibly document the origin and 
evolution of the metasomatizing fluids. Moreover, 
preliminary in situ LA-ICP-MS U-Pb dating of garnet 
further helps constraining a 4D skarn evolution and 
indicate at least two main events of garnet formation. 
 
1 The Yerington Cu-Skarn  

Skarn horizons or lenses are common within 
porphyry systems and economically important as 
they can host high-grade Cu (proximal) or base 
metal (distal) mineralization (e.g., Ok Tedi, Van 
Dongen et al. 2013; Bingham Canyon, Schlöglova, 
2018). At Yerington, at least two skarn generations 
formed by sequential magmatic activity: a skarnoid 
stage followed by a metasomatic stage (Harris and 
Einaudi, 1982). Several garnet generations have 
been petrographically and geochemically 
distinguished (Einaudi, 1977; Harris and Einaudi, 
1982). Grossular-andradite garnet is characteristic 
of the skarnoid stage while the later metasomatic 
event produced more andraditic garnet. A later 
stage veined the skarn types with grossular-
andradite garnet (Harris and Einaudi, 1982). Copper 
mineralization has been linked to coarse-grained 
andraditic garnet and is assumed to be genetically 
linked to the ore-forming fluids of the porphyry 
environment (Einaudi, 1977), although no clear 
evidence for this association exists. In this study we 
provide preliminary results of in situ petrochronology 
analyses on different garnet types throughout the 
Yerington skarn and aim at providing important 
insights into its formation and the so far assumed 
genetic link between the porphyry and the skarn 
environment in the district.  

2 Materials and methods 

Samples were collected in a field campaign in the 
vicinities of the Casting Copper Skarn and the 
Douglas Hill Mine in the Yerington district, Nevada, 
USA. Polished thin sections were studied by 
conventional transmitted light petrography and 
back-scattered electron (BSE) imaging with a JEOL 
JSM-6390LA scanning electron microscope. 

Representative ca. 1x1 mm areas of the different 
garnet textural variations were selected for 
quantitative elemental mapping using a JEOL JXA 
8230 electron microprobe at ETH Zurich. Major 
oxide maps were quantified and exported as wt% 
SiO2, Al2O3, FeOtotal, MgO, CaO, MnO and TiO2 
(Donovan et al., 2021). Trace element mapping was 
performed over areas for which major element maps 
were obtained using a Resonetics RESOlutionSE 
193nm excimer laser system coupled to an Agilent 
7900 quadrupole ICP-MS instrument at the 
University of Bern. Additionally, U-Pb in-situ garnet 
dating was done using an ASI RESOlution excimer 
ArF (193 nm) laser ablation system coupled to a 
Thermo Fisher Element XR sector field ICP-MS at 
ETH Zurich. 
 

 
 
Figure 1. Geological map of the garnet-pyroxene Cu-
skarn exposures in the Yerington district, Nevada, USA. 
Sample locations in fuchsia circles. Geological units: 
Jqms-quartz monzonite; Jqp-granite porphyry; Jq-
quartzite; Jgy-gypsum; Jl-Ludwig limestone; JTrcl-argillite 
limestone felsite; JTrvc-rhyolitic siltstone; Trlb-
argillaceous limestone; Trl-massive limestone; Trad-
andesitic-dacitic tuff and sandstone; Trvl-rhyolitic 
sandstone and limestone; Trla-black calcareous argillite; 
Trll-dolomitic limestone; Trv-volcanic rocks; Qal-
Quaternary alluvium. Modified after Barkoff et al. (2017). 
 
3 Results and Discussion 
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3.1 Garnet textures 

Throughout the skarn exposures garnet occurs in 
various textural positions as (a) cm-size coarse-
grained oscillatory zoned crystals in garnetite, (b) 
fine-grained zoned or unzoned crystals in fine-
grained domains associated with pyroxene, calcite, 
oxides and ± apatite, (c) cement of brecciated 
coarse-grained crystals in hornfels, (d) overgrowths 
with or without oscillatory zoning that crosscut the 
coarse-grained zoned crystals, and (e) vein fillings 
(Fig. 2). BSE images reveal compositional 
differences between the different textural 

occurrences of garnet. Generally, crosscutting 
overgrowths, breccia cement and vein fillings show 
distinctive darker BSE images matching Fe-poor 
domains. Similarly darker rims and intermediate 
bands are found in the brighter crystals and 
correlate with anisotropic domains under cross-
polarized light microscopy. Such anisotropy, typical 
of grossular-andradite garnet (Cesare et al. 2019)  
could be the result of  the incorporation of OH- in the 
garnet structure (Antao et al. 2017), lattice strains 
after garnet growth (Allen and Buseck, 1988) or 
initial growth with tetragonal symmetry (Cesare et 
al. 2019).

 

Figure 2. BSE images of the different textures of garnet in the Yerington skarn. Sample number is indicated at the top-
right corner. Garnet occurs as coarse-grained oscillatory zoned crystals and fine-grained crystals in association with 
pyroxene, oxides, apatite, and carbonates (S10). Oscillatory zoned overgrowths and garnet veins also occur crosscutting 
the coarse-grained garnet (S04). Additionally, coarse garnet blobs occur with brecciated margins within hornfels where 
garnet cements the brecciated particles (S01).
 

 
Figure 3. Quantitative element mapping of Al2O3, 
SiO2, FeO(total) and CaO wt% in garnet from sample 
S10. The maps highlight the coarse-grained 
oscillatory zoned garnet in association with a fine-

grained garnet + pyroxene + apatite + calcite 
domain.  
 

3.2 Garnet geochemistry 

Chemical variations suggested by BSE images are 
documented by quantitative electron microprobe 
mapping. Two main garnet compositions represent 
all textural variations throughout the district. Coarse-
grained garnet in generally Fe-rich (And93-96), with 
no MgO or MnO components. Narrow anisotropic 
intermediate bands and rims in this garnet type are 
Fe-poor and Al-rich (Gross24-36, And58-69) with SiO2 
and CaO enrichment (Fig. 3), and low MnO contents 
(up to 0.2 wt%). MgO is absent in all garnet types, 
while TiO2 occurs sporadically in low contents (up to 
1 wt%) correlated with Al-rich domains. Fine-grained 
garnet is generally Fe-rich (And91) with or without Al-
rich rims. Conversely, garnet overgrowths, breccia 
cement and vein fillings are generally Al-rich Fe-
poor (Gros36-41, And52-61), except for S12 in the 
vicinities of the Douglas Hill mine, where coarse-
grained garnet is generally Al-rich (Gros56, And36) 
with Fe-rich overgrowths and crosscutting veins 
(And77, Gros19). 

Preliminary trace element mapping in S10 
indicates that Fe-rich domains host variable but 
generally high U contents (up to 20 ppm), while U is 
depleted in the Al-rich zones. Other traces such as 
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Sc, V, Cr, Y and the HREE (from Gd to Lu) are also 
positively correlated with Al contents in the garnet 
rim while La, Ce, Pr and Nd are enriched in the Fe-
rich core. These variable trace element 
compositions could be the result of significant 
variations in fluid chemistry during garnet formation. 
However, the scale and rate at which such 
variations occur is yet to be defined with further 
geochemical analyses on other samples throughout 
the district.  
 
3.3 Garnet in-situ geochronology 

Skarn garnet in situ U-Pb dating has been 
successfully achieved due to their variable U 
contents (e.g., Seman et al. 2017; Gevedon et al. 
2018). High U contents in the studied garnet allowed 
for preliminary U-Pb in situ dating by LA-ICP-MS 
and we provide here the first garnet ages for the 
Yerington skarn. In general, Fe-rich garnet domains 
yield concordant Middle Jurassic U-Pb dates with 
negligible initial Pb contents. On the contrary, U-Pb 
dates in Al-rich rims are discordant with variable 
amounts of common Pb allowing for the 
construction of a well-defined Discordia line with 
Upper Jurassic lower intercept. 

The definition of at least two resolvable ages, with 
no overlapping analytical uncertainties, of garnet 
formation in the Yerington skarn questions the 
genetic link between at least one of these events 
and the Middle Jurassic porphyry Cu formation (ca. 
167.4 Ma; Carter et al. 2022). Additionally, the 
correlation between age and different garnet 
geochemical signatures might provide important 
insights into the characteristics of fertile fluids for Cu 
deposition. Undergoing further in-situ dating of the 
geochemically and texturally different garnet types 
will allow for a robust definition of a 4D garnet 
evolution in the Yerington skarn and the role of fluid 
chemistry in ore formation. 
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Abstract. The hydrothermal alteration at the Vendaval 
Central Cu-Au Middle Miocene porphyry project (Salta, 
Argentina) was studied using drill-hole core logging, 
whole-rock compositions, and mineral phase maps 
acquired using a Tescan Integrated Mineral Analyser 
(TIMA) system. The central part of the prospect 
experienced four alteration stages: 1) calcic alteration with 
pyroxene and garnet, 2) K-silicate alteration with K-
feldspar, biotite, magnetite, A quartz veins, and banded 
Maricunga quartz veins, 3) albitization and 4) intermediate 
argillic alteration overprint with smectites, hydrobiotite, 
calcite, and less chlorite. Shallow peripheral illitic alteration 
with pyrite and shallower remnants of advanced argillic 
alteration with deep and narrow breccias are also 
observed. The superimposition of these alteration stages 
results in whole rock compositions with high Na/Al and low 
K/Al. Nonetheless, Cu-Au mineralization is associated with 
K-silicate alteration, A veins, and banded Maricunga veins. 
Hydrothermal alteration at Maricunga porphyries like 
Vendaval is somewhat reminiscent of silica-saturated 
alkaline porphyry deposits elsewhere: early calcic 
alteration and late albitization with respect to K-silicate 
alteration and absent sericitic alteration. Similarly, the 
hypogene intermediate argillic overprint may be a common 
feature of Au-rich porphyries. The calcic alteration and 
albitization are not associated with a sedimentary wall-
rock composition and are likely magmatic-hydrothermal in 
origin.  
 
1 Introduction  

Vendaval Central is a porphyry copper-gold project 
of Middle Miocene age located in Argentina next to 
the border with Chile at least 200 km N-NE of the 
northernmost gold–rich porphyry in the Maricunga 
Belt (Vila and Sillitoe 1991). The gold-bearing copper 
mineralization, type of quartz veinlets, age, and 
interpreted shallow emplacement depth suggest that 
Vendaval Central is part of the northern extension of 
this belt.  
 

              
 
Figure 1. Schematic location map of Vendaval Central 
showing the Maricunga belt and its possible northern 
extension (modified from Muntean and Einaudi 2000). 

The copper-gold mineralization (~1:1) is hosted by a 
series of at least five different quartz dioritic to dacitic 
porphyries (early to late-mineral) and the 
immediately adjacent andesitic volcanic flows and 
volcanic breccia. K-Ar dating indicates that the age 
of the volcanic host rocks is early to middle Miocene 
(Ramirez et al. 1991). The successive porphyry 
phases control quartz vein density and hypogene 
grades, as is normally found in A-vein-type 
porphyries (Proffett 2009).   

The central parts of the system are characterized 
by a high density of sheeted quartz veinlets (>20-30 
veins/meter) hosted in early mineral porphyry and 
immediately adjacent andesitic wall rock with strong 
K-silicate alteration (~850 x 350 m). These quartz 
veins display a banded Maricunga-style texture over 
the highest parts of the deposit and transition at 
depth into typical, granular A-type quartz-
chalcopyrite-magnetite veinlets. Quartz vein 
truncations, quartz vein xenoliths, and sharp 
changes in hypogene grades are common at 
contacts between different porphyry phases.  

2 Methodology 

Two-meter-long split core samples (n=12.300) were 
obtained throughout the drill holes and assayed by 
inductively coupled plasma-atomic emission 
spectroscopy (ICP-AES) and inductively coupled 
plasma-mass spectroscopy (ICP-MS) following four-
acid digestion (MEMS61 at ALS). Short wave 
infrared (SWIR) spot data was obtained on coarse 
rejects for each compositional sample (ALS) and 
processed using The Spectral Geologist. 
Compositional and spectral data were integrated 
and studied using ioGASTM in reference to geologic 
observations and cross-sections. Lithogeochemical 
units were inferred using immobile trace elements 
(e.g. Th, Zr, Nb, Sc). Hydrothermal alteration types 
were inferred by studying major element gains and 
losses (Ca, Na, K, Mg) and supported by SWIR 
mineralogy (see Halley 2020).  

Twenty hand samples of key hydrothermal 
alteration types were obtained to produce polished 
thin sections and 25 mm polished blocks. Mineral 
phase maps were obtained on these samples using 
a Tescan Integrated Mineral Analyser (TIMA) system 
at the Natural History Museum, London. The 
analytical conditions were 25 kV accelerating 
voltage, 14 nA current, and a working distance of 15 
mm. Standard instrument calibration was performed 
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prior to analysis. A pixel size of 5 microns was used 
for both backscatter electron imaging (BSE) and 
energy dispersive spectroscopy (EDS) modal 
analysis, and phase classifications were based on 
spectra chosen and identified from these analyses. 
 
3 Hydrothermal alteration 

Elemental gains and losses were studied 
independently for each magmatic lithogeochemical 
unit. Pre-alteration major element compositions 
were estimated from immobile trace elements 
concentrations. Some magmatic units are mildly 
alkaline, have slightly elevated Nb (>10 ppm) 
compared to sub-alkaline units, and may have more 
magmatic pyroxene than amphibole. The original 
magmatic compositions were likely slightly elevated 
in alkalis. The expected least altered compositions 
may be shifted to higher K/Al and/or Na/Al than 
typical sub-alkaline Andean magmas (Figure 2).  

Most samples experienced multiple intense and 
overprinting alteration events that caused opposing 
effects on the gains and losses of major elements 
(Figures 2 & 3). Therefore, apparent least altered 
compositions may be, in reality, very altered 
samples. For this interpretation, we assumed that 
there are no completely preserved magmatic 
compositions and color-coded the samples 
according to the dominant alteration type inferred. 
Core logging observations, SWIR mineralogy, and 
TIMA mineral phase maps informed this 
interpretation. 
 

 
 
Figure 2. K/Al vs Na/Al gains and losses diagram showing 
a subset of samples of andesitic composition (wall-rock) 
and mineral compositions of relevant alteration minerals. 
Timing of illitic and advanced argillic alteration (A.A.) is not 
resolved. 
 

Large areas within the central part of the system 
experienced four overlapping alteration stages 
(Figures 2 & 3) that in temporal order are: 1) calcic 
alteration, 2) K-silicate alteration, 3) albitization, and 
4) intermediate argillic alteration.  

 

 
 
Figure 3. K-Ca-Na gains and losses diagram showing a 
subset of the samples from Figure 2 that are inferred as 
dominantly altered to K-silicate, calcic, or albitization.  
 
3.1 Calcic alteration  

The volcanic wall-rock and associated sub-volcanic 
units experienced an early stage of calcic alteration 
at the intermediate and deep zones of the system. 
This alteration gained Ca at the expense of K and 
Na (Figures 2 & 3), predates the bulk of Fe-Cu-
sulfides and the intrusion of porphyry dikes. 
However, the calcic alteration is most intense near 
the dikes. It is observed as thin and irregular 
pyroxene veinlets of up to 2 mm thick and locally 
abundant garnet-pyroxene patches. The thin 
pyroxene veinlets are challenging to recognize in 
hand samples but are readily observed in TIMA 
images, where pyroxene is identified as augite 
(Figure 4 & 5). The patches are identified during 
logging, and the TIMA mineralogy indicates that 
pyroxene composition is hedenbergite, garnet is 
andradite, and both replace magmatic plagioclase 
(Anorthite 40, Figure 4).  
 

 
 
Figure 4. Garnet-pyroxene patches, pyroxene veinlets, 
and quartz veinlets with magnetite.  
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Pyroxene rims are commonly replaced by tremolite 
and other amphiboles (Figures 4 & 5). This hydration 
(uralitization) event may have started at the end of 
the Ca-alteration and continued during later stages 
of hydrothermal alteration.  
 
3.2 K-silicate alteration  

Within the Calcic alteration zone, a central area 
experienced K-silicate alteration where K was 
gained at the expense of Ca and Na. Therefore, in 
some cases, K-gains are overprinted to older Ca-
gains (Figures 2 & 3). K-silicate alteration comprises 
hydrothermal K-feldspar, shreddy biotite, and 
magnetite that replaces magmatic plagioclase, 
pyroxene, and amphibole (Figure 5). 
 

 
 
Figure 5. Quartz A veins with chalcopyrite and K-feldspar 
halos truncate augite veinlets. Albite rims magmatic 
anorthite and replaces hydrothermal K-feldspar. Thin 
biotite veinlets and shreddy biotite after pyroxene are also 
present.  
 

Cross-cutting observations indicate that 
hydrothermal K-feldspar and biotite post-date 
pyroxene and garnet. Albite is observed in some 
cases in contact with K-feldspar, but not always. 
Some hydrothermal albite may have formed during 
K-silicate alteration by leftover Na after K-feldspar 
replaces magmatic anorthite. However, cross-
cutting relationships in TIMA images suggest that 
most of the observed albite post-dates K-silicate 
alteration (see section 3.3).  

K-feldspar and biotite form narrow but continuous 
selvages to A veins, banded Maricunga veins, and 
thin alkali seams with little quartz (Figure 5). Both 
quartz vein types crosscut the older pyroxene veins. 
K-feldspar is, in some cases, observed as younger 
outer selvages to the older pyroxene veins (Figure 
5). To a lesser degree, K-feldspar and biotite are also 
observed as pervasive replacements of phenocrysts 
and groundmass. 

A veins and banded Maricunga veins and 
associated K-feldspar and biotite outer selvages and 
patches contain chalcopyrite, pyrite, traces of 
bornite, and magnetite. Cu-Au bearing intercepts are 
rich in these vein types (Figure 5).  

3.3 Albitization  

The system's central part and periphery has 
hydrothermal albite that resulted from the gain of Na 
at the expense of Ca and K (Figure 2 & 3). This 
alteration is difficult to observe in a hand sample due 
to the minimal change in texture and color where 
magmatic anorthite is replaced by albite. 
Nonetheless, albite is readily observed in TIMA 
imaging (Figure 4 & 5) and inferred through gains 
and losses (Figure 2 & 3).  

In TIMA images, albite can be observed in 
contact with older pyroxene veins, garnet patches, 
and K-feldspar/biotite (Figure 4 & 5). It is also 
observed as a pervasive replacement where 
magmatic anorthite and older hydrothermal K-
feldspar are only locally preserved. At the system's 
periphery, albite is observed as the only 
hydrothermal mineral in samples that do not have 
evidence of previous calcic and K-silicate alteration. 
Therefore, albitization is considered younger than 
Calcic and K-silicate alteration and has been 
superimposed on both alteration types in some of 
the central areas of the system (Figures 2 & 3). Here, 
we choose the name albitization to avoid confusion 
with other types of Na- and Na-Ca-gains, where 
albite is also formed (see discussion).  

Albitization does not remobilize older Fe-Cu 
sulfides, as its presence does not affect the Cu-Au 
grade. In heavily overprinted samples, albite can be 
observed containing Fe-Cu-sulphides and pyrite. 
However, traces of preserved hydrothermal K-
feldspar, biotite, and A-veins indicate that albite 
overprints older K-silicate alteration. In these cases, 
the whole rock composition of a sample will plot at 
high Na/Al and low K/Al ratio despite having 
experienced an older stage of K-silicate alteration 
(Figure 2 & 3).  
 
3.4 Intermediate argillic alteration  

The central part of the system has experienced 
hypogene intermediate argillic alteration except on 
the very deep parts. This alteration particularly 
overprints K-silicate alteration, in some cases 
pervasively, and results in the loss of K and Na. The 
intermediate argillic alteration gives the rock a pale, 
light brown to orange color in hand sample. Different 
types of smectites and calcite are observed 
replacing magmatic anorthite, pyroxene, amphibole 
and hydrothermal pyroxene, K-feldspar, albite, 
magnetite, and biotite. Chlorite is also present; 
however, smectites are much more abundant 
(Figure 6). Hydrothermal and magmatic biotite are 
partially replaced by vermiculite, resulting in 
hydrobiotite (interlayered vermiculite-biotite, Cornejo 
2021). The intense replacement of “shreddy” biotite 
by hydrobiotite, smectite and calcite results in 
samples with low K/Al and Na/Al (Figures 2 & 6).  
The intermediate argillic alteration has no associated 
pyrite and does not remobilize older Cu-Fe-
sulphides nor introduce Au.  
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Figure 6. A pyroxene-anorthite oikocryst was replaced by 
biotite-magnetite (K-silicate alteration). Biotite and 
anorthite were then replaced by smectites (I.A.A.).  
 
3.5 Illitic alteration and advanced argillic 

alteration  

Advanced argillic (kaolinite, alunite, pyrophyllite, and 
dickite; Figure 2) in narrow polymictic phreatic 
breccias penetrate deeply (~500 m) on the south 
side of the deposit but are volumetrically restricted. 
Erosional remnants of the advanced argillic altered 
lithocap are preserved around Vendaval Central's 
higher ridges. 

Sericitic alteration (muscovite) and D-type veins 
are absent. However, the barren shallow periphery 
surrounding Vendaval is altered to illite and has hair-
like pyrite veinlets (lower K/Al than muscovite, Figure 
2). We name this alteration “illitic” to differentiate it 
from intermediate argillic and sericitic alteration.  
 
4 Discussion 

At Vendaval Central, the K-silicate alteration is 
associated with Cu-Au bearing Fe-sulfide in quartz A 
veins, as in A-vein-type porphyries elsewhere 
(Proffett 2009). A-veins transition to banded 
Maricunga quartz veins with shallowing depth, as in 
other Maricunga deposits. This is likely a feature of 
the very shallow emplacement and rapid cooling 
(Muntean and Einaudi, 2000). 

Other hydrothermal features at Vendaval 
Central may be comparable to those observed in 
silica-saturated alkaline deposits elsewhere. This 
may be related to the mildly alkaline nature of some 
of Vendaval’s magmatic units. The early calcic 
alteration occurs at similar timing in other Maricunga 
deposits, and it is not related to Ca-rich wall-rock as 
in skarns associated with porphyry deposits 
elsewhere (Muntean and Einaudi 2000). Calcic 
alteration in Maricunga deposits appears to be 
magmatic-hydrothermal in origin, as proposed for 
some alkaline porphyries in BC, Canada (Lang et al. 
1995). Similarly, albitization, as previously proposed 
by Muntean and Einaudi (2000), is not comparable 
to heating basin fluid-related sodic-calcic (e.g. 
Yerington, Nevada, Dilles and Einaudi 1992). Similar 
albitization that post-dates K-silicate alteration has 
also been observed in some alkaline porphyry 

deposits in the Lachlan fold belt in SE Australia 
(Wilson et al. 2003), and also appears to be 
magmatic-hydrothermal in nature. 

In both Maricunga and alkaline porphyries, 
typical sericitic alteration, as observed in calc-
alkaline porphyries, is virtually absent. At Vendaval, 
the shallow peripheral illitic alteration with pyrite 
veins may be a temporal and spatial equivalent.  

The widespread hypogene intermediate argillic 
alteration overprint of K-silicate alteration is a 
characteristic of Au-rich porphyries in the Maricunga 
belt. This overprint has also been described in other 
Andean Au-rich porphyries (Esperanza, Perelló et al. 
2004) and is likely comparable to sericite-chlorite-
clay (SCC) alteration in Au-rich porphyries in the SW 
Pacific (Sillitoe and Gappe, 1984), where chlorite-
clay may overlap in space with older muscovite.  
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Abstract. The Upper Beaver intrusion-related Au-Cu 
deposit is associated with the Archean Upper Beaver 
Intrusive Complex (UBIC). The UBIC is a polyphase 
intrusive complex with pre-, syn-, and post-mineralization 
phases. Whole-rock geochemistry is consistent with the 
UBIC having formed through magma mixing between a 
mafic to intermediate mantle-derived sanukitoid magma 
and an intermediate to felsic, basaltic-crust derived TTG 
magma. Phases of the UBIC that are associated with Au-
Cu (+/- Mo) mineralization have a TTG magmatic affinity. 
LA-ICP-MS zircon geochronology shows that all phases of 
the UBIC were emplaced within error of ca. 2680 Ma which 
is consistent with previous Re-Os and U-Pb 
geochronology of molybdenite and zircon, respectively. 
Amphibole oxybarometry indicates that the UBIC was 
oxidized with ƒO2 values between ΔNNO 0 and +1.6 which 
are similar to values from Phanerozoic arc magmas. 
Apatite geochemistry reveals a bimodal distribution in S 
content of the UBIC with the more felsic, mineralization-
associated, TTG phases having lower S content than the 
more mafic sanukitoid phases. Additionally, negative Eu 
anomalies and low Sr content in apatite from the TTG 
phases are indicative of early plagioclase crystallization. 
This suggest that high magmatic H2O content may not be 
a key factor for magmatic-hydrothermal Au-Cu 
mineralization in Archean systems.  

1 Introduction 
 
Magmatic-hydrothermal deposits are rare in the 
Archean compared to the Phanerozoic (Groves et al. 
2005). This relative scarcity has been variably 
attributed to poor preservation, differences in 
geodynamic setting, and/or differences in 
physiochemical conditions (e.g., pressure, 
temperature, ƒO2, ƒS2, duration of the magmatic 
system) (Groves et al. 2005; Richards and Mumin 
2013). In addition, the relative scarcity of these 
deposits in the Archean has resulted in a poor 
understanding on the processes controlling their 
fertility.  

This study examines the magmatic evolution of 
the Archean Upper Beaver intrusive complex (UBIC) 
and its possible controls on mineralization in the 
related Au-Cu intrusion-related deposit.  

 
 
 
 
 
 

2 The Upper Beaver Au-Cu Deposit 

The Upper Beaver Au-Cu deposit (probable mineral 
reserves of  ~1.4 Moz Au at 5.43 g/t and 20.0 kt Cu 
at 0.25%; indicated resources of ~0.4 Moz Au at 3.45 
g/t and ~5.1 kt Cu at 0.14%; inferred resources of 
~1.4 Moz Au at 5.07 g/t and ~17.3 kt Cu at 0.20%; 
Agnico Eagle Mines Ltd. 2023) comprises two 
temporally and mineralogically distinct Au-Cu(±Mo) 
intrusion-related mineralization events including 1) 
an early Ep+Adr skarnoid with replacement style 
Cp+Py+Mag+Au mineralization that is concordant to 
Blake River group mafic volcanics and 
volcaniclastics, and 2) later discordant 
Qz+Mag+Cc+Cp+Py+Hem+Au+Mol veins. Both 
mineralization events are spatially and temporally 
related to the UBIC which is subdivided into seven 
phases that are pre- syn- and post-mineralization 
(Figs. 1, 2). The earliest phase of the UBIC is a 
hypabyssal Amp-phyric diorite porphyry. The second 
phase of the UBIC is a Pl-Hbl glomerophyric diorite 
porphyry (GP). The GP is pre- to syn- the first Au-Cu 
mineralization event and is affected by the skarnoid 
alteration. The phases that post-date the first 
mineralization event are divided into two distinct 
groups (Fig. 2). The earlier of the two groups 
comprises three distinct dioritic to quartz-diorite 
phases that are defined by the presence of Amp±Pl 
phenocrysts. The latter of the two groups consists of 
Pl±Amp±Qz phyric monzodiorite to quartz- 
monzonite dykes (Fsp-porphyry) that crosscut all 
earlier phases. The Fsp-porphyry dykes have been 
divided based on their quartz content. However, it is 
not clear if they represent two distinct phases or a 
slight variation of mineralogy of the Pl+Amp±Qz 
porphyry. Finally, a post-mineralization Pl+Hbl phyric 
diorite dyke has been dated at 2678.7 ± 0.7 Ma 
(McNicoll, unpublished) marking the end of the 
magmatic-hydrothermal system. 

The first Au-Cu skarnoid mineralization event is 
spatially associated with and hosted within the early 
GP as well as being concordant to the host mafic 
Blake River volcanic and volcaniclastic rocks. The 
skarnoid and its host rocks are crosscut by the diorite 
to quartz diorite phases. 
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Figure 1. A) Simplified geological map of the Upper 
Beaver deposit. B) Cross section of the Upper Beaver 
deposit looking west (modified from Sutton and Côté-
Mantha 2022) 

 
Figure 2. Relative timing and weighted mean zircon 
207Pb/206Pb crystallization ages of the individual phases of 
the UBIC with the top being the earliest and bottom being 
the latest based on cross-cutting relationships. *Zircon U-
Pb upper intercept crystallization age of 2678.7 ± 0.7 Ma 
(McNicoll, Unpublished). **Molybdenite Re-Os ages of 
2685 ± 9 Ma and 2680.5 ± 5.9 Ma (Kontak et al. 2013; 
Mercier-Langevin et al. 2021, respectively). 

The second mineralization event is responsible 
for most of the Au-Cu endowment of the Upper 
Beaver deposit and displays a spatio-temporal 
relationship with the Fsp-porphyry dykes. This event 
has been previously dated by Re-Os geochronology 
in molybdenite with ages of 2685 ± 9 Ma and 2680.5 

± 5.9 Ma (Fig. 2; Kontak et al. 2013; Mercier-
Langevin et al. 2021 respectively) which are 
consistent with the crystallization age for the late 
post-mineralization Pl+Hbl phyric dyke.  
 
3 U-Pb geochronology 

New crystallization ages for each of the individual 
intrusive phases of the UBIC were determined using 
U-Pb methods in zircon by laser-ablation inductively 
coupled mass-spectrometry (LA-ICP-MS). 
Cathodoluminescence (CL) imaging of the zircons 
from the UBIC shows oscillatory and sector zoning 
with no evidence of inherited cores. Ages were 
calculated as a weighted mean of the 207Pb/206Pb 
ages for the youngest zircons in the samples. The 
number of zircons used for each age calculation was 
constrained using the maximum number of analyses 
for which the MSWD is consistent with a single 
population (Spencer et al. 2016). The second diorite 
to quartz diorite phase (Fig. 2) is an exception to this 
as the 207Pb/206Pb zircon ages for this sample form 
two populations with the younger population yielding 
a weighted mean 207Pb/206Pb age of ca. 2619 Ma. 
This age is significantly younger than the calculated 
ages for the Fsp-porphyry phases that crosscut this 
unit. Because this younger age is incompatible with 
observed field relationships, the older population 
was used in the age calculation.  

All phases of the UBIC have crystallization ages 
within error of ca. 2680 Ma which is consistent with 
the previous U-Pb and Re-Os ages (Fig. 2; Kontak 
et al. 2013; Mercier-Langevin et al. 2021). A distinct 
difference is noted in the spread of 207Pb/206Pb ages 
in zircon from the UBIC, as the later Fsp-porphyry 
phases and post-mineralization Pl+Hbl phyric diorite 
dyke have an abundance of inherited zircon, in 
contrast to the earlier phases that have minimal 
inheritance.  
4 Geochemistry 

Whole-rock geochemistry of the UBIC, using only 
the least altered samples based on optical 
petrography, micro-XRF maps, and geochemistry, 
shows that the intrusive complex is calc-alkaline to 
slightly alkaline and metaluminous. Compositionally 
the samples range from monzodiorite to quartz 
monzonite when plotted on a TAS diagram 
(Middlemost 1994). While the total alkali content 
(K2O + Na2O) of the UBIC is elevated across the 
range of SiO2, K2O shows a negative correlation 
whereas Na2O shows a positive correlation. General 
trace-elements signatures for the UBIC exhibit 
moderately to strongly fractionated REE patterns 
with minor Eu anomalies, elevated Sr/Y values, 
negative correlation between Dy/Yb and SiO2, and 
primitive mantle normalized patterns (enriched LILE 
and depleted Nb and Ta). These signatures are 
consistent with a hydrated source for the UBIC with 
fractionation being driven by amphibole and minimal 
plagioclase. The GP phase is an exception to these 
patterns having a less fractionated REE signature 
(due to both relatively low La and high Yb 
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concentrations) with an unfractionated HREE 
signature which suggests that amphibole and/or 
garnet were not fractionating phases for this unit 
(Fig. 3). On the A/CNK, Na2O, FMSB discriminant 
diagram of Laurent et al. (2014), samples from the 
more mafic diorite to quartz-diorite phases plot within 
the sanukitoid-type field while the more felsic 
monzonite to quartz monzonite GP and Fsp-
porphyry phases plot within the TTG-type field (Fig. 
3).  

 
Figure 3. A) *A/CNK (molar Al/[Ca+Na+K]) vs Na2O/K2O 
vs 2*FMSB ([FeOt + MgO]wt.% * [Sr + Ba]wt.%) ternary 
plot of Laurent et al. (2014) showing magmatic affinity of 
the UBIC. The dashed line is the calculated mixing line 
between the sanukitoid and TTG end-members. B) 
Chondrite normalized (Sun and McDonough, 1989) 
REE+Y spider diagram. Coloured outlines show the range 
of concentrations for the respective intrusive phases. 
Coloured lines with black centers are the average values 
for the intrusive phases. 

5 Mineral Chemistry 

Physiochemical conditions of the UBIC were 
constrained through the use of amphibole and 
apatite chemistry.  

The Al-in-amphibole geothermometer (Putirka 
2016) for the earlier diorite to quartz diorite phase 
indicates an emplacement temperature of 885°C - 
935°C (±30°C). Amphibole from the later Fsp-
porphyry indicates a lower emplacement 
temperature of 770°C - 840°C (±30°C). Amphibole 
oxybarometry (Ridolfi et al. 2010) for the dioritic to 
quartz dioritic phase indicates ƒO2 values between 

ΔNNO 0 and +1. The Fsp-porphyry are more 
oxidized with ƒO2 values ΔNNO +0.5 and +1.6.  

Apatite was analysed for major and trace 
elements for each of the phases of the UBIC. Sulfur 
content of apatite from the UBIC has a bimodal 
distribution and is comparable to the S content of 
apatite from Phanerozoic arc magmas (Meng et al. 
2021a). Apatite from the main diorite to quartz diorite 
phases have the highest S content ranging from 0.15 
– 0.35 wt.% while all other phases, including those 
associated with mineralization, typically have lower 
S content (0 – 0.175 wt.%).  Manganese 
concentrations in apatite, which have been shown 
track melt evolution (Bromiley 2021), are positively 
correlated with Cl. This may suggest that the apatite 
crystalized prior to fluid exsolution and that S 
concentrations are reflective of the magma content. 
Apatite from the phases associated with 
mineralization (GP and Fsp-porphyry) have lower Sr 
concentrations and negative Eu anomalies 
compared to the other phases which is indicative of 
early plagioclase crystallization for these phases.  

6 Discussion 

6.1 Formation of the UBIC by magma mixing 
The whole rock geochemical signatures are 
consistent with the UBIC having been derived from 
a hydrated source (Laurent et al. 2014). The 
sanukitoid-type signature of the more mafic dioritic 
and dioritic phases are suggestive of a 
predominately metasomatized mantle source. The 
TTG signature of the more felsic GP and Fsp-
porphyry phases are suggestive of derivation from a 
hydrated low-K basaltic crust (Laurent et al. 2014). 
The negative K2O vs SiO2 correlation supports the 
UBIC having formed through mixing between melts 
derived from these two sources instead of fractional 
crystallization. The LA-ICP-MS U-Pb data from 
zircon are also consistent with two distinct sources 
as the phases that have a more “TTG-like” 
geochemical signature also have an abundance of 
inherited zircons. This abundance of inherited 
zircons is consistent with derivation from a crustal 
source.  
6.2 Mineralization associated with low S, low H2O 
magmas 
 
Mineralization at the Upper Beaver deposit is 
spatially and temporally related to both GP and Fsp-
porphyry phases. The relatively low S content of 
these phases as recorded by apatite indicates that 
high S content may not be a requirement for 
mineralization. Apatite from both the GP and Fsp-
porphyry have negative Eu anomalies and low Sr 
concentrations consistent with plagioclase 
crystallization pre- to syn- apatite crystallization. 
Apatite is typically a near-liquidus phase in 
magmatic systems (Webster and Piccoli 2015), in 
agreement with our petrographic observations, 
which suggests that plagioclase was also a near-
liquidus phase. The early crystallization of 
plagioclase in turn suggests a relative low H2O 
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content for the GP and Fsp-porphyry phases as high 
H2O has been shown to delay plagioclase 
crystallization (Loucks, 2014). This is in contrast to 
the causative magmas in Phanerozoic magmatic-
hydrothermal systems which are typically more 
hydrous (Sillitoe, 2010; Richards, 2011; Loucks 
2014). Relatively dry conditions are also reported for 
the other Archean mineralization-associated 
intrusions at the Archean (e.g., the Côté Gold Au±Cu 
deposit; Meng et al. 2021b). Evidence for these 
mineralization-associated magmas being relatively 
dry suggests that high magmatic H2O content may 
not be a key factor in magmatic-hydrothermal Au±Cu 
mineralization for Archean systems. 
 
7 Conclusions 
 
The UBIC formed through mixing of at least two 
distinct magma derived from metasomatized mantle 
and basaltic crustal sources. U-Pb geochronology 
demonstrates that all phases of the intrusive 
complex were emplaced at ca. 2680 Ma and within 
the resolution of the LA-ICP-MS analysis. Amphibole 
and apatite chemistry shows that the physiochemical 
conditions (temperature, ƒO2, S content) for 
emplacement of the UBIC are similar to conditions 
observed in Phanerozoic arc magmas. However, 
evidence of early plagioclase crystallization in the 
intrusive phases associated with mineralization 
suggest that they were relatively dry.  

LASS-ICP-MS trace element and Lu-Hf isotopic 
analysis of previously analysed zircons to better 
constrain the physiochemical conditions and the 
degree of crustal contamination of the UBIC is in 
progress. High-precision dating of previously 
analysed zircons is currently in progress using CA-
ID-TIMS to accurately constrain the total duration of 
the Upper Beaver magmatic-hydrothermal system.  
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Abstract. Apatite inclusions armoured in zircon are ideal 
candidates to fingerprint the original volatile component 
(S, Cl, F, OH) of ore-forming magmas. A thorough 
investigation of such inclusions, together with matrix 
apatite, is hereby used to elucidate the volatiles sources 
and pathways throughout the magmatic-hydrothermal 
stages of individual porphyry Cu deposits at Escondida, 
northern Chile. We selected a suit of least-altered 
samples, mineralised and barren, to resolve the physico-
chemical conditions of the melt/fluid responsible for the 
Cu-Mo±Au mineralisation in Escondida during the long-
lasting late Eocene-Oligocene (44-33 Ma) arc magmatic 
activity. SEM-BSE-CL imaging, together with 
measurements of halogens and sulfur concentrations with 
electron micropobe allowed us to build a comprehensive 
insight into the volatile content and geochemical signature 
of apatite. We also measured high precision δ34S values in 
apatite via SIMS to elucidate the S isotope signature of 
apatite inclusions and matrix apatite. Our preliminary data 
show that detailed mineral chemistry, microtextural 
studies, and sulfur isotope measurements applied to 
apatite inclusions in zircon and matrix apatite provide a 
unique insight into the geochemical behaviour of sulfur 
and halogens in ore-forming magmas. 
 
1 Introduction  

Different volatile-rich species exsolve from silicate 
magmas at variable P-T conditions. In addition to 
water, chlorine (as a metal complexing agent) and 
sulfur (to sequester metals as sulfide minerals) are 
essential components for the generation of ore-
porphyry magmas (i.e., Grondahl and Zajacz 2022; 
Tattitch et al. 2021). However, direct studies of the 
magmatic volatile components are hindered by 
degassing processes and by the limited suitability of 
inclusions for analyses. For this reason, the volatile 
budget and isotopic signature of the initial melt, 
together with constraints on the volatile sources in 
porphyry copper environments remain unresolved. 
To address this, we examine the budget of S, Cl, and 
other volatile species from the Escondida porphyry 
Cu-Mo±Au district by investigating apatite enclosed 
in zircon.  

Apatite, Ca5(PO4)3(F,Cl,OH), is a well-known 
repository of volatile species (H2O, CO2, S, 
halogens) in addition to numerous trace elements, 
making it an excellent mineral to study the volatile 
budget of a magma (Piccoli and Candela 2002). 
Once encapsulated in zircon, apatite inclusions are 
able to preserve a unique record of the abundance 
of volatile ore-forming constituents, eliminating 
diffusion effects associated with late-stage melts 
and/or fluids (Kendall-Langley et al. 2021).  

We use a multi-microanalytical approach 
(petrography, cathodoluminescence imaging, SEM-

BSE, EPMA and SIMS) in apatite enclosed in zircon 
and zoned matrix apatite to ultimately understand 
the role volatiles into the formation of high-grade 
copper deposits at Escondida.   
 
2 Escondida porphyry Cu-Mo±Au district 

The Escondida porphyry copper district is developed 
along the regional Domeyko Faut system in the 
Atacama Desert of Chile, ca. 170 km southeast of 
the port city of Antofagasta at an elevation of 3,050m 
above the sea level. The entire district comprises the 
Escondida cluster (namely, Escondida-Escondida-
Este, Pampa Escondida, Baker, Pinta Verde, 
Escondida Norte-Zaldívar) and 15km north-west, the 
Chimborazo deposit (Figure 1). The ore-forming 
magmatism took place in the framework of the long-
lasting late Eocene-Oligocene (44-33 Ma) arc 
magmatic activity (Hervé et al 2012 and references 
therein), favouring the emplacement of multiphase 
porphyry stocks (early, inter-, late). The Escondida 
stock intrudes a series of Paleocene andesites, 
corresponding to the Augusta Victoria Formation, 
which are interbedded by sedimentary units and are 
mostly exposed in the western and southern part of 
the district (Quiroz 2003 Unpubl MSc thesis). 
Magmatic-hydrothermal breccias of intermineral 
timing formed in all the deposits of the Escondida 
district, including Chimborazo, and host significant 
hypogene mineralisation (Hervé et al. 2012).  

For this study, we sampled a suit of mineralised 
porphyries from the Escondida cluster and 
unmineralized volcanic and intrusive rocks that are 
spatially and temporally related to the Cu-Mo±Au 
mineralisation.   
 
3 Analytical methods  

3.1 SEM-CL analyses 

The mineralogical and textural characterisation of 
apatite and zircon was carried out with an optical 
microscope and a Tescan VEGA3 scanning electron 
microscopy-energy dispersive spectroscopy (SEM–
EDS) system. Mineral inclusions within the zircon 
crystals were analysed by EDS, allowing the 
identification of apatite inclusions. High contrast 
back scattered electron (BSE) and 
cathodoluminescence (CL) imaging was carried out 
on epoxy mounted zircon and apatite crystals to 
identify crystal growth structures and the presence 
of core domains that may represent older (pre-
magmatic) components. Further apatite crystals 
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were characterised in thin sections, allowing a 
detailed microtextural investigation. 

 
 
Figure 1. Geology of the Escondida district adapted and 
slightly modified from Gibbson 2018 (published PhD 
Thesis) whose figure was originally based on mapping by 
Hervé et al. (2012) and Urzúa (2009). Map of the central 
and northern Chile showing the Paleogene and Neogene 
metallogenic belts is modified after Piquer et al. (2021). 
 
3.2 EPMA – Apatite volatile contents 

Major and minor elements of targeted groundmass 
apatite and apatite inclusions were measured with a 
JEOL 8350F field emission electron micro-analyser 
(EPMA) at the Centre for Microscopy, 
Characterisation, and analyses (CMCA) of the 
University of Western Australia. Elements F, Cl, Ca, 
P, Sr, S, Mn, Mg, Si, Na, La, Ce, and Nd were 
measured in apatite inclusions in zircon using a 
15nA electron beam current, 15 kV accelerating 
voltage and a spot size of 5 µm. The EPMA spots 
were set to be perpendicular to the c-axis of apatite 
to avoid the disturbance from the orientation of 
apatite grains. The accuracy of the analyses relative 
to standards was the following: major elements (Ca 

and P) < 1%; F and Cl < 2-3%; minor elements (S, 
Si, Ce, Na, Mn, Fe, Nd) <10%. 

The F, Cl, OH concentrations of apatite inclusions 
were determined stoichiometrically following the 
approach of Ketcham (2015), assuming a full X-site. 
 
3.3 SIMS – S isotope of apatite 

In situ sulfur isotope (32S and 34S) analyses of apatite 
inclusions and matrix apatite were conducted using 
a CAMECA IMS1280 at the Centre for Microscopy, 
Characterisation, and analyses (CMCA) of the 
University of Western Australia. Zircon and apatite 
grains were mounted in epoxy resin and carefully 
polished. Epoxy resin mounts were therefore coated 
with 20nm-thick gold. Big1 grains were used as 
standard material, and the reader is referred to the 
work of Hammerli et al. (2021) for the analytical 
procedure. For matrix apatite, the sample surface 
was sputtered over a 15 x 15 µm area with a 10 kb, 
Gaussian Cs+ beam with intensity of ca. 1-3 nA and 
total impact energy of 20 keV. For apatite inclusions, 
the beam size was reduced to a 5 x 5 µm area.  
 
4 Zircon and apatite microstructure 

Zircon grains containing apatite inclusions were 
retrieved from mineral separation procedures and 
handpicked under a binocular microscope, mounted 
into epoxy mounts with zircon and apatite reference 
materials and polished to expose the mid-sections. 
BSE and CL imaging of zircon was carried out to 
detect zircon growth textures and zoning, in addition 
to identifying the mineral inclusion cargoes. Zircon 
grains in the mineralised samples range between 
100 – 300 μm in length, with the majority around 200 
μm in length and aspect ratios of 1:2 to 1:4. Most 
zircon grains contain mineral inclusions, with apatite 
as the most abundant followed by k-feldspar and 
quartz. Zircon grains from the barren intrusions show 
a larger size compared to those found in the 
mineralised samples, ranging between 100 to 500 
μm in length and with the majority of the crystals 
around 300 μm. Spherical and lobate inclusions 
identified as melt inclusions are common in zircon 
from the unmineralized andesite host rock and other 
barren rocks. Zircon crystals display a range of 
internal textures revealed by CL (Figure 2). 
Secondary dissolution/reabsorption features are 
present in some grains and are most visible where 
they interrupt zoning. The reabsorption may just 
affect one CL band or affect a whole section of the 
zircon. The most common texture is oscillatory 
zoning, which exhibits bands ranging in CL intensity 
from a bright CL response to near black. 

Apatite inclusions have a grain size ranging 
between 5 to 20 µm in the mineralised samples and 
reaching up to 40 µm in size in the associated 
unmineralized igneous rocks. The inclusions occur 
at the proximity of the zircon rims, with a few 
examples observed close to the zircon core. Thin 
sections observations show apatite crystals 
interstitial to silicates and inclusions of apatite within 
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other primary igneous minerals, such as plagioclase 
phenocrysts and amphibole. In the mineralised 
samples, anhedral apatite locally forms veins and 
veinlets in equilibrium with anhydrite. Euhedral 
crystals of apatite are also commonly found as 
inclusions in anhydrite. Matrix apatite often 
intergrows with hydrothermal minerals, such as 
rutile, ilmenite, anhydrite, pyrite, and chalcopyrite. 
Apatite crystals elongated on the c-axis commonly 
show inclusions of monazite, carbonates, anhydrite, 
K-feldspar, quartz, and zircon.  

CL imaging reveals that the majority of apatite 
crystals parallel to the c-axis are chemically zoned. 
These apatite crystals usually show gradational 
zoning from near black cores to lighter rims under 
CL. However, irregular CL patches and homogenous 
CL colors are also observed in matrix apatite. 
 

 
 
Figure 2. Cathodoluminescence images of apatite (a1, b1, 
c1) and zircon (a2, b2, c2) grains from mineralised 
samples showing examples of the most common internal 
textures and zoning. A 50μm-scale is shown for each 
grain. 
 
 
5 Halogens, S content and S isotope of 

apatite inclusions 

The barren samples exhibit variable F-Cl-OH and S 
compositions. Apatite inclusions from the biotite 
andesite porphyry show F concentrations of 1.18 to 
2.58 wt%, Cl concentrations of 1.85 to 3.92 wt%, and 
OH concentrations of near zero to 0.83 wt%. Apatite 
from the quartz monzodiorite exhibits F 
concentration of 1.67 to 3.20 wt%, Cl concentration 

of 1.14 to 3.06 wt%, and OH concentrations of 0.19 
to 1.16 wt%. The few spots analyses of apatite 
inclusions from the fine-grained pyroxene-bearing 
monzodiorite and from the andesitic host rock show 
F values of 1.03-1.27 wt% and 1.76 wt%, Cl values 
of 1.88-2.16 and 1.32 wt%, and OH values of 1.25-
1.31 and 1.27 wt%, respectively. Apatite inclusions 
across the regional samples always reveal S 
concentrations above the detection limit, ranging 
between 0.13 to 0.75 wt% SO3. Further future SIMS 
measurements of apatite inclusions from the 
unmineralized samples will be carried out for 
comparison with the barren intrusions.  

In the samples hosting the mineralisation, apatite 
inclusions record variable, but lower Cl 
concentrations compared to the unmineralized 
samples (Figure 3), with values spanning from 0.41 
to 1.50 wt% Cl and few outliers. On the other hand, 
in the mineralized porphyries, apatite inclusions 
record SO3 concentrations ranging between values 
below detection limit and 0.73 wt%, thus not showing 
significant distinctions with the apatite inclusions 
from the unmineralized samples.  
 

 
 
Figure 3. XF-XCl-XOH ternary diagram showing the 
compositional ranges of apatite inclusions in zircon from 
the studied mineralised and unmineralized samples. Mole 
fractions of F and Cl in apatite are calculated using the 
method of Piccoli and Candela (2002). 
 

Apatite inclusions exhibit fairly homogeneous, 
positive, δ34S values (δ34S > 0‰), irrespective of the 
mineralisation stage recorded in the rock sample 
(i.e., early porphyry, late porphyry). Matrix apatite 
shows a strong zoning in cathodoluminescence 
(CL). The dark core under CL of matrix apatite shows 
positive δ34S values, similar to those measured in 
the inclusions. The CL-lighter rims, instead, record 
δ34S values trending toward lighter, negative values. 
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Figure 4. S isotope signature of the investigated apatite 
inclusions and matrix apatite from the mineralized 
samples. S isotopic compositions from different reservoirs 
are reported for comparison. The reader is referred to 
Hammerli et al. (2021) and reference therein for the full 
explanation. 
 
6 Discussion and conclusion 
 
The new microanalytical approach for studying the 
volatile component of apatite inclusions and matrix 
apatite from the Escondida porphyry Cu district 
involves a combination of microtextural studies, 
mineral chemistry and in-situ isotopic investigations.  
Further analytical measurements and experimental 
constraints are required to fully understand the 
physico-chemical conditions that favoured the 
mineralisation at Escondida. However, our 
preliminary data identified the potential to 
discriminate different pathways of halogens and S 
among different mineralised and barren samples. 
The grain size of the zircon separates is the first-
order observation that differentiates between the 
mineralised and the barren rocks in Escondida. 
Specifically, the smaller size of the zircon grains (and 
associated apatite inclusions) from the mineralised 
samples compared to those from the barren 
intrusions could be attributed to a number of factors, 
including differences in magma ascent rates, depth 
of crystallization, and water availability. For example, 
it is possible that the ore-forming magma was 
emplaced at a shallower depth and cooled rapidly 
compared to the infertile-magma, resulting in smaller 
zircon and apatite crystals.  

We identified a significant distinction in the Cl 
concentration of apatite inclusions from the Cl-poor 
mineralised porphyries and Cl-enriched barren 
rocks. One possible explanation is that the ore-
forming magma lost Cl prior to the crystallization of 
apatite and its entrapment in the zircon. This loss of 
Cl may have occurred due to the partitioning of Cl 
into exsolving aqueous fluids during magma ascent. 
If this is the case, it would suggest that the Cu-
Mo±Au porphyry bearing magma was originally 
richer in Cl than the apatite inclusions suggest. It is 
therefore essential to take into consideration the 
volatile composition of the source component that 
contributed to the melt as well as the involvement of 
other processes, such as magma mixing or crustal 
assimilation. Further constrains on the temperature 
of zircon crystallisation and apatite entrapment will 

be applied to fully resolve the original halogens 
content of the ore-forming magma. 

The S concentrations of the apatite inclusions are 
variably similar between mineralised and 
unmineralized samples. In the mineralised samples, 
the S concentrations and isotopic measurements 
indicate that matrix apatite records a complex 
magmatic-hydrothermal evolution, which trends 
toward lighter (and negative) δ34S values and 
contrasts with the positive S isotopic signature of the 
zircon-hosted apatite. This may be attributed to S 
isotopic fractionation during low-T open-system 
processes, to the presence of anhydrite in the rock 
sample, or to the involvement of sulfur from different 
reservoirs.  

Our preliminary data suggest that apatite 
inclusions in zircon are valuable tools for studying 
the volatile signature and behaviour of ore-forming 
and infertile-magmas in the Escondida district. 
Further research will be needed to fully understand 
the source of volatiles and their contribution to the 
Cu-Mo±Au mineralisation in Escondida. 
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Abstract. White mica alteration in porphyry systems is 
often directly associated with economic mineralization. 
White mica chemistry may record the evolution of the 
hydrothermal system and could represent an important 
vectoring tool for Cu-Mo mineralization. However, in such 
setting, macro to microscale variations in white mica 
chemistry are still poorly understood. Here, we focus on 
the white mica alteration in the Gaby porphyry copper 
district (Northern Chile), using automated mineralogy 
(QEMSCAN), short-wave infrared (SWIR), and electron 
microprobe (EMPA) analyses. The Gaby district consists 
of Late Carboniferous-Early Permian volcano-sedimentary 
rocks, the Permo-Triassic Pampa Elvira plutonic complex, 
and Eocene tonalite porphyries. Two main types of white 
mica alteration are identified: i) Early green Fe-Mg-rich 
sericite is observed in veins, halos, and as pervasive 
alteration, frequently intergrown with chalcopyrite-bornite 
and low amounts of pyrite; ii) Late grey Fe-Mg-poor 
sericite is found disseminated, locally as secondary 
alteration on green sericite, and in halos of pyrite-rich 
veins. In these veins, green sericite is also present as infill, 
as well as in their outermost zone. Correlation between 
portable SWIR (TerraSpec) analyses and variations of 
white mica composition at micrometer scale as determined 
with QEMSCAN and EMPA demonstrates the strengths 
and limitations of the SWIR spectroscopy in exploration for 
porphyry systems. 
 
1 Introduction 

White mica alteration zones commonly host high-
grade ore in porphyry systems (Reed et al. 2013; 
Uribe-Mogollon and Maher 2018; Alva-Jimenez et 
al. 2020). During the evolution of a porphyry system, 
white mica composition changes due to variations in 
fluid temperature and composition and is also 
influenced by the primary composition of the mineral 
replaced (e.g., plagioclase, biotite). Two general 
types of white mica/sericite alteration are 
recognized in porphyry systems (Uribe-Mogollon 
and Maher 2018; Skarmeta 2021): deep early green 
sericite alteration is typically associated with 
chlorite, whereas shallow late grey sericite alteration 
is not associated with chlorite. 

Vectoring using white micas is commonly based 
on short-wave infrared (SWIR) spectroscopy, which 
records specific spectral characteristics such as the 
Al-OH peak position and depth (Chang and Yang 
2012; Calder et al. 2022). The spectral signature of 
white mica is chemically influenced by the 
Tschermak substitution : Al3+tet + Al3+oct ↔ Si4+tet + 
Mg2+oct or Fe2+oct (Guo et al. 2019; Cloutier et al. 
2021). A recent study demonstrates the potential of 
using trace elements in white mica as a vectoring 

tool in porphyry systems (Uribe-Mogollon and 
Maher 2020).  
 

 
Figure 1. A. Location of the Gaby district within the Upper 
Eocene-lower Oligocene metallogenic belt in Chile 
(modified from Skarmeta 2021). B. Schematic geological 
map of the Gaby district with the reported grades for Cu, 
Zn and Mo and location of the two drill holes studied 
(DGS1130 and DGS682). 
 

In porphyry deposits, stockwork veining is 
commonly a polyphase process, and frequently 
shows reopening textures with superimposed 
alteration halos (Rusk et al. 2008; Sillitoe 2010). 
Consequently, chemistry of white micas can be 
significantly affected by overprinting of multiple 
alteration/mineralization events. 

In this contribution, we focus on the Gaby 
porphyry Cu-Mo deposit in Northern Chile. Based on 
petrographic observations, automated mineralogy 
(QEMSCAN), short-wave infrared (SWIR), and 
electron microprobe (EMPA) analyses, we 
discriminate a large variety of white mica textures 
and compositions, related to multiple mineralizing 
events, overprinting each-other in space and time.  
 
2 Geology of the Gaby district 

The Gaby district is located in the Late Eocene to 
Early Oligocene metallogenic belt, in Northern Chile 
(Figure 1A). The district includes the Gaby deposit, 
currently in operation, and numerous prospects such 
as Lucy, Cerro Negro, Vicky, Lagarto, and Zeus 
(Figure 1B). Mineralization is hosted in Eocene 
tonalite porphyritic intrusions, emplaced in the large 
composite Permo-Triassic Pampa Elvira plutonic 
complex, and locally in Late Carboniferous-Early 
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Permian volcano-sedimentary rocks of the La Tabla 
Formation. The Eocene tonalite intrusions follow a 
general N 040-50E trend, along the contact between 
the Pampa Elvira plutonic complex and the La Tabla 
Formation. The Permo-Triassic plutonic complex 
and most of the Eocene porphyries are similar in 
terms of texture and geochemistry, whereby the 
Pampa Elvira plutonic complex shows higher 
proportion of K-feldspar. Potassic alteration is 
observed all along strike of the Eocene porphyritic 
intrusions, as well as in the host Permo-Triassic 
plutonic complex. 

Multiple sets of faults are noticed: NE-SW normal 
faults, and N-S to NW-SE reverse faults. The NW-
SE normal faults show post-mineralization 
displacement that modifies the architecture of the 
district. The northern part (Zeus-Lagarto) is 
structurally deeper than the southern part (Lucy–
Cerro Negro prospects; Figure 1B). 

Porphyry-style mineralization is mainly 
disseminated and in veinlets; stockwork 
mineralization is not common (Figure 2). 
Chalcopyrite and bornite are the main copper 
minerals, frequently associated with molybdenite 
and quartz. Pyrite is typically associated with late D-
veins. Supergene chalcocite, atacamite and 
chrysocolla can be observed at up to ~ 200-250 m 
below surface. 

Late polymetallic veinlets have been noticed so 
far mainly in the southern part of the district, in the 
Cerro Negro, Lucy and Vicky prospects (Figure 1B), 
partly as reopening of pre-existing porphyry-style 
veinlets (Figure 3A). Sphalerite, galena, tennantite-
tetrahedrite, pyrite and chalcopyrite occur together 
with quartz and/or multiple generations of 
carbonates including rhodochrosite, siderite, 
ankerite, siderite, and calcite, in part Fe and/or Mn-
bearing. 
 
3 Methods 

One hundred thirteen samples were collected 
approxima4vely every 5 meters from two drill holes in 
the Gaby open pit (Figure 1B). The studied interval of 
hole DGS1130 mostly intersects the Eocene tonalite 
porphyry (Figure 2) and the one of DGS682, the Pampa 
Elvira plutonic complex. 

SWIR measurements were obtained using an 
ASD TerraSpec Halo Mineral Identifier. Three 
analyses were performed on each rock slice from 
which a thin section was also obtained. Acquisition 
time was 10s and the standard beam size - 1 cm. 
Absorption features (Al-OH, Mg-OH, Illite 
crystallinity) determined by the Terraspec Halo 
internal software and The Spectral Geologist (TSG) 
software were compared. The results are generally 
similar (~	0.1 nm). Based on the two mineralogical 
databases (TerraSpec halo and TSG), a last check 
of each Hull-quotient-transformed spectrum was 
completed. 

Automated mineral analysis and textural imaging 
were performed using an FEI QEMSCAN Quanta 

650F facility at the University of Geneva. The 
QEMSCAN system is equipped with two Bruker 
QUANTAX light-element EDS detectors. White mica 
varieties were discriminated based on their Fe and 
Mg content and Al/Si ratio, while chlorite varieties - 
based on their Mg/Fe ratio and Mn content. 
 

Figure 2. Log of drill hole DGS1130 reporting the type of 
host rock, the main mineralized structures, the type of 
alteration, and the Al-OH absorption feature and alteration 
minerals identified with SWIR. 
 

Major and minor element compositions of white 
micas were determined by electron microprobe 
analysis (EMPA) using a JEOL JXA-8200 
Superprobe microanalyzer equipped with five 
wavelength dispersive X-ray spectrometers (WDS) 
at the University of Geneva. Measured elements 
include Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K, Ba and 
Cl. The acceleration voltage and beam current were 
15 kV and 15 nA, and beam diameter used 5 µm. 
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4 Texture, chemistry, and SWIR signature 
of green and grey sericite 

4.1 Green sericite 

Green sericite is mostly observed in the deeper parts 
of the tonalite porphyries (from ~200 to ~400 m 
depth; Figure 2) but is also identified at shallow 
levels in the Pampa Elvira plutonic complex (~50 m 
in hole DGS682). Green sericite mostly consists of 
phengite, generally with grain size lower than 1mm. 
It occurs with chlorite that locally is enriched in Mn 
(up to 2-3 wt% Mn). Green sericite occurs as: (i) 
replacing pluri-centimetric magmatic nodules in the 
tonalite, only located in an interval from 170 to 270 m 
depth, that show frequently chalcopyrite along their 
borders; ii) as pervasive alteration; iii) in veinlets; iv) 
in alteration halos, preferentially in veinlets at around 
300-400 m depth (Figures 2 and 3). 

Microprobe analyses of green sericite yield 
relatively high Mg and Fe contents, ranging 0.15-
0.35 apfu and 0.10-0.25 apfu, respectively, and low 
Na and Al contents, 0.01-0.55 and 2.45-2.70 apfu, 
respectively. Green sericite is frequently intergrown 
with chalcopyrite and low amounts of bornite 
(Figure 3). 
 
4.2 Grey sericite  

Grey sericite is composed of phengite, generally 
coarse-grained (up to few millimetres), and 
postdates the green sericite alteration. Grey sericite 
is mostly observed in the upper part of the drill hole 
(around 200 m; Figure 2) and frequently obliterates 
previous textures, especially green sericite in 
magmatic nodules. Two types of textures/structures 
are observed: i) grey sericite in the halos of pyrite-
rich D-veins, with local occurrence of K-Fe-Mg-
depleted illite close to pyrite (Figure 3 and 4); ii) 
pervasive alteration overprinting also green sericite 
alteration in magmatic nodules. 

Microprobe data show generally low Fe and Mg 
contents, ranging 0.02-0.07 and 0.02-0.12 apfu, 
respectively (Figure 4). Sodium and Al contents in 
grey sericite reach 0.05-0.06 and 2.73-2.82 apfu, 
respectively.  

Figure 4a illustrates variations of K, Mg and Fe 
along a transect across grey sericite halo of a pyrite-
rich D-vein. Grains replacing former magmatic 
“book” biotite and occurring close to pyrite grains 
show the lowest K content. This is attributed to the 
presence of illite (typically depleted in K; Alva-
Jimenez et al. 2020). No change in K content is 
observed between green and grey sericite. Iron and 
Mg are depleted in grey sericite compared to green 
sericite (Figure 4A), Al and Ti have similar content, 
and Si is higher in grey sericite. Si/(Fe+Mg) ratio 
(Figure 4B) is above 15 for grey sericite and lower 
than 15 for green sericite. 

Figure 3. Two QEMSCAN maps of green and grey 
sericite alteration. A. Quartz-chalcopyrite vein 
reopened by chlorite-hematite-green sericite vein, 
subsequently reopened by a quartz-polymetallic 
vein. The halo of green sericite occurs along the 
chlorite-hematite vein. B. Pyrite-rich D-vein with halo 
composed of Fe-rich and Fe-poor sericite. Close to 
the vein and in the outermost halo, green sericite is 
observed but most of the halo is composed of grey 
sericite. K feldspar is intergrown with green sericite 
in the outer zone. Abbreviations - Chl: chlorite; Cpy: 
chalcopyrite; Hem: hematite; Qz: quartz) 
 
4.3 Relationship between chemistry of green-

grey sericite and SWIR absorption features 

Generally, a good discrimination between grey and 
green sericite is obtained when comparing SWIR 
analyses (Al-OH absorption feature) and EMPA 
results (Figure 4C). A threshold around 2203.5 nm 
could be used to discriminate green sericite (higher 
Al-OH absorption features of 2203.5-2208 nm) and 
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grey sericite (< 2203.5 nm). However, some 
analyses corresponding to green sericite inner/outer 
halo or vein infill fall in the grey sericite field (below 
2203.5 nm); they are interpreted as artefacts caused 
by mixtures of grey and green sericite. 
 

 
Figure 4. EMPA results on white micas. Green and grey 
sericite are discriminated. A. Potassium, Fe and Mg 
content (apfu) in a transect perpendicular to the alteration 
halo of a D-vein (location shown in Figure 3B). B. 
Si/(Fe+Mg) ratio vs Altot plot. C. Comparison between 
TerraSpec Al-OH absorption features and (Mg+Fe) 
content (apfu). 
 
5 Conclusion 

At Gaby, white mica alteration shows large textural 
diversity and in general a bimodal chemistry with 
green (Fe-Mg rich; Na-Al poor) and grey sericite (Fe-
Mg poor; Na-Al rich). QEMSCAN mapping can be 

used to discriminate green and grey sericite 
alteration successfully. In both, the Eocene tonalite 
and in the Permo-Triassic Pampa Elvira plutonic 
complex, a 40 m-thick interval around 200 m below 
present day surface is enriched in grey sericite 
alteration that overprints earlier green sericite 
alteration. This interval can be easily detected with 
TerraSpec analyses using the Al-OH absorption 
feature of white micas. Nonetheless, precise 
detection of the type of sericite is difficult when, at 
pluri-millimetric scale, a mixture of green and grey 
sericite exists, especially in D-vein halos.  
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Abstract. We studied three representative skarn 
orebodies of SW Sardinia (Perda Niedda, Monte Tamara 
and Rosas), related to ilmenite-series ferroan granites to 
assess their Sn-W and other Critical Raw Materials (CRM) 
metallogenic potential. The Perda Niedda skarn hosts 
magnetite, fluorite, cassiterite and minor sulfides in a 
garnet- (clinopyroxene)-amphibole-chlorite association at 
contact with granites. At Monte Tamara, scheelite-bearing 
hydrothermal veins and clinopyroxene-garnet skarns 
occur with minor cassiterite-stannite-molybdenite and Bi-
sulfosalts. Base-metal sulfides with subordinate 
magnetite-cassiterite-fluorite veinlets prevail at Rosas. 
Clinopyroxene, garnet and epidote mineral chemistry from 
the three locations allows a detailed reconstruction of the 
mineralised systems, in terms of proximity to causative 
intrusion, compositional variations of ores and Sn-W and 
CRM enrichment. Overall, the highlighted common 
features of the three skarns indicate that they may be 
framed within a single, district-scale Sn-W skarn system. 
Overall, their different mineralogy and geochemical 
fingerprint reflect formation mechanisms controlled by 
their distance from the causative intrusion. 

 
1 Introduction 

Skarns are one of the most common classes of 
deposits for high-grade Sn and W mineralisation. 
Due to their industrial applications and supply risk, 
Sn is considered a “medium-scale” critical metal 
(Lehman 2021), whereas W is included in the 
Critical Raw Materials (CRM) list for Europe. In fact, 
Europe accounts only for the 7% of Sn and 4% of W 
global production, whereas China, Russia, SE Asia 
and S America, together, produce 78% of Sn and 
91% of W. Therefore, re-evaluation of the CRM 
potential of old mining districts in Europe is now 
considered necessary by the EU Commission to 
keep up with these trends. 

The Sulcis-Iglesiente (SW Sardinia) is an old 
mining district hosting numerous skarn orebodies (at 
least 50 documented occurrences) that were in part 
exploited for their Zn-Pb sulfide and/or Fe oxide 
ores. In this study, three representative skarns from 
the Sulcis-Iglesiente district (Perda Niedda, Monte 
Tamara and Rosas mines) have been investigated to 
evaluate the presence of Sn, W and other 
associated CRM (e.g., Bi, Mo, In) in the ores and, 
thus, to test the potential of SW Sardinia for Sn-W 
and CRM mineral exploration.  
 
2 Geological setting 

The SW portion of Sardinia (Sulcis-Iglesiente and 
Arburèse regions) represents the External Zone of 
the Variscan Chain in the region. The area includes 
a low-grade and mildly deformed Palaeozoic 
succession of Lower Cambrian sandstones, massive 
limestones and dolostones, nodular silty limestones, 
slates, and Middle-Upper Ordovician conglomerates 
and sandstones. These rocks were intruded at 289 
± 1 Ma (Boni et al. 2003) by F-bearing, ferroan, 
reduced (ilmenite-series) and slightly peraluminous 
monzogranites and leucogranites (GS1 suite: Conte 
et al. 2017) that were emplaced at less than 2 kbar. 
Based on these features, common among “tin-
granites” (Lehmann 2021), the GS1 suite has been 
recognized as the metallogenic source for the 
numerous Sn-Mo-W ores of SW Sardinia (Naitza et 
al. 2017).  

 
3 Analytical Methods 

Field surveys and samplings were performed in the 
Perda Niedda, Monte Tamara and Rosas old mining 
areas. Petrographic, SEM-EDS, EPMA and LA-ICP-
MS analyses took place at the University of Cagliari, 
University of Milan and University of Geneva and 
ETH Zürich.  
 
4 Skarn and ore mineralogy 

The Perda Niedda skarn ore consists of large 
magnetite-fluorite bodies at the exposed contact 
between Lower Cambrian carbonates and the GS1 
Oridda pluton. Sulfides are subordinate, except for 
sulfide-rich zones containing In-rich sphalerite, 
arsenopyrite, löllingite, pyrrhotite, native Bi and late-
stage pyrite disseminations. The skarn consists of 
abundant green garnet; clinopyroxene and axinite 
occur at distal position from the granite contact. 
Garnet forms large idiomorphic, birefringent and 
concentrically zoned crystals frequently pervasively 
altered (chlorite, amphibole, phlogopite, quartz) and 
associated with fluorite, magnetite and cassiterite. 
Cassiterite is found (Figure 1a-b): a) as micro-
inclusions in the altered garnet rims with magnetite; 
and b) in magnetite-cassiterite-sphalerite fine layers 
in a quartz-fluorite-chlorite mass (“wrigglite” textures; 
Kwak and Askins 1981).  

The Monte Tamara skarn occurs at the contact 
between Lower Cambrian limestones and 
sandstones at 3 km from the nearest exposure of 
the GS1 granites. Carbonate-hosted scheelite-
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arsenopyrite-sphalerite hydrothermal veins are 
found in a distal position (Sinibidraxiu; Deidda et al. 
2023). The skarn consists of clinopyroxene and 
slightly subordinate garnet. Hydrothermal alteration 
of diopside and garnet produces actinolite, epidote, 
chlorite, calcite and quartz (Deidda et al. 2023). The 
ore includes variable proportions of scheelite, 
cassiterite, stannite, molybdenite, native Bi and Bi-
sulfosalts as well as hematite, chalcopyrite, 
sphalerite, arsenopyrite, galena, pyrrhotite, pyrite 
and marcasite (Figure 1c-f).  

Finally, the Rosas mine area is located on a 
regional-scale shear zone with numerous skarn 
orebodies along tectonic slices of Lower Cambrian 
limestones (Cocco et al. 2022). The nearest GS1 
granite exposure is at 5 km distance from the ores, 
in the SE of the Monte Tamara area. A 
representative skarn occurrence (Barisonis sector) 
displays abundant clinopyroxene and minor garnet. 
Sphalerite, chalcopyrite and galena are the 
prevailing ore minerals. Cassiterite (Figure 1g-h) 
occurs with magnetite in “wrigglite”-like quartz-
fluorite-chlorite assemblage (Cocco et al. 2022). 
Secondary phases include Ag-minerals, while some 
gold grains were observed in quartz. 
 
5 Major and trace elements in silicates  

5.1 Clinopyroxene 

Clinopyroxene from Perda Niedda mostly belongs to 
the diopside endmember, with minor hedenbergite 
and johannsenite components (avg. 
Di70.9Hed6.5Jo7.5; Figure 2). Clinopyroxene from 
Monte Tamara is diopsidic with moderate 
hedenbergite and low johannsenite percentages 

(Di77.8Hed19.6Jo2.6). Conversely, clinopyroxene from 
Rosas is markedly higher in the hedenbergite and 
johannsenite components (avg. Di17.1Hed64Jo18.9). 
Tin content is usually low at Rosas (< 1 ppm) and 
Perda Niedda (3-26 ppm); occasionally high values 
were detected at Monte Tamara (171-4367 ppm). 
Tungsten does not exceed 1 ppm in all deposits. 
 

 
Figure 2. Relative proportions of diopside, 
hedenbergite and johannsenite endmembers in 
clinopyroxene from the Perda Niedda, Monte 
Tamara and Rosas skarn bodies. Higher 
hedenbergite and johannsenite contents correspond 
to distal skarns, whereas diopside correlates with 
proximal skarns (Meinert et al. 2005; Chang and 
Meinert 2008; Chang et al. 2019) 
 
5.2 Garnet 

Figure 1. Photomicrographs of the W-Sn and Mo-Bi minerals of the Perda Niedda (a-b), Monte Tamara (c-f) and Rosas 
(g-h) skarns: a) “wrigglite”-type magnetite-cassiterite in a quartz-chlorite-fluorite gangue (Perda Niedda); b) cassiterite-
magnetite enclosed in garnet altered to in chlorite-amphibole-fluorite (Perda Niedda); c) cassiterite associated with 
chalcopyrite and d) scheelite (Monte Tamara); e-f) Bi-sulfosalts with scheelite, chalcopyrite and molybdenite (Monte 
Tamara); g-h) “wrigglite”-type magnetite-cassiterite association (Rosas). Am = amphibole; Bi = native Bi; Bi-sulf = Bi-
sulfosalts; Ccp = chalcopyrite; Chl = chlorite; Cst = cassiterite; Fl = fluorite; Grt = garnet; Mag = magnetite; Mol = 
molybdenite; Sch = scheelite. 
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The composition of garnet from Perda Niedda is 
andraditic (avg. Adr96.9Grs3.1), with sporadic 
grossular enrichments (Adr100-40.5Grs0.00-59.5). 
Similarly, garnet from Monte Tamara is mostly 
andradite (avg. Adr93.1Grs6.9), but grossular may 
attain 63.2% (Deidda et al. 2023). Garnet from 
Rosas is variably enriched in grossular (Adr100-

25.5Grs25.5-74.5). Tin is remarkably high in green, 
unaltered garnet from Perda Niedda and Monte 
Tamara, both with average contents of 1.5 wt% Sn. 
At Perda Niedda, Sn ranges from 0.2 to around 4 
wt%. Tin is lower in garnet cores (avg. 9956 ppm Sn) 
and becomes moderately higher towards mantle 
(avg. 2.1 wt% Sn) and rims (avg. of 1.5 wt% Sn; 
Figure 3a). At Monte Tamara Sn in garnet is in the 
range 0.02-6 wt%. Similarly, Sn contents increase 
from cores (avg. 362 ppm Sn) to mantle (1 wt% Sn) 
and rims (2 wt% Sn; Figure 3b). Garnet from Rosas 
has markedly lower Sn contents (avg. of 6 ppm and 
up to 25 ppm).  

The average W contents in the three deposits are 
comparable (113 ppm at Perda Niedda; 491 ppm at 
Monte Tamara; 82 ppm at Rosas). Garnet from the 
scheelite-bearing skarn of Monte Tamara attains the 
highest values of 2800 ppm. Aside from Monte 
Tamara garnet, tungsten contents tend to be higher 
in the cores (avg. 132 ppm at Perda Niedda; 9 ppm 
at Monte Tamara; 161 ppm at Rosas) and to 
decrease towards mantles (avg. 201 ppm at Perda 
Niedda; 626 ppm at Monte Tamara; 28 ppm at 
Rosas) and rims (avg. 71 ppm at Perda Niedda; 515 
ppm at Monte Tamara; 37 ppm at Rosas). Indium is 
within the range 11-126 ppm at Perda Niedda (avg. 
57 ppm), 2-110 ppm at Monte Tamara (avg. 31 ppm) 
and negligible at Rosas (< 1 ppm). 
 
5.3 Epidote 

In all studied samples, minerals of the epidote group 
mainly belong to the epidote 
(Ca2(Fe3+,Al)3(SiO4)3(OH)) endmember, whereas 
clinozoisite (Ca2Al3(SiO4)3(OH)) and piemontite 
(Ca2(Al,Mn2+,Fe2+)3(SiO4)3(OH)) are subordinate. 
Average compositions are comparable between 
Monte Tamara (Ep77.9Czo21.6Pmt0.5) and Rosas 
(Ep79.1Czo20.1Pmt0.9). Tin concentrations are 
remarkably higher at Monte Tamara (339-6688 ppm; 
avg. 2571 ppm) with respect to the Sn-poor epidote 
from Rosas (5-552 ppm; avg. 35 ppm). Indium is 
generally low in both deposits, though more often 
below the detection limit at Rosas (up to 1 ppm). 
Moderately higher In values were detected at Monte 
Tamara (1-42 ppm; avg. 8 ppm). Tungsten 
occasionally reaches maximum concentrations of 7 
ppm at Monte Tamara. 
 
6 Zoning of the Sn-W skarn system 

The distance from the causative intrusion is a key-
factor in controlling the features of skarn deposits. 
Typical features of distal skarns include higher 
proportions of clinopyroxene over garnet, Mn- and 
Fe-rich clinopyroxene, enrichment in Zn-Pb sulfides 

(Meinert 1997; Meinert et al. 2005). Conversely, 

exoskarn formation from F-rich greisen-related 
hydrothermal fluids (Štemprok 1987; Chang and 
Meinert 2004), abundance of cassiterite (Lehmann 
2021) and molybdenite (Chang et al. 2019), the 
LREE-rich signature of scheelite (Yuan et al. 2019; 
Deidda et al. 2023) and the Sn-enrichments in 
garnet and epidote could be indicators for more 
proximal skarn mineralisation. 

The Perda Niedda, Monte Tamara and Rosas 
represent different parts of a district-scale Sn-W 
skarn system. Each orebody, though, displays some 
peculiar features reflecting their formation at 
different relative distances from the intrusive source. 
In this view: 

1. The Perda Niedda skarn represents the most 
proximal orebody in the system, as demonstrated 
by: (a) the exposed contact with GS1 granites; (b) 
greisen-like/endoskarn alteration accompanied by 
high fluorine activity; (c) the higher proportion of 
garnet versus clinopyroxene; (d) Sn and In 
enrichment in garnet; (e) abundant cassiterite 
associated with magnetite-fluorite, after garnet 
alteration; (f) diopsidic clinopyroxene.  

2. The Monte Tamara skarn features are between 
proximal and distal, as indicated by: (a) no clear 
contact with GS1 granites; (b) scheelite prevails over 
cassiterite and other Sn-Mo-Bi minerals are found 
(stannite, molybdenite, native Bi and Bi-sulfosalts); 
(c) abundant Zn-Pb sulfides; (d) clinopyroxene 

Figure 3. LA-ICP-MS compositional profiles in garnet 
from Perda Niedda (a) and Monte Tamara (b), showing 
progressive Sn enrichment from core (red dots) to rim 
(blue dots). 
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(diopsidic) more abundant than garnet (f) Sn-rich 
garnet; (e) high Sn and In epidote. 

3. Lastly, the Rosas skarn features are indicative 
of a distal deposit, as suggested by: (a) structural 
control, favouring extensive infiltration of fluids at 
larger distance; (b) rare cassiterite, scheelite, Bi-
phases and no molybdenite; (c) abundant Zn-Pb 
sulfides and traces of Ag and Mn sulfides; (d) 
clinopyroxene more abundant than garnet; (e) 
hedenbergitic-johannsenitic clinopyroxene; (f) Sn-
poor garnet and epidote. 

 
7 Conclusion 

All field, mineralogical and compositional evidence 
highlight the close relationship between the Perda 
Niedda, Monte Tamara and Rosas skarns and point 
out the existence of a district-scale Sn-W skarn 
system in SW Sardinia, strongly related with the GS1 
granite intrusive unit. This is supported by the 
common presence in the orebodies of marker 
minerals such as cassiterite and, more occasionally, 
scheelite, Bi-phases, molybdenite and stannite.  

Moreover, this work points out that Sn-rich garnet 
and, to a lesser extent, Sn-rich epidote are important 
markers for Sn-W mineralisation in skarns of SW 
Sardinia, similarly to other Sn-W skarn provinces 
worldwide (e.g., Huangshaping, Erzgebirge, French 
Massif Central).  

In conclusion, our assessment of a zoned, 
district-scale Sn-W skarn system may have 
important implications for further and more accurate 
Sn-W and CRM mineral explorations in the several 
skarn occurrences in the SW Sardinia district.  
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Abstract. Porphyry W-Mo deposits are rare occurrences 
in the Earth crust and Ochtiná-Rochovce is the only one of 
its kind in the Western Carpathians. Lithological, 
mineralogical and veinlet descriptions, complemented by 
LA-ICP-MS trace element analysis and S isotope 
measurements of sulphide separates are indicative for a 
shift from reduced to oxidized conditions during the system 
evolution. Low Se and Te contents in both molybdenite and 
pyrite are related to the formation of these minerals at high 
temperatures, while decreasing Co in pyrite from early to 
late formed veinlets is related to decreasing temperature. 
High Nb contents in scheelite, wolframite and rutile reflect 
more oxidized conditions, while high contents of W, V, Nb 
and Cr in rutile suggest its hydrothermal origin. The S 
isotope composition of both molybdenite and pyrite of 
different generations suggests magmatic-hydrothermal 
origin of the fluids. 
 
1 Introduction  

The W-Mo deposit at Ochtiná-Rochovce (Slovakia) 
hosts a porphyry-type mineralisation, associated 
with a Late Cretaceous granite complex emplaced in 
the Lubeník-Margecany suture line (Bakos et al. 
2016, Kohút et al. 2013). Bakos et al. (2016) 
estimated the resources at 5.0 Mt W ore and 2.4 Mt 
Mo ore at grades of 0.2% for both metals. 

The deposit is hosted in a set of metasedimentary 
and metabasic rocks such as metasandstones, 
micaschists, phyllites and metabasalts, belonging to 
the Ochtiná, Rimava and Slatvina Formations, 
ranging from Lower Carboniferous to Permian age 
(Vozárová and Vozár 1988). The mineralisation is 
divided into a lower molybdenite zone and an upper 
wolframite-scheelite zone, other ore minerals found 
in the deposit are pyrite, chalcopyrite, pyrrhotite, 
among others (Lörincz et al. 1993; Bakos et al. 
2016). The hydrothermal alteration has been 
described as concentrical, including K-alteration, 
silicification, sericitisation, chloritisation and late 
carbonatisation. 

Delgado et al. (2021) recognize pyrite with 
inclusions of chalcopyrite, pyrrhotite and galena, 
hosted in quartz-molybdenite, quartz-wolframite-
scheelite and quartz veinlets, as well as veinlets 
purely formed by pyrite. The related EMPA-WDS 
results on pyrite from different generations did not 
show any compositional differences. The same 
study showed that scheelite commonly replaces 

wolframite, where the latter contains up to 7 wt. % 
MgO; similar values were found by Ferenc and Uher 
(2006). Previous studies (e.g., Bendel, 2017; Ebel, 
2021) showed that this mineral contains zones 
enriched in WO3 reaching ~17 wt. % with average of 
0.5-1 wt. % WO3.  

This work aims to provide an updated lithological, 
mineralogical, and geochemical characterisation 
and provides new insights into genetical 
characterisation of the mineralising fluids by trace 
element and sulphur isotope data of selected ore 
minerals.  
 
2 Methodology 

Approximately 40 drill core samples were described 
both macro- and microscopically to classify them by 
lithology, alteration, and veinlet types. A total of 16 
selected samples with variable degrees of alteration, 
were analysed by whole rock X-ray diffraction (XRD) 
at the Earth Institute of the Slovak Academy of 
Sciences in Bratislava. Mineral abundances were 
quantified by the RockJock 11 software.  

The major element composition of selected ore 
minerals was determined by a JEOL JXA-82000 
superprobe at GeoZentrum Nordbayern and 
followed by in-situ laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) for trace 
elements.  

The trace element composition of selected 
minerals was determined by LA-ICP-MS analyses of 
minerals by a Teledyne Analyte Excite 193 nm laser 
attached to an 7500c quadrupole ICP-MS. The 
measurements were performed in spot mode using 
35 microns. Smaller beam diameters were 
occasional used for smaller minerals. For 
molybdenite and pyrite the external standards 
MASS-1 (USGS), Po724 B2 SRM, (Fe, Ni)1-xS and 
UQAC-FeS-1 were used.  The wolframite, scheelite 
and rutile measurements were standardized by NIST 
SRM 610 and GSE-1G. Previous EMPA-WDS 
results on the same spots were used as internal 
standards: S for sulphides, Ca for scheelite, Fe for 
wolframite, Ti for rutile. Statistical parameters such 
as geometrical mean (GM) and its corresponding 
standard deviation (GSD) were calculated. The 
ranges shown in these results are based on both 
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parameters and represent where 2/3 of the values 
fall. Anomalous analyses related to micro-inclusions 
were discarded. 

Sulphur isotope analyses of molybdenite and 
pyrite separates were performed using a Finnigan 
MAT 253 IR-MS at the Earth Institute of the Slovak 
Academy of Sciences in Banks Bystrica, with 
analytical errors between 0.15-0.20 ‰. This was 
complemented with data from Lörincz et al. (1993) 
and unpublished results done by the Slovak State 
Geological Institute Dionýz Štúr. The median (mdn.) 
was calculated, and the ranges limits shown 
correspond to the first and third quartile. 

 

3 Lithologies and their alterations 

The main lithology in the study area corresponds to 
a well-foliated micaschist affiliated to the Ochtiná 
Formation, that includes muscovite intercalated with 
quartz-plagioclase bands. According to whole rock 
XRD analyses, the least altered samples contain 
35-65 wt. % quartz, 20-50 wt. % muscovite and 
plagioclase <10 wt. %. The early potassic alteration 
is manifested by biotite (<30 wt. %) replacing 
muscovite and K-feldspar (<5 wt. %) altering 
plagioclase, while silicification lead to high quartz 
content of up to 70 wt. %. Chloritisation with up to 
25 wt. % chlorite accompanied by minor epidote 
replaces plagioclase and secondary biotite. 
Argillitisation dominated by illite is found close to 
major quartz veinlets, rarely reaching clay 
abundances of up to 15 wt. %.  

The previously reported ‘metabasalts’ are indeed 
amphibolite, locally accompanied by peridotite, 
intercalated in the micaschist of the Ochtiná 
Formation. Amphibolite contains 30-40 wt. % 
actinolite, ~30 wt. % plagioclase, and <10 wt. % 
pyroxene. It is affected by the same alteration styles, 
as described above for the micaschist, including K-
alteration dominated by biotite (up to 20 wt. %), 
slight silicification and chloritisation ± epidote (up to 
10 wt. %), replacing both earlier-formed amphibole 
and biotite. Previous alterations are overprinted by 
argillitisation dominated by smectite with total clays 
abundances of up to 10 wt. %. Peridotite was not 
analysed by XRD, but the microscopical description 
allows to estimate the olivine and pyroxene contents 
between 20-40 wt. vol % for each mineral, that occur 
in association with magnetite (< 20 vol. %), possibly 
derived from olivine decomposition, and 
undifferentiated serpentines (< 10 vol. %). Pyroxene 
and olivine are strongly altered to serpentine and 
chlorite.  

The deepest parts of the system consist of an 
early foliated metasandstone of the Rimava 
Formation, which is characterised by quartz (60-75 
wt. %) that is associated with feldspar and 
muscovite summing 25-40 wt. %. Low to moderated 
argillitisation dominated by illite (< 10 wt. %), as well 
as minor biotite and chlorite (both < 2 wt. %) was 
determined. 

 
4 Veinlets 

The main mineralisation at the deposit is hosted by 
at least 4 different types of veinlets: quartz-
molybdenite±pyrite (1), pyrite±quartz (2), pyrite-
scheelite (3) and quartz-wolframite-scheelite-pyrite 
(4). The early molybdenite-containing veinlets are 
associated with two quartz generations, namely 
coarse-grained (0.3-10 mm length) and fine-grained 
(<0.2 mm length) quartz. Molybdenite is observed as 
disseminated flakes of 0.3-0.5 mm length in the 
centre of the veinlets and as finer grained crystals 
(~0.2 mm length) following cracks in orientation, 
which is related to the second generation of quartz. 
This veinlet type locally also contains disseminated 
pyrite (up to 20 mm) and is accompanied by K-
alteration and silicification hosted by micaschist and 
metasandstone.  

Later pyrite-dominated veinlet type is filled by later 
fine-grained quartz (reaching up to 30 vol. %), are 
hosted by amphibolite and rarely also micaschist. 
This veinlet type contains traces of chalcopyrite and 
pyrrhotite and is accompanied by K-alteration halos, 
marked by K-feldspar and biotite. No crosscutting 
relationships were observed between the 
molybdenite and pyrite veinlets. 
The main W-mineralisation is hosted by two types of 
veinlets. The first one is a pyrite-dominated type 
hosted by amphibolite, which contains rounded 
scheelite crystals up to 5 mm in length, rare 
chalcopyrite and bismuthinite inclusions, and minor 
quartz. Its alteration halo includes secondary biotite, 
and late chloritisation and argillitisation. The second 
group of W-bearing veinlets is characterised by 
scheelite replacing elongated disseminated 
wolframite crystals (up to 30 mm long), hosted by 
micaschist and crosscutting the pyrite±quartz 
veinlets. Disseminated pyrite inclusions in wolframite 
are frequent, and this veinlet type also rarely 
contains molybdenite and muscovite. Bimodal 
quartz was observed in these veinlets: coarse-
grained quartz at the veinlet centres and a finer 
quartz precipitating at the veinlet margins. 
 
5 Trace elements in selected minerals 

Two samples containing molybdenite were analysed 
by LA-ICPMS: one from a quartz-molybdenite-pyrite 
veinlet (pyrite in this sample was also analysed) 
while the other one from the same veinlet type but 
lacking pyrite and hosted in micaschist.   

The LA-ICPMS results indicate that the main 
trace elements in molybdenite are Fe, Pb, As and 
Sb. Iron has apparently different contents in the two 
analysed samples: 84-1043 ppm Fe (GM=297) in the 
first sample, and 25-82 ppm Fe (GM=45) in the other 
sample. For all analysed spots, Fe strongly 
correlates with As (r=0.92) and Sb (r=0.74). Bismuth 
and nickel are also highly correlated in molybdenite 
(r=0.84); while if plotted versus Fe+As+Sb to 
enables to distinguish molybdenite according to its 
trace element composition (Fig. 1A). Besides Fe, 
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molybdenite in the quartz-molybdenite-pyrite veinlet 
is also richer in As (2-324 ppm, GM=27) compared 
to the other sample (2-6 ppm, GM=3) in the quartz-
molybdenite veinlet. Complementary, Re, Se and Te 
do not exceed 40, 87 and 5 ppm in molybdenite, 
respectively. 

Pyrite from the quartz-molybdenite-pyrite (Py1), 
pyrite (Py2), pyrite-scheelite (Py3) and quartz-
wolframite-scheelite (Py4) veinlets were analysed. 
Manganese, Co and Ni are generally the most 
abundant trace elements in pyrite (Fig. 1B). Py2 
contains 38-1240 ppm Co+As (GM=216), while the 
other generation ranges 12-202 ppm Co+As 
(GM=49). Pyrite 2 is also enriched in Ni (45-475 
ppm, GM=145) compared to the other pyrite 
generation  (4-164 ppm, GM=27). Additionally, both 
As and Se are usually below 55 ppm in all pyrite 
generations. 

Scheelite replacing wolframite shows high 
concentrations of Mn and Fe (up to 2 wt. % Fe+Mn), 
and it is easily differentiated from scheelite occurring 
in the pyrite veinlets, where Fe+Mn do not exceed 
0.02 wt. %. The two scheelite generations can be 
distinguished by their LREE, HREE, Nb and Sr 
contents (Fig. 2). Scheelite in the pyrite veinlets is 
particularly enriched in both LREE (737-3495 ppm, 
GM=1605) and HREE (352-1407 ppm, GM=704) 
compared to scheelite replacing wolframite ( LREE: 
55-1420 ppm, GM=279; HREE; 2-420 ppm, 
GM=116).  

Wolframite is not particularly enriched in any 
trace element. Ti and Nb have geometrical means 
close to 30 ppm, while HREE GM=20 ppm ( Fig. 2).   
 
 

Figure 1. Graphs to discriminate different generations of 
sulphides by trace elements (in ppm). A) Pb+Bi+Ni vs. Fe 
discriminating Fe-rich molybdenite in quartz-pyrite veins 
(Mo1) and molybdenite in pyrite-free quartz veins (Mo 2). 
B) Ni vs. Co+As showing the difference among Co-Ni rich 
pyrite in pyrite veinlets (Py2) and other pyrite generations 
related to molybdenite (Py1), scheelite (Py3) and 
wolframite-scheelite (Py4), which are depleted in all those 
elements.     
 

EMPA-WDS analyses of rutile showed high 
concentrations of V (0.45-0.9 wt. complement that 
other important trace elements are Nb, Cr and W. 
These elements are not correlated and range 
between 692-2283 ppm Nb, 1789-4600 ppm W, and 
142-1460 ppm Cr. Other important trace elements in 
rutile are Sn (GM=645 ppm), Zr (GM=93 ppm) and 
Ta (GM=72 ppm). LREE in rutile tend to be higher 
than HREE, but do not exceed 60 ppm in general. 
%  GM=0.7), while LA-ICPMS results for the 
same mineral  
 

Figure 2. Selected trace elements compositions (all in 
ppm) of scheelite (Sch) and wolframite (Wo). A) LREE vs. 
HREE for scheelite, showing enrichment in both scheelite 
replacing wolframite (Sch 2) and scheelite in pyrite veinlets 
(Sch 1). B) Nb vs. Sr differentiates both scheelite 
generations. C) LREE vs. HREE in wolframite, displaying 
their low contents. D) Nb vs. Ti in wolframite, showing a 
positive correlation. 
 
6 Sulphur isotopic composition 

The S isotope values of molybdenite range between 
-1.0 to -0.4 ‰ (mdn, -0.6 ‰), which distribution is 
shown in Fig. 3. The δ34S values in pyrite do not 
show a significant difference among the veinlet 
types, as all pyrite generations have most of values 
in the range 0±0.4 ‰. Exceptions are one outlier with 
δ34S 3.2‰ was found in a deep sample representing 
a quartz-molybdenite-pyrite veinlet hosted by 
parental granite at ca. 500 m depth and two vales 
(1.5 and 1.9 ‰) related to quartz-wolframite-
scheelite-pyrite veinlets closer to surface. 
 
7 Discussion and conclusions 

As pyrite and pyrite-scheelite veinlets mainly occur 
in amphibolite hosted by muscovite-micaschist it is 
probable that this rock-type be related to the ore 
mineralisation. Amphibolite has likely released Ca2+ 
during the potassic alteration to generate scheelite 
in the pyrite-scheelite veinlets.  

Textural evidence of quartz in molybdenite-
bearing veinlets and the contrasting Fe 
concentrations in molybdenite suggest that it was 
formed in two stages, with the later one affected by 
enrichment of fluids in Fe, precipitating molybdenite 
in cracks with up to 1500 ppm of Fe, and fine-grained 
quartz. The abundance of Pb, As, Sb in molybdenite 
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in contrast to Re, Se, Te could be related to 
increased fluid temperatures (> 300 °C) as 
suggested by Pašava et al. (2016). The lack of W in 
molybdenite can be linked to reduced conditions of 
this mineralisation stage, according to the same 
authors. Wang et al. (2021) relate increasing Co in 
pyrite with increasing fluid temperatures, thus the 
pyrite veinlets could have been formed at higher 
temperatures than pyrite in the molybdenite- and W-
bearing veinlets. Studied pyrites from 4 different 
generations of veinlets show lower Se and Te 
contents compared to a similar porphyry Mo-Cu-W 
deposit Myszków in Poland (Naglik et al. 2022), 
which can indicate relatively higher temperatures (> 
400 °C) and dominantly reduced fluid (Keith et al. 
2018). Both scheelite and wolframite are enriched in 
Nb, which can reflect a shift from reduced conditions 
related to earlier sulphide-rich veinlets to more 
oxidised conditions linked to W precipitation 
(Damian et al. 2006). In scheelite, Nb5+ and REE3+ 
can be incorporated by coupled substitution 
replacing Ca2+ and W6+ (Song et al. 2019).  

 

Figure 3. Histogram of sulphur isotopic composition 
of molybdenite and pyrite. Most of the values do not 
show significant variation among different veinlet 
generations. 
 

The presence of high W and Nb contents in rutile, 
occurring close to W-bearing veinlets, indicate a 
genetic link to the tungsten mineralisation. The lower 
LREE content in rutile compared to scheelite can be 
explained by preferential incorporation of LREE in 
scheelite by substitution of Ca2+. 

The S isotope date are indicative of mostly well-
homogenised fluids of magmatic-hydrothermal 
origin, typical for porphyry type of deposits (Shanks 
2014) that enriched in δ34S towards the surface due 
to increasing water-rock interaction Wilson et al. 
2006).  
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Abstract. Preliminary findings from field mapping, core 
logging, assaying, and petrographic analysis of the large 
(400m by 1500m), deep seated (>1500m) New York 
breccia pipe adjacent to the Ok Tedi porphyry/skarn 
deposit indicate that: 1) the breccia itself and gold 
mineralisation display a significant vertical extension 
(>1500m); 2) early igneous breccias are overprinted by 
hydrothermal breccias, which are characterised by 
abundant hydrothermal infill and late brecciation affecting 
previously formed breccias (i.e. evidence of multiple 
brecciation events); 3) there is a strong vertical zonation, 
which is reflected in the presence of shallow base metal 
rich sulphides (galena-sphalerite) and gold with 
crosscutting epithermal-style quartz-rhodochrosite veins, 
and deep chalcopyrite-magnetite-pyrrhotite mineralisation 
in veins and breccias with carbonate-adularia alteration; 4) 
there is a distinct zonation in sulphide and oxide mineral 
assemblages, which is reflected in the occurrence of 
shallow pyrite-marcasite-hematite assemblages 
compared to pyrrhotite-magnetite at depth; and 5) there is 
evidence for long distance transportation of brecciated  
clasts, reflected in the presence of fragments of a mapped 
sandstone formation that underlies a thick (1.5-2.0km) 
siltstone unit which hosts the breccia. The hydrothermally 
zoned breccia pipe at New York, Ok Tedi, could represent 
the continuation of deeper porphyry mineralisation into 
epithermal environments.  
 
1 Introduction  

Breccia-hosted Au±Cu mineralisation in porphyry 
systems are discovered globally, represent 
extremely valuable targets, but have so far been 
poorly documented in terms of their morphologies 
and internal metallogenic structures. These breccias 
generally occur as steep, pipe-like bodies that are 
formed at the top of intrusions; they are often 
associated with high grade Cu-Au mineralisation 
(>1.5 %Cu, and > 2g/t Au1) and show distinct 
zonation in ore mineralogy, hydrothermal alteration 
and brecciation style, displaying different fragment 
forms, both laterally and vertically.  

Porphyry-related breccias are also delineated at 
Ok Tedi, a world-class porphyry/skarn Cu-Au deposit 
in Papua New Guinea. Although these breccias 
constitute a key host rock to mineralisation, they are 
seldom documented. Arnold and Fitzgerald (1977) 
first noted that brecciated rocks surrounding the 
Fubilan Quartz Monzonite Porphyry make up 10 to 
20 % of the rocks in the Mt. Fubilan area. Few 
workers (e.g., Weinberg and van Dongen, 
unpublished report) briefly described them. Pollard 
(2014) appreciated the importance of breccias and 

noted how they control Cu-Au grade distribution at 
Ok Tedi. In their geochemical and geochronological 
studies, Large et al. (2018) indicated that brecciation 
at Ok Tedi is late, and presumably, not ore-bearing, 
despite Pollard’s (2014) observations of the strongly 
mineralised nature of brecciated rocks within the 
Fubilan Quartz Monzonite Porphyry. 

The New York breccia pipe constitutes a recently 
discovered (2017) large breccia pipe (400m by 
>1500m) within 2km of the world-class Ok Tedi 
porphyry/skarn Cu-Au deposit (Erceg and Pollard 
2020). This breccia pipe contains significant gold 
mineralisation, displays hydrothermal alteration 
zonation, and indicates evidence of shallow 
epithermal to deeper porphyry-style mineralisation. 
The relative and absolute timing, hydrothermal 
alteration, Cu-Au footprint and the breccia's genetic 
relationship to the Ok Tedi deposit remain unknown. 

In this research, we make a significant 
contribution to the understanding of mineralised 
breccia pipes by studying in detail the New York 
breccia pipe that not only contains significant gold 
mineralisation, but also shows a close spatial 
relationship to the world-class porphyry Cu-Au and 
skarn deposit at Ok Tedi, Papua New Guinea.  

 
2 Geological Setting 

The Ok Tedi/Mt. Fubilan porphyry Cu-Au deposit, by 
comparison to other similar major deposits globally, 
is an exceptionally young system (1.1-1.3 Ma; Page 
and McDougal 1975, Large et al. 2018; Pollard et al. 
2021). The deposit is located towards the far west 
of mainland New Guinea (Fig. 1). It lies between the 
north-west trending Papuan Fold and Thrust Belt 
(part of the Australian Craton) and the New Guinea 
Orogenic Belt (part of the oceanic island arc of the 
Pacific Plate). Regions between the belts are 
intruded by small but prospective Miocene to 
Pleistocene intrusions that are responsible for Cu-
Au mineralisation in areas including Ok Tedi, Frieda 
River, Yanderra, Kainantu and the Wafi-Golpu 
deposits. Magmatism responsible for these 
intrusions is interpreted to be localised in zones of 
low stress, as a result of movement of the Pacific 
and Australian plates (Bamford 1972).  

The Mt. Fubilan deposit is located within Tertiary 
(Oligocene to Mid-Miocene) medium- to fine-
grained clastic sedimentary rocks that are up to 
1000m in thickness in areas near the Mt. Fubilan 
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deposit (Fig. 1). They have been subdivided into 
three rock groups based on lithology and regional 
stratigraphy (Bamford 1972). The first group 
includes the lower unit of intercalated siltstones and 
sandstones, a second, middle unit of relatively pure 
limestone, and a third, upper unit of siltstones and 
sandstones, corresponding to the Ieru Formation, 
the Dari Limestone, and the Pnyang Formation, 
respectively.  

The Ieru Formation is part of the Feing Group; it 
is of Jurassic to Late Cretaceous age (Arnold and 
Griffin 1978) but may be as young as Paleocene or 
early Eocene in places (Davies and Norvick 1974). 
It is composed of gray or gray-green, fine-grained 
sandstones, siltstones, and mudstones. The Toro 
Sandstone is also part of the Feing Group. It is the 
older of the two and consists of clean, partly 
glauconitic sandstones.  

The Darai Limestone consists of massive to 
thick-bedded carbonates. It is late Eocene to middle 
Miocene in age. The formation varies from 500 to 
1300m in thickness but is significantly thinner (about 
240m) in the Mt. Fubilan area (Davies and Norvick 
1974).  

The Pnyang Formation consists of soft gray 
calcareous mudstones and siltstones with minor 
limestone interbeds (Davies and Norvick 1974). It is 
middle Miocene in age (Hill, 1989). The Pnyang 
Formation is locally about 1000m in thickness but 
increases to the west of the Ok Tedi mine area 
(Fookes et al. 1991). 

 
Figure 1. Geological map of the Ok Tedi district with 
circles indicating the location of the Ok Tedi deposit and 
the New York breccia pipe. The inset shows the location 
of the Ok Tedi Mine (Figure adapted and modified from 
Pollard et al. 2021). 

 
Most of the sedimentary rocks are folded, faulted 

and intruded by numerous Pliocene to Pleistocene 
intrusive rocks that are distributed along the flanks 
of the fold belt. Most of these intrusions are small 
(several square kilometres outcrop) and are of 
quartz-dioritic to monzonitic in composition. Two of 
these intrusions host significant high-grade copper, 
gold and silver ores that define the Mt. Fubilan 
deposit. These are the Fubilan Monzonite Porphyry, 
located in the northern part of the pit, and the 
Sydney Monzodiorite located to the south. Most of 
the Cu-Au ore occurs as disseminated 
mineralisation within the intrusions, adjacent 
sedimentary rocks, and as massive magnetite-
sulphide skarns located at the contacts of the 
intrusions and limestone units (Fig. 1).  

The Ok Tedi deposit is closely associated with 
two N-dipping thrust faults; the Parrots Beak thrust, 
and the Taranaki thrust. Both are suggested to have 
caused a vertical repetition of Darai Limestone and 
Ieru Siltstone and to have experienced pre- and 
post-mineralisation movements (Mason 1997; Van 
Dongen et al. 2013). 

 
3 Breccia characteristics and hydrothermal 

alteration zonation 

3.1 Stages of brecciation at the New York 
breccia pipe 

The New York breccia pipe is a large (400m by 
>1500m), deep-seated (>1500m) breccia body that 
contains significant Au-Cu mineralisation. Field 
mapping, core logging and detailed petrographic 
analysis reveal two main stages of brecciation at the 
New York breccia pipe. The earliest (stage 1) is 
characterised by well-rounded to sub-angular, 
polymictic monzodioritic and porphyritic dike clasts 
cemented by igneous quartz and plagioclase matrix. 
The clast sizes range from mm-scale to 20cm 
fragments with predominantly matrix support (Fig. 
2A, 2B). Rock flour is locally present. 

Figure 2. Photographs showing breccia stages 
within the New York breccia pipe. a: Igneous breccia. 
b: Igneous breccia (mafic clast) overprinted by 

Ok Tedi 
Mine 

New York 
Breccia 
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hydrothermal breccia (brownish discolouration at the 
bottom). c: Hydrothermal breccia dominated by 
siltstone clasts and cemented by pyrrhotite matrix. 
 
The second breccia stage is characterised by 
hydrothermal matrix (chlorite, calcite, quartz, 
adularia, pyrite, pyrrhotite and magnetite) and clasts 
that are predominantly monomictic. They comprise 
either siltstone or monzodiorite. Locally, the 
presence of sandstone clasts, which are 
stratigraphically 1.5 to 2km beneath the siltstone 
units, are observed within the breccia. Fragments 
are angular to sub-rounded, ranging in sizes from 
mm-scale to 10cm and cemented by rock flour and 
hydrothermal matrix (Fig. 2B, 2C).  
 
3.2 Vertical zonation of the New York breccia 

pipe  

The New York breccia pipe shows distinct vertical 
zonation in breccia morphology, ore mineralogy, and 
hydrothermal alteration mineral assemblages.  
Hydrothermal breccia dominates the upper 1000m of 
the breccia pipe, followed by igneous breccia at 
depth. At shallow depth (<400m), the hydrothermal 
breccia is dominated by angular, clast-supported 
fragments, which gradually become tabular, sub-
rounded to well-rounded at depth. Clast composition 
also changes from monomictic, clast-supported 
siltstone fragments at shallow regions (<800m) to 
polymictic (siltstone, felsic dikes, mafic porphyritic 
dikes and monzodiorite), clast to matrix supported 
fragments below 800m depth (Fig. 3).  

 
Figure 3. Schematic vertical section through the New York 
breccia pipe showing vertical hydrothermal alteration 
zonation, assemblages and metal distribution (drawn 
using insights from Kirwin 2018). 
 

Clasts of igneous breccias within the hydrothermal 
breccias are dominant below 800m depth of the 
breccia pipe. In this zone, sub-rounded to well-
rounded fragments of mafic intrusive rocks, felsic 
dikes and monzodiorite clasts are cemented by 
quartz and plagioclase matrix. This igneous breccia 
is then overprinted by hydrothermal breccias (Fig. 
2B, 2C). The bottom of the igneous breccia is not 
intersected by any of the deep (1400m) diamond drill 
holes yet. However, the extent of the mineralised 
hydrothermal breccia, even below the 1400m depth, 
reflects the significant depth of the New York breccia 
pipe. 
The New York breccia pipe also shows strong 
vertical zonation in ore minerals indicated by 
shallow, base metal-rich sulphides (galena-
sphalerite) and gold-silver with crosscutting 
epithermal quartz-rhodochrosite veins, and deep 
magnetite-pyrrhotite-chalcopyrite mineralisation with 
carbonate-adularia-quartz-chlorite infill (Fig. 2). 
There is also a distinct zonation in sulphide and 
oxide mineral assemblages reflected by shallow 
pyrite-marcasite-hematite compared to pyrrhotite-
magnetite assemblages at depth. Hydrothermal 
alteration zonation ranges from chlorite-muscovite at 
shallow depth (<300m) to biotite-K-feldspar 
(between 300 – 400m depth), followed by adularia-
chlorite-sericite below 500m depth (Fig. 3).  
 
3.3 Stages of hydrothermal alteration and gold 

mineralisation  

Three main stages of Cu-Au mineralisation are 
distinguished at the New York breccia pipe. Stages 
1 and 2 are related to hydrothermal breccia 
mineralisation, whereas the final stage is related to 
thrust-controlled skarn mineralisation.  
The first stage is defined by disseminated pyrite-
magnetite within wall-rocks to massive and vein-
filling pyrrhotite-pyrite-magnetite mineralisation as 
breccia infills and in thick (5-10cm) veins. Fibrous 
chlorite, quartz, calcite and ankerite define the 
gangue minerals (Fig. 4A, 4B). Hydrothermal 
alteration zonation is defined by chlorite-epidote-
calcite, K-feldspar-biotite-sericite-chlorite, and 
adularia-sericite-chlorite-carbonate assemblages in 
distal, intermediate and proximal alteration zones, 
respectively. 
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Figure 4. Photographs showing hydrothermal alteration 
and gold mineralisation stages within the New York breccia 
pipe. a: Stage 1 pyrrhotite-pyrite-galena-sphalerite-gold 
mineralisation related to the hydrothermal breccia within 
the Ieru Siltstone unit. b. Chlorite-altered Stage 1 breccia 
mineralisation cut by stage 2 related quartz-carbonate-
galena-sphalerite vein. c: Skarn-related stage 3 
clinopyroxene-actinolite alteration overprinting stage 1 
chlorite altered breccia.  
 
The second stage is defined by massive and vein- 
filling galena-sphalerite-chalcopyrite-pyrite 
mineralisation, accompanied by chlorite, quartz, 
calcite and dolomite as gangue minerals. 
Hydrothermal alteration zonation is similar to stage 
1 mineralisation. However, the clear cross-cutting 
relationships, as displayed in Figure 4B, 
differentiates both stages.  

The third stage is composed of massive 
magnetite skarn defined by magnetite-pyrite-
hematite-galena-sphalerite-pyrrhotite 
mineralisation, associated with the Taranaki thrust. 
Quartz, calcite and dolomite constitute the major 
gangue minerals. Hydrothermal alteration zonation 
in stage 3 comprises chlorite-epidote-calcite, 
chlorite-actinolite-clinopyroxene-calcite-dolomite 
and magnetite-garnet-clinopyroxene-dolomite-
phlogopite-actinolite in distal, intermediate and 
proximal alteration zones, respectively (Fig. 4C).  

The different hydrothermal alteration and 
sulphide-rich mineralisation stages are shown in the 
paragenetic sequence diagram below (Fig. 5). 

Figure 5. Paragenetic sequence diagram showing the 
main stages of hydrothermal alteration and gold 
mineralisation. Abbreviations: cal=calcite, chl=chlorite, 
Fib.=fibrous,  mu=muscovite, qtz=quartz. 
 
5 Conclusion 

The New York breccia pipe is strongly 
mineralogically zoned, is pyrite-rich at the top, and at 
deeper levels, it displays increasing abundances of 
pyrrhotite±magnetite. The hydrothermal alteration 
zonation is characterised by crosscutting epithermal 
style quartz-rhodochrosite-sphalerite-galena-pyrite-

pyrrhotite-chalcopyrite-calcite veins. Note that this 
hydrothermal alteration assemblage is not observed 
at Ok Tedi. The breccia fragments include different 
rock types with variable degrees of hydrothermal 
alteration and rounding which indicates significant 
fragment transport. There are abundant 
hydrothermal infill minerals (matrix), which form 
several overprinting stages. These observations 
suggest that there may be more than one magmatic, 
hydrothermal and brecciation event. Ongoing 
studies may lead to the identification of new 
prospective high-grade areas that may be targeted 
in the future. 
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Abstract. Porphyry copper deposits are genetically linked 
to arc magmatism. Magma fertility for porphyry ore 
genesis is dependent on volatile element and ore metal 
budgets and the variation of redox conditions during 
magma differentiation. In this project, we analysed silicate 
melt inclusions from several eruptive events of the 
Parinacota volcano in northern Chile. Major and trace 
element data reveal the existence of a complex plumbing 
system with at least three different melts emplaced at 
different depths within the crust. Furthermore, the most 
primitive, highest Sr/Y melts show rather high sulphur 
contents (up to 6000 ppm) and high oxidation state (logfO2 
= FMQ+2.1). This indicates that the initial oxidation of the 
magma occurs at the source or during the earliest stages 
of magma differentiation, and that high-Sr/Y, high-S 
signature can be introduced at the source.  
 
1 Introduction  

Arc magmas are most commonly thought to form by 
partial melting of a mantle source in which accessory 
sulphides are present, and therefore it is expected 
that early sulphide saturation takes place during the 
differentiation of these magmas at greater crustal 
depths (Matjuschkin et al. 2016; Chiaradia 2022). 
This may have a negative effect on the ore-forming 
potential of the magmas because the sulphides may 
sequester a significant part of the initial chalcophile 
metal budget of the magma if they are effectively 
fractionated. The amount of sulphide precipitated 
during magma differentiation in the crust will be 
dependent on how the redox state of the magma 
varies, starting from partial melting in the mantle 
through crustal magma differentiation, and also on 
the pressure (P) -temperature (T) - melt composition 
(X) – dependent shift in the fO2 range of the sulphide 
to sulphate transition. Neither of these are fully 
understood at the moment (Jugo et al. 1999; Jugo 
2009; Botcharnikov et al. 2011; Klimm et al. 2012; 
Matjuschkin et al. 2016; Nash et al. 2019).  

Sulphur is also critically important to facilitate the 
precipitation of porphyry ore. It is most favourable to 
release S from the magma reservoir in the form of 
SO2, which in turn disproportionates to H2SO4 and 
H2S over a narrow temperature range below 400 oC, 
leading to spatially focused ore metal sulphide 
precipitation. Thus, the redox state of the magma at 
the fluid exsolution state is also critically important. 
Overall, to understand magma fertility for porphyry 
ore genesis, it is important to constrain how the 
redox state of magmas evolve from partial melting in 

the mantle to the final stages of crystallization at 
shallow crustal levels, and the interplay between this 
and S and chalcophile element budgets.  

Many previous studies focused on the process of 
metal sequestration and fluid release from magmas 
in upper crustal magma reservoirs, whereas the role 
of deep crustal processes in regulating ore fertility 
have just started receiving rapidly increasing 
attention over the past 1-2 decades (Audétat and 
Pettke 2006; Audétat 2010, 2015; Zajacz et al. 2012; 
Li et al. 2015; Matjuschkin et al. 2016; Chiaradia and 
Caricchi 2017, 2022; Grondahl and Zajacz 2017, 
2022; Rottier et al. 2020a, b; Chiaradia 2022).  

This study aims to investigate volcanic systems 
on thick continental crust in the fertile Andean arc to 
study the interplay between magma redox, volatile 
element and ore metal concentrations during the 
differentiation of magmas emplaced at different 
crustal depths and magma fluxes. This presentation 
focuses on the Parinacota volcano. 

The Parinacota volcano is located in northern 
Chile, near the Bolivian border (Figure 1). It is a 
stratovolcano that erupted rocks with a broad range 
of compositions from rhyolites to basaltic-andesites  
generated by magma differentiation at different 
levels within one of the thickest continental crust on 
earth (around 70 km crustal thickness) (Banaszak 
2014; Ginibre and Davidson 2014a).The oldest units 
in the area, the Chungará andesites (CA) (163-116 
ka) and the Old cone (oc) (52-20 ka), consist of 
amphibole-bearing andesites with additional 
clinopyroxene and plagioclase phenocrysts. 
Between 20-10 ka, an edifice collapse generated a 
debris avalanche towards the west. After this event, 
a new edifice started building up generating the 
young cone (yc) (8 ka-recent) amphibole-free 
andesites with clinopyroxene and plagioclase 
phenocrysts. Simultaneously with the build-up of the 
main edifice, some flank eruptions produced basaltic 
andesites that form the Ajatas flows (a1, a2, a3 and 
a4) 

Parinacota represents a dynamic system that, 
with time, shows increasing magma flux rates (mafic 
recharge), leading to magma differentiation at 
shallower depths and less variable, in general more 
mafic magmas being erupted (Ginibre et al. 2005; 
Hora et al. 2007; Wörner et al. 2018). All these 
characteristics make it an excellent study area for 
our purposes.  
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Figure 1. Map of the central volcanic zone of the Andes 
(red). Green circles are some of the giant porphyry 
deposits associated with Miocene subduction. Parinacota 
volcano is represented by the red triangle. 
 

 
Figure 2. Recrystallized silicate melt inclusion trapped in 
an olivine phenocryst from Parinacota Volcano (a4 lavas). 
The olivine also contains Cr-spinel inclusions testifying for 
the primitive nature of the host magma. 
  
2 Methodology 

Volcanic rocks are final products of often complex 
magma evolution, which may for example involve 
mixing. Furthermore, their volatile budget is 
unrepresentative for the original magma due to pre- 
and syn-eruptive degassing. Therefore, we chose 
silicate melt inclusions (SMI) in magmatic 
phenocrysts as our primary source of information, 
which is complemented by mineral and whole-rock 
chemistry.  

Major and minor element compositions of olivine 
and pyroxene were determined by using a JEOL 
8200 superprobe electron microprobe, equipped 
with 5 Wavelength Dispersive X-ray Spectroscopy 
(WDS) detectors at the University of Geneva.  
Silicate melt inclusions were analyzed by Laser 
Ablation Inductively Coupled Plasma Mass 
Spectrometry (LA-ICPMS) using the methodology of 
(Halter et al. 2002), which relies on the analysis of 

the entire inclusion along with its host mineral and 
subsequent deconvolution of the inclusion and host 
signals (Figure 2). Important advantages are that the 
inclusion can be analysed without reheating, and 
that S and Cl concentrations can be determined 
simultaneously with major and trace elements 
without the risk of unrepresentative sampling due 
missing volatiles that may have partitioned into the 
vapor bubble (Venugopal et al. 2020; Grondahl and 
Zajacz 2022). Analyses were done using an NWR 
193 HE laser ablation system coupled with an 
Agilent 8900 triple quadrupole ICP-MS at the 
University of Geneva. We used a custom-built 
ablation cell and gas purification system to facilitate 
accurate determination of S and Cl concentrations 
along with a broad set of major and trace elements. 
 
3 Petrography 

Traditional petrography of the samples selected for 
melt inclusions studies allowed us to identify the 
following differences between the pre- (Chungará 
andesite (ca) and old cone (oc)) and post-collapse 
(young cone (yc) and Ajatas flows (a1-a2-a3-a4)) 
units (Fig.2): i) There is a change from amphibole-
bearing to amphibole-free eruptive products. ii) 
Plagioclase phenocrysts in the pre-collapse lavas 
show more roundish boarders and dissolution 
textures, which is not observed in post-collapse 
units. iii) Crystals in the post-collapse lavas are 
generally smaller iv) In the post-collapse units, 
except for yc, olivine is present but not as abundant 
as plagioclase or clinopyroxene. 

Magmatic sulphides were not observed, 
indicating that sulphide saturation might have not 
taken place. Magnetite is the main oxide present in 
all the units as small inclusions within phenocrysts 
(olivine and clinopyroxene) or as an accessory 
mineral within the matrix, suggesting that it was one 
of the first phases to crystallize. 

Olivine- and clinopyroxene-hosted SMIs are 
abundant in the yc lavas and the Ajata flows. Their 
sizes range from 5 to 100 µm. Contrarily, SMIs in the 
oc and ca are scarce, small (<20 µm) and are 
typically hosted in clinopyroxene. These latter are 
yet to be studied. 
 
4 Mineral chemistry and thermobarometry  

Diopside is the main clinopyroxene. High chromium 
oxide concentrations (up to 0.7%) and magnesium 
numbers (up to 85) in clinopyroxene cores suggest 
that a2 and a3 were generated from more primitive 
melts than a2, a4 and yc. Geothermobarometric 
estimations calculated by using the cpx-only Putirka 
(2008) thermobarometer yielded temperatures 
between 1050-1100°C for a2 and a3 and 1000-
1050°C for a1, a4, yc and ca. Pressure estimations 
are less precise and range between 1-7 kbar 
displaying no systematic variations between the 
units. 

Olivine is a mineral phase present in Ajata flows 
(a1, a2, a3 and a4). It usually hosts Cr-rich spinel 
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inclusions. In a2 and a3 lava flows, olivine occurs as 
euhedral phenocrysts in equilibrium with the matrix 
and have a magnesium number (Mg#) of 79-81 with 
Ni contents ranging between 400-1100 ppm, 
whereas olivines in a1 and a4 have Mg# of 74-79 
and similar Ni values. Texturally, these more evolved 
olivines show clear disequilibrium indicated by the 
presence of orthopyroxene-magnetite symplectite, 
which have overgrown the olivine. 

 
5 Silicate melt inclusion compositions 

Melt inclusion compositions largely overlap with 
whole rock data but show more variability, in some 
rocks, suggesting mixing between different magma 
batches. 

N-MORB - normalized trace element plots (Sun 
et al. 1989) show a depletion in fluid-immobile and 
an enrichment in fluid-mobile elements, typical of arc 
magmatism (Figure 3). Trace elements allow to 
identify two different components within a4: the first 
component (c1) has high Ba/Th, low Th/Nb and 
overall lower incompatible trace element 
concentrations compared to the other units. The 
second component (c2) has high Th/Nb, low Ba/Th 
ratios and has higher concentrations of fluid mobile 
elements. The most primitive melts (a2 and a3) show 
high Sr values ranging from 1000 up to 2000 ppm 
while in a1, a4 and yc the maximum value is around 
950 ppm. 

SMIs display Cl concentrations in the range of 
1500-3000 ppm, which is on the high end of the 
typical range for arc magmas (Wallace 2005). On the 
other hand, S concentrations vary broadly and reach 
very high values (up to about 6000 ppm). S 
concentration positively correlate with the Sr/Y ratio, 
which can be as high as 100. 

Oxygen fugacity was calculated using the 
partition coefficient of vanadium between olivine and 
silicate melt (𝐷!"#$%) following the method of 
Shishkina et al. (2018). Analysis of 47 olivine-melt 
pairs yielded a fO2 of �QFM + 2.1 ±0.5 for the Ajata 
flows.  

 
Figure 3. N-MORB normalized trace element variation 
diagram based on silicate melt inclusion compositions 
(median values shown for each unit). 
 
 
 
 

6 Magmatic evolution and ore forming 
potential 

We propose that the erupted rocks present in 
Parinacota are the result of the interaction of at least 
three different melts: i) A melt that generated a4-c1 
with low Ba, Cs, Pb, Th/Nb, La/Yb, Th/U and high 
Ba/Th. These characteristics may be attributed to 
the input of slab-derived aqueous fluids to the mantle 
source of the magma combined with higher degree 
of melting ii) A high Sr/Y, Ba, Pb, Th/U and La/Yb, 
medium Th/Nb melt that yielded units a2 and a3, 
suggesting the additional influence of a subducted 
sediment component. iii) A low Sr/Y, Ba/Th, Nb/Ta, 
Sr and high Cs, Pb and Th/Nb melt that generate 
a4c2 and yc, suggesting a different mantle source 
with both sediment and aqueous fluid input. Overall, 
the high Th/U indicate that the metasomatic fluids 
derived from the slab or associated sediments were 
rich in silicate components. The high Ba/Th 
observed in some melts indicates a cooler slab fluid 
component, while high Th/Nb points towards a deep 
sediment melt component. 

The high Sr/Y (80-100) component also 
correspond to high S values (3000-6000 ppm) well 
above the typical range of arc magmas. As this is a 
fairly primitive mantle melt, the enrichment cannot be 
a result of AFC processes at deep crustal level as 
originally proposed for other systems by Loucks 
(2014). Therefore, it appears the incorporation of 
high-Sr, high-S components in the mantle source 
may be an alternative way to generate positive 
correlation between Sr/Y ratio and S concentration, 
and at the same time, also to increase ore fertility. 
Based on the relatively high Th/Nb ratio and 
previously published isotope data (Ginibre and 
Davidson 2014b), we hypothesize that this 
component is subducted sediment, but further 
investigation is warranted. 

Most Cu and Mo concentrations fall between 25-
100 ppm and 1-3 ppm, respectively, which represent 
typical concentrations of the Andean Southern 
Volcanic Zone (33–40 °S) (Grondahl and Zajacz 
2022) and arc magmas in general. They are 
consistent with minor to moderate sulphide 
fractionation at deeper crustal levels. 

The nearly identical fO2 estimates for all studied 
units at Parinacota, including the near-primitive 
mantle melts from a2, suggest that oxidation does 
not occur during early magma differentiation and 
that the oxidized nature of the Parinacota magmas 
is rather produced at the source. However, we do 
not discard the possibility that further changes in 
magma redox state can occur during differentiation, 
which will be revealed by the investigation of the 
more differentiated units (yc, oc and ca), which is 
currently in progress. Concentrations of Au and Pt 
will be also determined in large SMI, and will be 
used along with the concentrations of Cu and S to 
assess the amount and type of magmatic sulphides 
involved in the genesis of the various Parinacota 
magmas at greater crustal and mantle depths. 
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Abstract. Maronia is an exceptional Re-rich Cu-Mo ± Au 
porphyry systems in Thrace, NE Greece. Here, we present 
a micro-analytical, S isotope, and fluid inclusion approach 
in order to reveal the hydrothermal prerequisites required 
for the extreme Re enrichment which are poorly 
constrained up to date. Based on petrography, trace 
element chemistry of hydrothermal quartz (e.g., Al/Ti, 
Ge/Ti), and fluid inclusion microthermometry of 
consecutive vein generations, we establish the spatial and 
temporal fluid evolution. The fluid inclusions give evidence 
for systematic fluid cooling and continuous phase 
separation which is the main ore-forming process during 
the porphyry stages. The later epithermal stage formed by 
vapor condensation into meteoric water. This is consistent 
with salinity-sensitive (Co/As, As/Sb), temperature-
sensitive (Se/Tl) and fluid source-sensitive (Se/Ge) pyrite 
trace element ratios. δ34S values in pyrite vary in response 
to SO2 disproportionation, phase separation, host rock 
buffering and fluid fO2. Early extremely Re-rich 
molybdenite (6631 ± 4308 ppm) is related to higher 
temperatures and fO2 compared to later molybdenite 
generations with lower Re (1746 ± 1184 ppm) contents. 
We conclude, that fluid cooling below 400 – 350°C and 
decreasing fO2 are the main control on the Re precipitation 
efficiency in the potassic alteration on the deposit-scale. 
 
1 Introduction  

Porphyry Cu-Mo ± Au ± Re deposits are one of the 
most important global sources for base (Cu, Mo), 
precious, critical and rare (Se, Ag, Te, Re, Au, PGE) 
metals (Tabelin et al. 2021), which are essential for 
various high-tech applications, such as 
semiconductors, catalysts for petroleum refining, 
high temperature superalloys and photovoltaic 
production. However, their scarcity and poorly 
constrained enrichment processes, will likely lead to 
a supply risk in the near future (Grandell et al. 2016). 
 The Maronia Cu-Mo ± Au porphyry system is 
host to rare rheniite (ReS2) and exceptional Re-rich 
molybdenite (up to 13800 ppm). It is associated to a 
high-K calc-alkaline to shoshonitic monzonite-
monzogabbro intrusion into the metamorphic 
basement at 29.6 to 29.8 Ma in NE Greece (Fig.1A, 
B) (Schaarschmidt et al. 2021). The pluton was 
subsequently intruded by a microgranite porphyry. It 

is associated with concentric zones of pervasive 
potassic, sodic-calcic, propylitic, sericitic, and 
argillic alteration that host the Re-rich quartz-sulfide 
vein networks (Fig.1C) (Melfos et al. 2020). The 
mineralized vein samples represent a lateral profile 
along the coastline of the Maronia porphyry (Fig. 1) 
and the hydrothermal stockworks are associated 
with qz-py-cpy-po A- and qz-py-mbl-rhn B-type 
veins in the potassic alteration, with qz-py-mbl D-
type veins in the sericitic alteration and with qz-cc-
py-ss E1, and qz-py-mcr-asp-ss E2-type veins in the 
argillic alteration. 
 

 
 
Figure 1. (A) Regional overview, (B) geological and (C) 
alteration map of the Maronia porphyry-epithermal 
system. Modified after Melfos et al. 2020 
 
The trace element and S isotope composition of 
hydrothermal sulfides (e.g., pyrite, molybdenite) and 
hydrothermal quartz from consecutive porphyry-
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epithermal vein generations can provide valuable 
spatial and temporal information about the evolution 
of the ore-forming fluids (Hutchison et al. 2020; 
Rottier and Casanova 2021; Keith et al. 2022). 
Quartz-hosted fluid inclusions give information on 
the temperature, salinity, and entrapment pressure 
of hydrothermal fluids and can record processes 
related to fluid phase separation (Bodnar et al. 
2014). 

Molybdenite commonly hosts most of the Re in 
porphyry deposits and its trace element composition 
can provide insights into the ore-forming processes. 
However, based on experimental studies (Xiong et 
al. 2006) and natural observation (Barton et al. 2020) 
Re shows a complex behaviour with respect to 
varying physicochemical fluid parameters (e.g., 
temperature, fO2) and thus the major control on Re 
enrichment is enigmatic.  

Here, we combine a multi-method trace element, 
S isotope and fluid inclusion approach in spatial and 
temporal consecutive vein generations allowing us 
to fingerprint the fluid evolution and establish the 
hydrothermal prerequisites favourable for extreme 
Re enrichment in distinct paragenetic stages. 
 
2 Methodology 

2.1 Microanalytical techniques 

BSE and CL imaging by SEM was used to identify 
different mineral phases and to avoid 
microinclusions during subsequent LA-ICP-MS 
analysis. The trace element composition of pyrite, 
molybdenite, and arsenopyrite were measured by 
LA-ICP-MS at the GeoZentrum Nordbayern using a 
Teledyne Analyte Excite 193nm laser coupled with 
an Agilent 7500c ICP–MS. MASS-1 and FeNiS1 
were used as primary and UQAC-FeS1 as 
secondary standards. 

In-situ LA-ICP-MS trace element measurements 
of hydrothermal quartz were carried out at HelLabs, 
Department of Geosciences and Geography, 
University Helsinki using a coherent GeoLas MV 193 
nm laser coupled with an Agilent 7900s ICP–MS. 
NIST SRM 612 was used as primary and NIST 610, 
BHVO-2G, and BCR-2G were used as secondary 
standards. 
 
2.2 Fluid inclusion microthermometry 

Following the CL imaging to distinguish different 
quartz generations, fluid inclusion 
microthermometry was carried out with a LINKAM 
THM-600/MS 90 heating-freezing stage, at the 
Department of Mineralogy, Petrology and Economic 
Geology at the Aristotle University of Thessaloniki, 
Greece. 
 
2.3 δ34S of pyrite, molybdenite and arsenopyrite 

Sulfide powders (pyrite, molybdenite, arsenopyrite) 
were extracted and homogenized by a diamond 
microdrill from the vein matrix and analysed for their 

S isotopic composition by a Flash EA IsoLink 
elemental analyser interfaced to a ThermoScientific 
Delta V Advantage isotope ratio mass spectrometer 
(EA-IRMS) at the Westfälische Wilhelms-Universität, 
Münster. 

The in-situ S isotope values of pyrite have been 
determined at the MAGMA Lab TU Berlin using an 
Agilent8900 ICP-MS/MS (oxygen reaction gas) 
coupled to a Teledyne Analyte Excite 193 nm 
excimer laser. Mass fractionation was corrected 
using PPP-1 pyrite (Gilbert et al. 2014) as primary 
standard. Accuracy was verified on Balmat pyrite 
(Crowe and Vaughan 1996). 
 
3 Results  

3.1 Trace element composition of hydrothermal 
quartz, pyrite, molybdenite and arsenopyrite  

Titanium contents in hydrothermal quartz 
systematically decrease during the porphyry-
epithermal evolution and correlate with the CL 
intensity. Quartz trace element ratios of Al/Ti and 
Ge/Ti from the different vein types are consistent 
with quartz from other porphyry-style deposits 
(Fig. 2) and confirm the vein classification (Rottier 
and Casanova 2021). Based on an unpaired two-
tailed t-test the mean Re content in molybdenite in 
earlier B-type (6631 ± 4308 ppm) and in later D-type 
(1746 ± 1184 ppm) is considered significantly (p = 
<0.01) different (Fig. 3). Pyrite compositions show a 
systematic increase of trace elements such as Au, 
Te, Ag, Pb, Tl, and As from the porphyry to the 
epithermal stages and porphyry pyrite is related to 
high Se/Tl, Co/As and Se/Ge but low As/Sb ratios 
where epithermal pyrite shows the opposite (Fig. 4). 
 

 
Figure 2. Quartz trace element ratios (Ge/Ti, Al/Ti) classify 
different vein types (Rottier and Casanova 2021). 
 
3.3 δ34S of pyrite, molybdenite and arsenopyrite 

δ34S values of sulfide separates (pyrite, molybdenite 
and arsenopyrite) range from 2.6 to 4.6 ‰, with the 
epithermal veins showing the highest and the 
porphyry veins yielding lower values. The δ34S of 
molybdenite from B- (~3.2 ‰) and D-type (~3.3 ‰) 
veins are comparable (Fig. 5).  
 The in-situ δ34S values of pyrite show a larger 
variation than pyrite separates and vary between -
4.1 and 14.8 ‰ with multiple negative values in A- 
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and B-type veins as well as large intra-grain 
variations (up to Δδ34S = 9.5‰). Based on an 
unpaired two-tailed t-test the lower average δ34S 
observed in the B-type veins (~2.9 ‰) is significantly 
(p = <0.01) different than the similar δ34S of A-, D- 
and E1- veins (~5.0 ‰) (Fig. 5). 
 

 
 
Figure 3. Rhenium content in molybdenite from B- and D-
type veins at Maronia. The average Re content from 
porphyry molybdenite is adapted from Barton et al. 2020. 
 

 
 
Figure 4. Fluid mixing-sensitive (Se/Ge), temperature-
sensitive (Se/Tl) and salinity-sensitive (Co/As) pyrite trace 
element ratios. 
 
3.4 Fluid microthermometry 

Homogenization temperatures of quartz-hosted fluid 
inclusion decrease from early porphyry (~500°C) to 
later epithermal (~280°C) veins. Porphyry veins are 
associated with coexisting hypersaline (47.2 – 34.5 
wt. % NaCl equiv.) and intermediate saline (20.4 – 
8.5 wt. % NaCl equiv.) vapor-rich fluids. By contrast, 

epithermal veins are characterized by low saline 
(<0.7 wt. % NaCl) liquid-rich fluids (Fig. 6). 
 

 
 
Figure 5. δ34S of sulfide separates (pyrite, arsenopyrite, 
molybdenite) and in-situ δ34S LA-ICP-MS of pyrite. 
 

 
Figure 6. Homogenization temperature vs. salinity 
diagram of the different hydrothermal veins. 
 
4 Discussion 

4.1 Spatial and temporal fluid evolution 

The combined use of quartz trace elements, 
alteration assemblages and fluid inclusion 
constraints reveal a systematic fluid evolution from 
neutral high temperature (~500°C) to moderate 
acidic low temperature (~280°C) conditions during 
the porphyry-epithermal transition (Fig. 2 – 6). 
During the formation of A-, B-, and D-type veins, 
phase separation was the main ore-forming 
process, whereas the E-type veins formed from the 
condensation and mixing of a vapor-rich fluid into 
meteoric waters (Fig. 6). 
 
4.2 Effect of phase separation and fluid 

evolution on pyrite chemistry 

Enrichment of trace elements like Au, Te, Ag, Pb, Tl, 
and As in epithermal stages is consistent with the 
formation at lower temperatures as revealed by fluid 
inclusion microthermometry and Ti-in-quartz 
thermometry. Similarly, temperature-sensitive trace 
element ratios of e.g., Se/Tl record the systematic 
cooling history of the fluid at Maronia. Co/As <1 in 
epithermal pyrite from Maronia is consistent with the 
formation from low salinity vapors whereas 
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Co/As >1 (Fig. 4) is rather indicative for precipitation 
from hypersaline liquids due to the different vapor-
liquid partitioning of Co and As (Pokrovski et al. 
2013). High Se/Ge of ~100 in porphyry pyrite is 
consistent with the pyrite precipitation from 
magmatic fluids, whereas Se/Ge <100 (Fig. 4A) 
observed in the epithermal pyrite suggests a 
contribution of meteoric waters (Keith et al. 2022) as 
also revealed by fluid inclusion constraints at 
Maronia (Fig. 6). High intra-grain δ34S variation of 
pyrite can be related to S isotope fractionation 
during phase separation due to preferential 
partitioning of 34S into SO42- during the oxidation of 
H2S to SO42- (Börner et al. 2022). 
 
4.3 Magmatic-hydrothermal controls on Re 

enrichment 

The extremely high Re content (Fig. 3) and the 
occurrence of distinct ReS2 phases suggest an 
anomalous high Re budget for the magmatic-
hydrothermal fluids at Maronia. This may be linked 
to the subduction of Re-rich sediments, such as 
phosphorites or shales, in the Oligocene in NE 
Greece. As Re is essentially insoluble in reduced 
fluids (Xiong et al. 2006) systematic decrease of fO2 
is a strong process inducing Re precipitation and 
saturation from the ore-forming fluids. The decrease 
in fO2 at Maronia is visible by the change from 
magnetite-bearing to magnetite-free mineral 
assemblages from the potassic to the sericitic 
alteration zone, decreasing of W contents in 
molybdenite, and lower δ34S in B-type veins induced 
by high SO4/H2S ratios of the fluids (Hutchison et al. 
2020). The observed fluid temperatures suggest a 
possible Re solubility threshold between 350 to 
400°C favouring formation of Re-rich molybdenite at 
temperature of ~400°C in B-type veins of the 
potassic alteration. 
 
5 Conclusion  

Vein and alteration mineralogy, trace element 
chemistry of hydrothermal quartz and pyrite as well 
as fluid inclusion microthermometry define the 
systematic fluid evolution and porphyry-epithermal 
transition at the exceptional Re-rich Maronia Cu-
Mo ± Au porphyry-epithermal system. The Re 
enrichment in molybdenite in different paragenetic 
stages is favoured by high temperature (~400°C), 
oxidized fluids of the potassic alteration, whereas 
cooler (~350°C) fluids of the sericitic alteration result 
in lower Re contents. The rare occurrence of rheniite 
and the high Re content at Maronia compared to 
molybdenite from other porphyry systems globally 
suggest an exceptional high Re budget, which might 
be related to an enriched magmatic source induced 
by extensive sediment subduction in the Aegean 
region during the Oligocene. 
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Abstract. High-temperature quartz veins were identified in 
drill core at ~600 m below the Sunnyside epithermal base 
and precious metal deposit in southwestern Colorado. The 
veins consist of early anhedral quartz that shows a bluish 
cathodoluminescence emission and hosts heterogenous 
silicate melt inclusions. The early quartz is overgrown by a 
later generation of quartz that exhibits euhedral 
terminations with oscillatory growth zones showing a 
bright pink to purple cathodoluminescence emission. Both 
types of quartz are crosscut by ubiquitous planes of vapor-
rich inclusions and some hypersaline liquid inclusions. In 
addition, secondary planes of intermediate-density 
inclusions occur. The petrographic characteristics of the 
two quartz types are similar to those in ‘A’ and ‘B’ veins 
encountered in shallow- and intermediate-depth porphyry 
deposits. The relationships at Sunnyside imply that these 
high-temperature veins formed from magmatic-
hydrothermal fluids derived from an intrusion located not 
far below the lowest level of drilling. Sunnyside appears to 
be a rare example of an epithermal deposit that is directly 
connected to a high-level porphyritic intrusion. 
 
1 Introduction 
 
The Miocene Sunnyside intermediate-sulfidation 
epithermal deposit in the Eureka mining district in 
southwest Colorado comprises a set of near-vertical 
precious and base metal veins. Between 1902 and 
1987, underground mining at Sunnyside yielded 
800,000 ounces of gold and 14 million ounces of 
silver, making it one of the most prolific precious 
metal producers in Colorado (Bartos 1993). 
Previous studies of the Sunnyside deposit largely 
focused on the epithermal mineralization occurring 
at 3,250-3,840 m above sea-level (Casadevall and 
Ohmoto 1977). However, exploration drill hole B-1 
collared from the American Tunnel to a depth of 
2,670 m above sea-level provides a unique 
opportunity to study the nature of veining up to ~600 
m below the base of known epithermal 
mineralization. 

This study is based on a petrographic and fluid 
inclusion study of the earliest quartz veins occurring 
at depth in the B-1 drill hole. The results demonstrate 
that early quartz veins formed from high-temperature 
magmatic-hydrothermal fluids, which suggests that 
the formation of the epithermal veins at Sunnyside 
deposit can be linked to a high-level porphyritic 
intrusion. This revises the earlier model by 
Casadevall and Ohmoto (1977), which inferred that 
the deposit formed from a hydrothermal system 
dominated by meteoric waters. 
 

 

Figure 1. Geologic map of the Eocene to Oligocene 
Southern Rocky Mountain volcanic field in southwestern 
Colorado. The map also shows the locations of the 
Sunnyside deposit and major ignimbrite calderas. Un = 
Uncompahgre, LC = Lake City, SJ = San Juan, S = 
Silverton (modified from Lipman 2007). 
 
2 Regional geology 
 
The Sunnyside deposit is located within the San 
Juan Mountains of southwestern Colorado, an 
erosional remnant of the late Eocene to Oligocene 
Southern Rocky Mountain volcanic field that 
originally covered an area exceeding 100,000 km2 
stretching from southern Colorado to northern New 
Mexico (Fig. 1). Ignimbrite flareup-style continental 
arc volcanism developed on thick continental crust 
as the subducting Farallon oceanic plate rolled back 
from a flat configuration to a steeper dip (Lipman 
2007). 

The Sunnyside intermediate-sulfidation deposit is 
part of the Eureka mining district. The epithermal 
vein deposits in the district formed during and after 
the formation of the 28.35 Ma San Juan-
Uncompahgre calderas and the younger, nested 
27.6 Ma Silverton caldera (Lipman 2007). 
Mineralization at Sunnyside occurs within a dilatant 
zone between the Ross Basin and Sunnyside faults 
that crosscut the ring fractures produced during the 
collapse of the Silverton caldera. 
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Figure 2. Cross section through the volcanic succession hosting the Sunnyside deposit (modified from Burbank and 
Luedke 1969).  
 

At Sunnyside, porphyritic dark-grey or dark-green 
andesite or rhyodacite from the lower section of the 
Burns Member is recognized in deep drilling and 
exposures in the American Tunnel (Fig. 2). They are 
overlain by quartz latite lavas with minor intercalated 
tuffaceous deposits and flow breccias that comprise 
the upper section of the Burns Member, which is the 
main host of epithermal veins at Sunnyside 
(Casadevall and Ohmoto 1977). The volcanic rocks 
of the Burns Member are overlain by pyroxene-phyric 
andesite lavas of the ~28.3 Ma Henson Member (Fig. 
2). These lavas outcrop extensively on the surface 
(Casadevall and Ohmoto 1977). 
The lower part of the volcanic succession hosting the 
Sunnyside deposit has been affected by pervasive 
quartz-sericite alteration. The quartz-sericite 
alteration gradually changes into a propylitic 
alteration assemblage upwards (Casadevall and 
Ohmoto 1977). 
 
3 Materials and methods 
 

Representative vein samples were collected from 
drill core B-1 (Fig. 2), which is now located at the 
Core Research Center of the U.S. Geological 
Survey. Doubly polished 80-µm-thick sections were 
prepared. These were studied in transmitted and 
reflected light to document vein textures and 
paragenetic relationships. Optical 
cathodoluminescence (CL) microscopy was 
performed on the thick sections using an HC5-LM 
hot-cathode CL microscope by Lumic Special 
Microscopes, Germany. The instrument was 
operated at 14 kV with a current density of ~10 µA 
mm-2. Colour images were acquired using a high-
sensitivity, Teledyne Lumenera Infinity 5-5 digital 
camera. 

As fluid inclusions in quartz formed in the 
porphyry environment can be subjected to post-
entrapment modification (Sun et al. 2021; Audétat 
2022), microthermometry was conducted only on 
secondary assemblages of intermediate-density fluid 
inclusions that showed consistent liquid to vapor 
ratios. A procedure outlined in Goldstein and 
Reynolds (1994) was employed to identify the 
inclusion assemblage with the highest 
homogenization temperature (bracketed to a 5°C 
interval) in a given sample, which involved making a 
measurement and then scanning the sample 
identifying other assemblages where bubbles had 

not yet homogenized until finally no other higher 
homogenization temperatures were measured. The 
microthermometric investigations were performed 
using a FLUID INC.-adapted U.S. Geological Survey 
gas-flow heating and freezing stage. 
 
4 Petrography of deep veins 
 

Drill core B-1 contains abundant narrow veinlets 
composed of vitreous, white or light grey quartz at 
depths of 510-585 m below the Sunnyside deposit 
(Fig. 3a). Microscopically, most of the quartz in these 
veins is anhedral, with individual grains ranging up to 
200 µm in size (Fig. 3b). The quartz exhibits a dark 
blue CL emission (Fig. 3c). Locally, the anhedral 
quartz grains are overgrown by quartz forming 
euhedral crystal terminations. These later quartz 
overgrowths exhibit oscillatory growth zoning and 
are characterized by a bright pink or purple CL 
emission (Fig. 3c). Chalcopyrite and pyrite are 
paragenetically late forming ribbons or coatings 
along late fractures that that crosscut the quartz. 
Contacts between the sulphides and both types of 
quartz are irregular or scalloped at the microscale 
(Fig. 3b, c). 

The early anhedral quartz in the deep veins has 
unique fluid inclusion characteristics. The quartz 
contains abundant secondary fluid inclusions 
forming trails having a wispy appearance but lacks 
primary fluid inclusions defining growth zones (Fig. 
3d). The fluid inclusion assemblages are dominated 
by vapor-rich fluid inclusions although hypersaline 
liquid inclusions also occur. Many fluid inclusions in 
the quartz have been affected by post-entrapment 
modification. These fluid inclusions have irregular 
shapes and exhibit variations in the vapor to liquid 
volumetric proportions within individual 
assemblages. In many cases, microcracks or planar 
arrays of neonate inclusions radiate outward from the 
inclusions (Fig. 3e). The early anhedral quartz also 
contains heterogeneous silicate melt inclusions. 
These typically consist of vapor bubbles deformed by 
unknown minerals filling the inclusions (Fig. 3f). 
The euhedral quartz overgrowths on the earlier 
anhedral quartz grains are largely devoid of fluid 
inclusions (Fig. 4a). Secondary assemblages of inter 
mediate-density fluid inclusions (Fig. 4b), 
hypersaline liquid inclusions (Fig, 4c), and vapor-rich  
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Figure 3. Microtextures and fluid inclusion inventory of high-temperature quartz from a deep drill hole at the 
Sunnyside deposit, Colorado. a Light grey quartz vein hosted by quartz latite. Sample V244-1674 (drill hole 
depth of 510 m). b Anhedral and granular quartz in a light grey quartz vein. Sample V244-1919 (drill hole depth 
of 585 m) c Corresponding optical cathodoluminescence image. The cores of the grains show a dark blue 
cathodoluminescence colour whereas the outer growth zones are banded and dark pink and purple. d 
Anhedral quartz grain containing ubiquitous healed microfractures defined by secondary inclusions. Sample 
V244-1674 (drill hole depth of 510 m). e Arrays of fluid inclusions that have been affected by post-entrapment 
modification. The fluid inclusions are highly irregular in shape, commonly with microcracks extending outward 
from the dark inclusions. Sample V244-1674 (drill hole depth of 510 m). f Heterogenous silicate melt inclusion 
in an anhedral quartz grain. Sample V244-1674 (drill hole depth of 510 m). 
 

inclusions (Fig. 4a-c) that show no visual evidence 
of post-entrapment modification locally crosscut both 
quartz types. Heterogeneous silicate melt inclusions 
are not present in the clear quartz overgrowths. The 
highest homogenization temperature (380-385°C) 
for an intermediate-density, secondary fluid inclusion 
assemblage was measured in sample V244-1674 at 
a drill hole depth of 513 m. The assemblage has a 
salinity of 2.4 wt% NaCl equiv.  
 
5 Discussion and conclusions 
 
The petrographic evidence suggests that the quartz 
veins deep in the B-1 exploration drill hole below the 
Sunnyside deposit are similar to high-temperature ‘A’ 
veins in shallow- to intermediate-depth porphyry Cu 
deposits (Monecke et al. 2018). Quartz precipitation 
occurred in the two-phase field of the H2O-NaCl 
system as the early quartz contains abundant vapor-
rich fluid inclusions in addition to some hypersaline 
liquid inclusions, as originally noted by Casadevall 
and Ohmoto (1977). The presence of 
heterogeneous silicate melt inclusions suggests that 
that the quartz could have formed at temperatures 
as high as ≳600°C (cf. Rottier et al. 2016). 
Formation of the deep veins from such high-
temperature magmatic-hydrothermal fluids implies 

the presence of a high-level porphyritic intrusion 
below Sunnyside. 
Quartz formation at high temperatures in the deep 
veins at Sunnyside took place at lithostatic 
conditions as the volcanic wall rocks were likely 
heated within the contact metamorphic aureole of 
the inferred high-level porphyritic intrusion. The 
ductile nature of the host rocks at these 
temperatures would have prevented the formation of 
a fracture network connected to the surface and the 
establishment of hydrostatic pressure conditions. 
However, after the formation of the anhedral quartz 
containing the heterogeneous silicate melt 
inclusions, the isotherms surrounding the high-level 
porphyritic intrusion must have retracted to depth. 
The fluid inclusion inventory of the anhedral quartz 
in the high-temperature veins was affected by post-
entrapment modification due to the significant 
pressure differential (cf. Sterner and Bodnar 1989) 
caused by the change from lithostatic to hydrostatic 
conditions. Secondary fluid inclusion assemblages 
crosscutting the euhedral quartz overgrowths, which 
is equivalent to quartz in ‘B’ veins in porphyry 
deposits (cf. Monecke et al. 2018), have not been 
affected by post-entrapment modification. These 
inclusion assemblages containing vapor-rich and 
hypersaline liquid inclusions must, therefore, have 
been entrapped at hydrostatic conditions and likely 
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never experienced significant pressure fluctuations 
after their formation. Quartz in ‘B’ veins in porphyry 
deposits forms close to the ductile-brittle transition at 
temperatures as low as ~400°C, which allows 
establishment of through-going fracture networks to 
surface (Monecke et al. 2018). Intermediate-density 
fluid inclusions hosted by the ‘B’ vein quartz were 
entrapped at a minimum temperature of 380-385°C 
and a minimum pressure of ~240 bar, which   

 
Figure 4. Fluid inclusion inventory of high-temperature 
quartz from a deep drill hole at the Sunnyside deposit, 
Colorado. a Euhedral quartz crystal with a clearer outer 
growth zone. The core contains abundant unmodified fluid 
inclusions, including hypersaline liquid and vapor-rich 
inclusions. b Intermediate-density and vapor-rich 
inclusions. c Hypersaline liquid and vapor-rich inclusions 
in the core of a euhedral quartz crystal. All images from 
sample V244-1684 (drill hole depth of 513 m). 
 
corresponds to a minimum depth of ~2400 m below 
the paleosurface at hydrostatic conditions. 
It is envisaged here that the epithermal veins at 
Sunnyside are an integral part of the evolution of a 
magmatic-hydrothermal system driven by a high-
level porphyritic intrusion. Intermediate-density 

fluids released from the intrusion ascended along 
major faults forming the epithermal veins at 
Sunnyside. As the magmatic-hydrothermal system 
waned, minor base metal veins similar to those 
found at the Sunnyside deposit telescoped onto the 
earlier high-temperature veins in the deep part of the 
B-1 drill core. 
The deep drilling at Sunnyside provides important 
constraints on the depth of the porphyritic intrusion. 
The exploration drill hole B-1 extends to a depth of 
~600 m below the Sunnyside deposit. The presence 
of the high-temperature veins suggests that a high-
level intrusion is in close proximity. The situation at 
Sunnyside contrasts with other epithermal deposits 
in the San Juan Mountains. For instance, Creede is 
located above, and laterally offset from, a deeply 
seated intrusion that is located several kilometres 
below the base of the epithermal mineralization 
(Barton et al. 2000). 
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Abstract. Constraining the source and processes 
contributing to porphyry Cu-Au formation on a district scale 
is fundamental for understanding the formation of Cu-Au 
mineralisation. The Farallon Negro Volcanic Complex 
contains the world-class Bajo de la Alumbrera porphyry 
Cu-Au deposit with weakly mineralised and barren 
porphyry intrusions, including El Durazno, San Lucas and 
Las Pampitas. Zircon trace element and isotope 
systematics are used to track the magmatic evolution of 
the Farallon Negro Volcanic Complex. The intrusions can 
be grouped into several stages. Stage 1 includes the El 
Durazno Au-Cu deposit (8.0 ± 0.3 Ma). El Durazno, whose 
emplacement was facilitated by localised extension, is 
from an enriched mantle-derived source (zircon δ18O = 5.7 
± 0.3‰; zircon εHf = -0.3 ± 1.8) with minor crustal 
assimilation. Stage 2 encompasses San Lucas (7.4 ± 0.1 
to 7.3 ± 0.1 Ma), Las Pampitas (7.2 ± 0.2 to 7.0 ± 0.1 Ma) 
and Bajo de la Alumbrera (6.9 ± 0.1 to 6.8 ± 0.2 Ma). These 
display a mixed mantle-derived and supracrustal source 
(zircon δ18O > 6.7‰, zircon εHf = < -2.2 ± 1.0) that 
homogenised in a lower-crustal MASH zone facilitated by 
regional compression. The combination of an enriched 
mantle source and accumulation in a lower-crustal MASH 
zone was favourable for Cu-Au mineralisation.  
 
1 Introduction   

Constraining the magma source is fundamental for 
understanding the petrogenetic processes leading 
to the genesis of giant porphyry Cu-Au deposits, 
especially in a gold-rich system (Park et al. 2021). 
The natural laboratory investigated here is the 
Farallon Negro Volcanic Complex (FNVC), which is 
a pre-eminent Cu-Au district in the Sierras 
Pampeanas of northwest Argentina (Fig. 1). It is a 
back-arc volcanic complex that hosts Cu-Au 
porphyry (Bajo de la Alumbrera, El Durazno, Agua 
Rica) and epithermal (Farallon Negro) deposits 
within an andesitic to dacitic volcanic complex 
(Proffett 2003). The FNVC contains other porphyritic 
intrusions that are of similar age and composition, 
but are significantly less mineralised, such as the 
San Lucas and Las Pampitas intrusions (Halter et 
al. 2004). Through comparison of zircon trace 
element and isotopic data from the Bajo de la 
Alumbrera porphyry intrusions to the San Lucas, 
Las Pampitas and El Durazno deposits, we assess 
the relationship between magma source and/or 
magma evolution and Cu-Au mineralisation.  

 
 
 
 

2 Geological background 

2.1 Geodynamic environment   

The FNVC is located in the Sierras Pampeanas, 
which is in the northern part of the Pampean flat-
slab segment (~27 to 33°S; Fig. 1), a section where 
the Nazca plate has been subducting under the 
South American plate at a dip of ~5-10° since 9 Ma 
(Kay and Mpodozis 2002). The shallow subduction 
angle can be attributed to the combination of coeval 
trench-ward motion of thick cratonic lithosphere and 
trench retreat during subduction of the Juan 
Fernandez Ridge (JFR; Fig. 1), as discussed in 
Manea et al (2012) and Yáñez et al (2001). This 
process caused thinning of the continental 
lithospheric mantle and reduction of the 
asthenospheric wedge, causing cessation of 
volcanism and hydration of the lithosphere (Kay et 
al. 1999). 

 

  
Figure 1. Location of the Farallon Negro Volcanic 
Complex and Miocene porphyry deposits. Light grey lines 
indicate depth to the Wadati-Benioff zone (Ramos et al. 
2002) and the red dashed line indicates the position of the 
Juan Fernandez Ridge at 7 Ma (Yáñez et al. 2001).  
 
2.2 Local geology and sample selection    
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Magmatism in the FNVC occurred from ~9.7 to 6 Ma 
(Ar-Ar hornblende and U-Pb zircon dating), broadly 
shifting from andesitic to dacitic in nature (Halter et 
al. 2004; Buret et al. 2016). The El Durazno 
porphyry intrusion was emplaced during the early 
stage of magmatism, and the Bajo de la Alumbrera, 
Las Pampitas and San Lucas systems later, from 
7.3 to 6.0 Ma (Buret et al. 2016). The Bajo de la 
Alumbrera system comprises a stock of dacitic 
porphyries (intrusions P2, EP3, LP3, P4) intruding 
the surrounding basaltic andesite and andesite units 
(Fig. 3A). The main mineralizing event associated 
with dacitic porphyries P2 and EP3 has been 
previously dated between 7.22 ± 0.02 and 7.13 ± 
0.02 Ma (zircon U-Pb CA-ID-TIMS; Buret et al. 
2016). The grade of this deposit is 767 Mt @ 0.51% 
Cu and 0.64 g/t Au (Rubinstein et al. 2021). 

The San Lucas porphyry is located ~6 km to the 
southeast of the Bajo de la Alumbrera deposit and 
largely comprises a rhyodacitic porphyry stock 
intruding a diorite (Fig. 3b) (Alderete 1999). The 
highest grade is 0.26% Cu, 0.35 g/t Au and 1.9 g/t 
Ag in the potassic alteration zone; however, 
mineralisation is considered uneconomic (Alderete 
1999). Two samples were selected from San Lucas: 
a quartz andesite porphyry and a rhyodacite 
porphyry.  

 

 
Figure 2. Geological map of the Farallon Negro Volcanic 
Complex showing those intrusions that were investigated 
in detail in this study. After Proffett (2003).  

 
The Las Pampitas prospect is located ~4 km to 

the northwest of Bajo de la Alumbrera (Fig. 2) and 
has grades up to 0.13% Cu, 0.006% Mo and up to 
1.06 g/t Au (average 0.07 g/t Au), and is considered 
uneconomic (Gutiérrez et al. 2006; Rubinstein et al. 
2021). Three samples were analysed from Las 
Pampitas: a finer grained dacite porphyry, a coarser 
grained dacitic porphyry and a quartz andesite 
porphyry.   

The El Durazno deposit is considered 
economically viable and contains 93 Mt at 0.15% 
Cu, 0.41 g/t Au (Glencore 2017). It was emplaced 
during the earlier stages of volcanism (Halter et al. 
2004), with mineralisation hosted in a basaltic 
andesite porphyry (Fig. 2), which was analysed in 
this study.  
 
3 Zircon U-Pb geochronology     

The SHRIMP U-Pb ages generated in this study 
cannot resolve the within-deposit intrusive ages but 
can resolve the difference in ages between 
deposits. The El Durazno andesite porphyry is 
markedly older than the other intrusions, with an age 
of 8.0 ± 0.3 Ma (n=10, MSWD=1.3, 95% 
confidence). The San Lucas andesite porphyry and 
rhyodacite porphyries are ~0.4 my younger with 
ages of 7.4 ± 0.1 Ma (n=10, MSWD=1.0, 95% 
confidence) and 7.3 ± 0.1 Ma (n=10, MSWD=1.0, 
95% confidence), respectively. The Las Pampitas 
dacitic porphyry intrusions have zircon U-Pb ages of 
7.3 ± 0. 1 Ma (n=10; MSWD=1.5, 95% confidence) 
and 7.0 ± 0.1 Ma (n=10, MSWD=2.1, 95% 
confidence), respectively. The quartz andesite 
porphyry has a zircon U-Pb age of 7.2 ± 0.2 Ma 
(n=9, MSWD=2.6, 95% confidence). The Bajo de la 
Alumbrera P2 and EP3 intrusions have the same 
zircon U-Pb age of 6.9 ± 0.2 Ma (P2: n=13, 
MSWD=1.8; EP3: n=11, MSWD=1.8, 95% 
confidence). LP3 also has the same age with a 
smaller uncertainty of 6.9 ± 0.1 Ma (n=13, 
MSWD=0.6, 95% confidence). P4 is the youngest 
intrusion, with a zircon U-Pb age of 6.8 ± 0.2 Ma 
(n=10, MSWD=0.6, 95% confidence).  

These data can be combined with U-Pb ages of 
Halter et al. (2004), Borba et al. (2016) and Buret et 
al. (2016) to define three key stages of magmatism 
in the FNVC: (1) 9.5 to 8.0 Ma, (2) 7.5 to 6.5 Ma, 
and (3) 6.5 to 5 Ma (Fig. 3). 
 

 
Figure 3. Summary of geochronological data from this 
study and the literature. Error bars are plotted at 95% 
confidence. Circles indicate 238U-206Pb ages, triangles 
40Ar-39Ar biotite ages and squares 40Ar/39Ar hornblende 
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ages. Sources: (1) Halter et al. (2004), (2) Sasso (1997), 
and(3) Borba et al. (2020). Coloured points are from this 
study.  
 
4 Magma source linked to geodynamic 

environment  

4.1 Stage 1 magmatism (9.5 – 8.0 Ma)  

The first stage of magmatism was primarily 
extrusive, basaltic to andesitic, and occurred during 
a period of localised extension (Halter et al. 2004).  

The El Durazno intrusion formed at the end of 
stage 1 magmatism and was preceded by andesitic 
and basaltic lava flows and intrusions (Fig. 2). These 
units are hydrous (Halter et al. 2004). There is no 
trend towards a silicic composition over time as 
would be expected during fractional crystallisation, 
so therefore it is interpreted that a long-lived magma 
chamber was not established during this stage 
(Halter et al. 2005). Emplacement of El Durazno 
was facilitated by localised extension (Halter et al. 
2004). The El Durazno porphyry has a zircon δ18O 
signature of 5.7 ± 0.1‰ and εHf value of -0.3 ± 0.6 
(2 SD, Fig. 4). The δ18O value is consistent with a 
mantle-derived source (Valley et al. 2005). The εHf 
value is lower than those of ocean island basalt and 
mid ocean ridge basalts, which are generally above 
εHf = +5 (Janney et al. 2005), indicating the 
presence of a crustal component in the El Durazno 
magma. Contamination of magma source in the 
mantle can decrease the 176Hf/177Hf ratio, but may 
not shift the O isotope signature (Roberts et al. 
2013). Based on the subduction-zone tectonic 
setting, the source was likely to be mantle wedge 
that was recently contaminated by subducted crust 
and sediments (Chauvel et al. 2009). This may also 
include a contribution from sub-continental 
lithospheric mantle and/or minor assimilation of 
continental crust during the ascent of the magma.  

 
4.2 Stages 2 and 3 magmatism (7.5 to 5 Ma)  

The second stage of magmatism was mostly 
intrusive and is defined by intermediate to felsic 
magmatism. This period encompasses the San 
Lucas, Las Pampitas and Bajo de la Alumbrera 
intrusions (Fig. 3). Zircon crystals from all intrusions 
have an initial εHf of < - 2.2 and δ18O of > 6.7 ‰ 
(Fig. 4), indicative of an older supracrustal 
component in the source melt (Hawkesworth and 
Kemp 2006). Because of the distinctly elevated δ18O 
values, it is likely that this supracrustal component 
was introduced in the crust rather than in the 
metasomatized mantle (Hawkesworth and Kemp 
2006), perhaps in a lower crustal MASH zone 
(Hildreth and Moorbath 1988). The Agua Rica 
porphyry intrusions (stage 3 magmatism), to the 
south-east of Bajo de la Alumbrera, are interpreted 
as having the same source as Bajo de la Alumbrera, 
with a greater degree of crustal contamination 
(Borba et al. 2016).  

Stages 2 and 3 of magmatism are likely a mix of 
stage 1 magmatism (mantle-derived) and a 
supracrustal component incorporated due to stalling 
of the magmas in the lower crust. The onset of 
regional transpression, linked to the peak of flat slab 
subduction at ~ 8 Ma (Kay and Mpodozis 2002), 
likely stalled the ascent of the mantle-derived 
magma, resulting in pooling in a lower crustal MASH 
zone, and mixing with felsic crust. It is suggested 
that this process in the lower-crustal MASH zone 
facilitated the build-up of volatiles and metals (Cu).  
 

 
Figure 4. A: Zircon εHf vs sample age. Black bars indicate 
mean and 2 standard deviations. B: Zircon δ18O vs εHf. 
Mantle-like oxygen value is after Valley et al. (2005). 
Average error bars are 2 standard errors (2 SE) of each 
spot.  
 
5 Conclusion  

Zircon Lu-Hf and O isotopic data record a switch in 
magma source between stage 1 and stage 2. The 
earlier magmatism of the FNVC, represented by the 
El Durazno porphyry, has a mantle source with minor 
crustal input, with magma ascent facilitated by 
localised extension (Halter et al. 2004). The early 
Cu-Au mineralisation of El Durazno indicates a 
mantle component with enrichment in Cu and Au. 
After ~8 Ma, the stalling of this magma in a lower 
crustal MASH zone and mixing with supracrustal 
material led to the accumulation of S, Cu and 
volatiles in the magma, with eventual sulfur 
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saturation and exsolution of volatiles leading to 
porphyry Cu-Au mineralisation at higher crustal 
levels. The combination of an enriched magma and 
favourable tectonic environment likely led to Cu-Au 
mineralisation at Bajo de la Alumbrera.   
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Abstract. An increasing demand for copper and lack of 
deposits exposed at surface force exploration to focus on 
targets at increasing depth or under deep cover.  Recent 
exploration drilling at the Santa Cruz deposit in the southern 
Basin and Range Province has provided an opportunity to 
study a well-preserved example of a Laramide-aged 
hypogene deposit with a supergene enriched domain under 
up to 1000 m of post-mineral sedimentary cover. 
Paragenetic investigations are combined with Re-Os dating 
of molybdenite samples that establish new perspectives on 
emplacement and enrichment processes of the deposit. 
These results are compared to regional Re-Os data to 
establish a distinct Laramide-aged spatial trend in the 
distribution of deposits in the southern Arizona copper 
porphyry district. This comparison defines favourable 
temporal windows for deposit formation at ~75–70 Ma, ~65 
Ma, and 60–55 Ma that likely relate to overriding tectonic 
controls. 
 
 
1 Introduction  

Porphyry deposits are the primary source of copper 
for the global economy. The discovery and 
development of deeper and/or concealed porphyry 
deposits will be critical to support green energy 
infrastructure in the 21st century and beyond. These 
deposits are typically associated with intermediate to 
felsic subvolcanic intrusions located in magmatic arc 
settings (Sillitoe 2010). Hypogene mineralisation in 
porphyry deposits comprises stockwork-hosted and 
disseminated sulphides that form large volumes of 
low-grade ore. However, supergene enrichment 
processes can lead to a significant increase in relative 
ore grade (Sillitoe 2005). 

The Santa Cruz deposit is located 11 km west of 
Casa Grande, and approximately 9 km southwest of 
the previously mined Sacaton deposit in southern 
Arizona (Fig. 1). It was discovered in 1974 but not put 
into production due to low copper prices at the time.  

The Santa Cruz deposit is primarily hosted by the 
~1450–1350 Ma Oracle Granite (Tosdal and Wooden 
2015) and minor diabase sills and dykes that are 
~1100 Ma (Banks et al. 1972). Hypogene 
mineralisation is associated with Laramide aged 
quartz monzonite porphyry intrusions (Schmidt 1971; 
Vikre et al. 2014). Subsequently, the deposit 
underwent an extended period of erosion and 
oxidation, leading to the formation of a supergene 
enrichment blanket (Cook 1994; Kreis 1995). Basin 
and Range extension is marked by basaltic  

 
magmatism forming diatreme-like structures and 
volcanic deposits (Vikre et al. 2014). Further extension 
and normal faulting dismembered the deposit into a 
series of fault blocks and led to the deposition of up to 
1000 m of post-mineral sedimentary cover (Fig. 1). 
Based on recent estimates, the Santa Cruz deposit and 
related satellite zones contain 2.8 and 1.8 Mt total 
contained copper in indicated and inferred mineral 
resources, respectively (Nordmin Engineering 2023). 
Despite hosting significant resources, the age, 
structural framework, and a detailed understanding of 
the hypogene and supergene mineralisation are poorly 
constrained. This study includes paragenetic and 
geochronological results that further understanding of 
the emplacement and supergene enrichment 
processes recorded in the Santa Cruz deposit and 
establish when the deposit formed within the broader 
Arizona copper porphyry province. 
 

 
Figure 1. (a) Simplified regional map of Arizona showing the 
location of Santa Cruz and other major porphyry deposits 
discussed in the text. Age trends are derived from Re-Os 
dating (modified after Enders et al. 2006). (b) Schematic 
cross section through the Santa Cruz deposit (modified from 
Nordmin Engineering 2023). 
 

2 Methodology 

2.1 Optical petrography  

Representative samples were collected of variably 
mineralised hypogene and supergene samples. From 
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these, ~50 thin sections and polished resin blocks 
were prepared and examined in transmitted and 
reflected light, prior to scanning electron microscopy. 
 
2.2 Geochronology 

Four vein samples containing visible molybdenite 
were selected from the Santa Cruz and Texaco 
deposits for Re-Os geochronology at the newly re-
established Applied Isotope Research for Industry 
and the Environment (AIRIE) laboratory following the 
procedures of Stein et al. (2001). Molybdenite was 
carefully separated, and the separates were 
equilibrated with a mixed Re-double Os spike using 
inverse aqua regia for sample digestion in a Carius 
tube. Isotopic ratios were measured by NTIMS 
(negative thermal ionisation mass spectrometry) on a 
Triton instrument. 
 
3 Results 

3.1 Hypogene and supergene mineralogy 

Petrographic observations suggest the presence of at 
least three individual porphyry phases, based on 
mineralogical and textural characteristics. These are 
referred to as granodiorite porphyry, quartz latite 
porphyry, and latite porphyry.  

Typical porphyry-style veins in the form of A, B, C, 
and D veins (Gustafson and Hunt 1975) are present 
in the porphyry dykes and to a much lesser extent in 
the Oracle Granite. Veins frequently show signs of 
reopening. Potassic alteration is observed in 
association with A and B veins, resulting in secondary, 
shreddy biotite, often replacing other mafic minerals, 
and minor K-feldspar. C veins are accompanied by 
chlorite alteration, primarily affecting earlier biotite. 
Sericite alteration is most strongly developed in halos 
surrounding D veins. 
The hypogene assemblage consists of chalcopyrite 
and minor bornite hosted in C and reopened B veins 
as well as in disseminations associated with vein 
halos. The occurrence of molybdenite is limited to the 
margins of B veins where it forms coarser aggregates 
intergrown with quartz and/or fine-grained smears. 
Pyrite is primarily associated with D veins, forming 
discrete sulphide-filled fractures and disseminations. 
Supergene mineralisation at Santa Cruz forms three 
distinct zones. The deepest zone is characterised by 
the replacement of hypogene chalcopyrite by covellite, 
bornite, and multiple other copper sulphide phases. At 
shallower depths the supergene assemblage 
comprises chalcocite and minor hematite partially or 
completely replacing pyrite. In the upper parts of the 
supergene enrichment blanket, the mineralogy is 
dominated by oxidised copper species, including 
abundant atacamite and chrysocolla. 
 
3.2 Re-Os dating of molybdenite 

The four molybdenite samples analysed yield highly 
precise dates that indicate molybdenite deposition at 
~72–71 Ma. These analyses define a model age of 

71.3 ± 1.4 Ma with an initial Os ratio of 0.2 (Fig. 2a). A 
weighted average for these four analyses yields a 
similar date of 71.6 ± 0.8 Ma (Fig. 2b). 
In order to compare, the Santa Cruz Re-Os results are 
plotted with published molybdenite results for Arizona 
and northern Mexico, including the Bagdad, Resolution, 
Copper Creek, Pima District, Morenci, and Maria 
deposits (Figs. 1 and 2). Together these results define 
three temporally distinct episodes of hypogene 
porphyry copper mineralisation in the region. The Santa 
Cruz results are comparable to the Bagdad porphyry, 
which gives Re-Os dates of ~76 Ma and ~72 Ma (Barra 
et al. 2003). To the east, Re-Os dates for molybdenite 
from the Resolution porphyry deposit yield younger 
ages that cluster around ~65 Ma (Hehnke et al. 2012). 
Deposits in southeastern Arizona and along the US-
Mexico border have relatively young Re-Os ages of 
~60–55 Ma (McCandless and Ruiz 1993). 
 
4 Discussion and preliminary synthesis 

Paragenetic studies conducted on the hypogene 
mineralisation preserved within deeper portions of the 
Santa Cruz deposit indicate the presence of A, B, C, 
and D veins. Molybdenite is associated with early B 
veins formed at high temperatures whereas 
chalcopyrite and bornite are present in C veins and 
reopened earlier veins. The pyrite-rich D veins are 
consistently late and associated with pervasive sericite 
alteration. Supergene processes have resulted in 
significant enhancement of copper grades. 

Re-Os dating indicates that the hypogene 
mineralisation at Santa Cruz was emplaced at ~71.5 
Ma (Fig. 2). This date is similar to molybdenite 
deposition ages in the Bagdad deposit (Barra et al. 
2003; Figs. 1 and 2), suggesting broadly 
contemporaneous formation of these deposits. 
However, these Re-Os dates are relatively old when 
compared to porphyry deposits to the east and 
southeast of Santa Cruz. For example, Re-Os dates for 
the Resolution deposit are ~65 Ma (Hehnke et al. 
2012), while all other deposits to the southeast (Copper 
Creek, Morenci, Pima District, and Maria) yield younger 
dates of ~60–55 Ma (Figs. 1 and 2). This west-
northwest to east-southeast trend was recognised by 
McCandless and Ruiz (1993), who suggested that 
differences in the age and thickness of Precambrian 
crust of Arizona may have controlled the timing of 
mineralisation, wherein older (>1700 Ma) crust was 
spatially associated with the 75–70 Ma deposits while 
younger (<1700 Ma) Precambrian 
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 Figure 
2. (a) Re-Os results for the Santa Cruz molybdenite samples 
shown as an isochron age for the four samples analysed. (b) 
Re-Os dates for molybdenite samples from Santa Cruz 
compared to Re-Os dates from other copper deposits in 
Arizona (1 = Barra et al. 2003; 2 = Hehnke et al. 2012; 3 = 
McCandless and Ruiz 1993). 
 
basement is host to the younger deposits. However, 
the Santa Cruz deposit is hosted by the 1450–1350 
Ma Oracle Granite, indicating that <1700 Ma 
Precambrian basement can also host ~75–70 Ma 
porphyry deposits. This observation, when combined 
with an intermediate age for the Resolution deposit of 
~65 Ma (Hehnke et al. 2012), may indicate that 
subduction-related porphyry copper deposits migrated 
progressively to the southeast (present-day 
distribution) and the major episodes of mineralisation 
occurred at distinct temporal intervals of ~75–70 Ma, 
~65 Ma, and 60–55 Ma (Fig. 2) that may broadly 
coincide with changes in the overriding plate 
kinematics such as a transition to flat-slab subduction, 
ridge-subduction and/or oceanic plateau subduction 
(Cooke et al. 2005). 
Constraining Laramide-aged spatial and temporal 
trends in the formation of porphyry copper deposits is 
hampered by extensive, Tertiary-aged structural 
dismemberment within the Basin and Range Province. 
While this history complicates the interpretation of 
primary tectonic trends it also served to exhume and 
enrich many Arizona deposits through supergene 

processes. Understanding Tertiary modification of 
Laramide hypogene mineralisation is critical to assess 
the economic potential of these deposits, particularly in 
concealed deposits like Santa Cruz where the 
supergene enriched zone is well-preserved and is host 
to a large proportion of known resources. 
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Abstract. In some porphyry copper deposits, the similarity 
between pre-, syn- and post-mineral intrusions in terms of 
texture and geochemistry is a known issue. This is also the 
case at the Gaby porphyry Cu deposit in Northern Chile. 
This study aims to find features to discriminate between 
the Permo-Triassic Pampa Elvira plutonic complex 
(PEPC) which is volumetrically the main host rock of the 
deposit, and the ore-related Eocene tonalite porphyry 
(TP). Various field and analytical methods have been 
applied to a drill hole in the district's center to properly 
characterize the two lithologies. Fieldwork (core logging, 
magnetic susceptibility), automated mineralogy 
(QEMSCAN), whole rock geochemistry, and electron 
microprobe are techniques used so far. They reveal 
important variations in texture, grain size distribution, 
mineralogy, and chemistry. Relative proportions between 
the major rock-forming minerals plagioclase, alkali 
feldspar, quartz, and biotite are contrasting between the 
magmatic units. The Eu anomaly and element ratios 
(especially Sr/Y and Zr/Hf) strongly differ between the two 
magmatic suites and in combination, these features allow 
discrimination. Chemical features of alteration minerals 
such as white mica, chlorite, and biotite (Fe enrichment in 
chlorite) do show significant variations between the units 
but need complementation with trace element data by LA- 
ICP-MS. 
 
1 Introduction 

Northern Chile is recognized for hosting numerous 
small to very large porphyry copper deposits 
(Zappettini et al. 2001). One of the giant deposits is 
Chuquicamata. Zentilli et al. (2018) reported that 
one fundamental challenge during the exploration of 
the deposit was the discrimination between "ore- 
carrying Eocene porphyries" and a Triassic 
granodiorite with similar textural and geochemical 
characteristics. 

Despite the extended research that was carried 
out on the Chuquicamata cluster, only recently 
Zentilli et al. (2018) attempted to solve this issue 
with whole-rock analyses and presented 
geochemical tools to distinguish the Triassic 
granodiorite from the Eocene porphyry stocks in the 
area. Standard geochemical characterization 
methods for trace elements (e.g., Winchester and 
Floyd 1977) did not yield a clear separation. The 
only consistent geochemical difference found by 
Zentilli et al. (2018) was that the main Eocene– 
Oligocene porphyries carry relatively less Fe and Ni 
than the Triassic granodiorite. 

 
Figure 1. Simplified geological map of the Gaby district 
at an elevation of 2540 m.a.s.l. with an outline of the 
open pit. The location and trace of the drill hole DGS-
1587 are marked (modified after Reygadas et al. 2023). 

 

This study addresses a similar problem at the 
Gaby porphyry deposit, located around 120 km 
south of the Chuquicamata district. Here, the 
Permo-Triassic Pampa Elvira plutonic complex 
(PEPC) is one of the hosts for copper mineralization 
generated by Eocene porphyry intrusions (Dilles et 
al. 2000). The dominant composition found in the 
PEPC is granodiorite. Both lithologies are similar in 
texture and chemistry and have not yet been 
exhaustively investigated. This study uses magnetic 
susceptibility, bulk and mineral chemistry, and 
alteration styles to define criteria for differentiation 
and describe similarities between the PEPC and the 
tonalite porphyry (TP). The research focuses on part 
of a drill hole located in the center of the district 
(Figure 1), intercepting the contact between the two 
lithologies. 
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Figure 2. QEMSCAN maps of the two lithologies. A Non-mineralized sample of the PEPC. B Non-mineralized sample of 
the TP. C and D Pie charts of the area % of the selected samples in the PEPC (A) and in the TP (B). The low amount of 
alkali feldspar is demonstrated. 

 

2 Methods 
 
The analyzed samples (n=44) are mainly from a 
single drill hole (DGS-1587) in the center of the 
district intersecting the two main host lithologies, the 
PEPC and the TP. Geochemical and electron 
microprobe (EPMA) data are complemented with 
measurements from other drill holes in the vicinity of 
the Gaby open pit (Figure 1; Cugerone et al., this 
volume). 

The magnetic susceptibility (MS) was recorded 
over the length of the drill core with a handheld 
magnetic susceptibility meter (KT-10). 
Measurements were taken in 50 cm intervals to 
increase the accuracy of the dataset. 

Scanning electron microscopy–based automated 
mineralogy analysis (QEMSCAN) followed 
petrographic observations on thin sections. This 
method was used to generate mineral and 
elemental maps and define the relative mineral 
proportions on a thin-section scale. 

Whole rock analyses of major and trace elements 
were performed by inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) and by 
inductively coupled plasma mass spectroscopy 
(ICP-MS), respectively. As, Bi, Hg, In, Re, Sb, Se, 
Te, and Tl were measured with ICP-MS on an aqua 
regia solution and base metals by four acid 
digestion followed by ICP-AES. The results were 
filtered before using them in discrimination diagrams 
and strongly altered and mineralized samples were 
left out for these tasks. 

White mica, chlorite, and biotite chemistry were 
studied with a JEOL JXA8200 SuperProbe EPMA at 
the University of Geneva. The following elements 
were measured: Si, Al, Ti, Fe, Ca, Mg, Na, K, Mn, 
Cr, Ba, and Cl. The results were normalized to 11 
oxygen atoms per formula unit (apfu) for white mica 
and 28 apfu for chlorite. 

Besides, X-ray diffraction analysis combined with 
short-wave infrared light spectroscopy was be 
applied to target alteration minerals. LA-ICP-MS will 
be used to supplement the EPMA data. 

3 Geology of the deposit 

Porphyry copper deposits in northern Chile 
including the Gaby deposit formed during the 
Andean cycle of magmatism in the area. The largest 
deposits were developed in a relatively short period 
of around 10 m.y. during the Eocene-Oligocene 
(Maksaev and Zentilli 1988), forming the Paleogene 
metallogenic belt (e.g., Piquer et al. 2021). An 
essential factor for the formation of large deposits is 
the Domeyko fault zone. Structures belonging to the 
latter are also present at Gaby, where they 
preferentially align the intrusive bodies NE-SW 
(Piquer et al. 2021). 

The major host rocks at Gaby are the Permo- 
Triassic Pampa Elvira plutonic complex consisting 
mainly of the granodiorite (GD), intruded by the 
Eocene TP, and the Late Carboniferous–Early 
Permian (Gardeweg et al. 1994 in Niemeyer et al. 
2008) volcano-sedimentary La Tabla formation to 
the west (Camus 2003). There are multiple Eocene 
porphyry intrusions recognized in the area, but the 
TP is volumetrically the most abundant (Dilles et al. 
2000). All units show internal heterogeneity in 
texture and degree of alteration. 

The focus herein lies on a comparison of the 
distinctive texture, alteration, and mineralization 
styles of the PEPC and the TP near the Gaby open 
pit. 

4 Texture, mineralogy, and geochemistry of 
the PEPC and the TP 

The Pampa Elvira intrusive body can be described as a 
light grey phaneritic and moderately porphyritic rock 
consisting of quartz, alkali feldspar, altered plagioclase, 
and biotite. The magnetic susceptibility (MS) is relatively 
low and strongly dependent on vein distribution and 
alteration styles. At the district and drill hole scale, the 
PEPC can be relatively heterogeneous. Plagioclase and 
alkali feldspar commonly present sodic alteration (albite). 
QEMSCAN analyses suggest that roughly twice as much 
albite is present in the PEPC than in the TP (Figure 2). 
Albite is present as a product of pervasive alteration 
and as vein alteration halos. 
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Figure 3. Drill log of DGS-1587 combining core logging with 
magnetic susceptibility data (MS in 10-3 SI) over depth, 
elemental ratios, and QEMSCAN mineral fractions (area %). 
The second column of QEMSCAN results presents the 
variation in feldspar content. Mineralization (Mineral.) type 
is presented as porphyry-style (red) and polymetallic 
(yellow) veins. Lithology color codes as in Figure 1. 
 

Potassic alteration is observed overprinting the 
sodic alteration. Like albitization, it exists both along 
veins and as a background alteration in the host rock. 
The mineralization style does not vary 

between the PEPC and the TP and cannot be used 
to differentiate these lithologies. However, several 
geochemical parameters can be used to separate 
the two igneous lithologies. The Eu anomaly is the 
tool with the best potential to easily discriminate the 
two units. The PEPC has an average negative Eu 
anomaly of 0.69. Variations of element ratios such 
as V/Sc, Sr/Y, Zr/Hf, and Nb/Y are strongly 
dependent on major magmatic processes and can 
also be used to differentiate the igneous units 
(Winchester and Floyd 1977; Halley 2020). Figure 3 
shows their good correlation over depth and sharp 
increase at the igneous contact with the TP. The 
most consistent here appear to be Sr/Y (depending 
on plagioclase fractionation and the water content of 
the magma; Richards et al. 2012) and Zr/Hf (related 
to the fractional crystallization of zircons; Lowery 
Claiborne et al. 2006). The PEPC has an average 
Zr/Hf ratio of 34.6. 

The TP is a dark grey porphyritic rock with an 
aphanitic groundmass. Its MS signal is higher in the 
deeper part of the core which is related to stronger 
potassic alteration. The rock consists mainly of large 
plagioclase phenocrysts in a fine-grained 
groundmass of quartz, alkali feldspar, and biotite. 
The amount of biotite is higher than in the PEPC 
(Figure 2). As aforementioned, the alteration is 
fundamentally different in the TP. Like in the PEPC, 
albitization is also present, but here it occurs as a 
weak background sodic alteration. Potassic 
alteration is characterized by an increase in 
hydrothermal biotite associated with minor alkali 
feldspar and magnetite. The TP has an average Eu 
anomaly of 0.95. This means that the anomaly is 
close to neutrality and therefore could be 
successfully used to discriminate the porphyritic 
intrusion from the host PEPC. Additionally, the Zr/Hf 
ratio is around 39.9 (compared to 34.6 in the PEPC). 
QEMSCAN was used to quantify the mineral 
proportions for each sample according to their depth 
in Figure 3. The increase in plagioclase and drop in 
alkali feldspar and albite contentsare 
demonstrated. 

 
5 Alteration mineral chemistry 

White mica alteration does not vary significantly 
between the two lithologies. The white mica 
composition corresponds to muscovite–phengitic 
muscovite (Tischendorf et al. 2004). The 
compositional trends in white mica chemistry are 
presented in Figure 4A, showing higher variability in 
white mica chemistry in the PEPC. 

Changes in chlorite chemistry between the PEPC 
and TP are also noticeable. All the chlorite grains 
analyzed can be described as trioctahedral Mg- and 
Fe-chlorites (Figure 4B). In the PEPC, the Fe and 
partly Al contents are higher than in the TP. 

The magmatic and hydrothermal biotite 
chemistry reveals variation between the targeted 
grains but is inconclusive at this stage.
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Figure 4. A Mg-Fe-Si versus total Al plot demonstrating 
the similarity in white mica chemistry. B Chlorite Total Al + 
octahedral vacancy-Mg-Fe compositional diagram, 
showing a range of Mg- to Fe-rich chlorite in the GD (after 
Zane and Weiss 1998). 
 
6 Discussion and conclusions 

While the PEPC and TP at the Gaby porphyry 
copper deposit cannot always be differentiated 
macroscopically, dominant alteration styles and 
some geochemical characteristics prove to be good 
vectors to discriminate them. The proportions of 
feldspars are largely controlled by lithology. The Eu 
anomaly, as well as Sr/Y and Zr/Hf ratios also yield 
good results. It is demonstrated that these methods 
can be applied on a single drill core or district scale 
and present a powerful tool for correct 
discrimination between macroscopically similar- 
looking lithologies. 

White mica, chlorite, and biotite compositions 
revealed by EPMA indicate distinct trends in 
chemistry (e.g., chlorite depleted in Fe in TP), but 
require additional verification with trace element 
analysis by LA-ICP-MS technique. 
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Abstract. The integration of silica activities (solubilities) in 
analysis of infiltrative metasomatic calc-silicate formation 
in limestones-marbles helps to reconcile available mineral-
fluid phase modelling, fluid inclusion, and stable isotopic 
evidence. Very low X(CO2) (<0.01) is consistent with these 
volatiles, very high F/R, and the general absence of 
residual carbonates in prograde skarns. H2CO3 in this 
reaction, with low pH volatiles enhance carbonate 
solubilities, but also enhance carbonate melting, and 
mobilization. Mass-balance calculations consistently 
reveal substantial Ca-Mg carbonate loss from the system, 
beyond decarbonation. Carbonate-rich “veins” within and 
around contact metasomatic skarn systems, are generally 
devoid of silica, and variably mineralized in sulphides and 
sulfates, so maybe carbonate dykes consistent with their 
textures and mineral-chemical equilibria. Carbonate, salt, 
sulfate, and phosphatic melts are ionic liquids of very low 
viscosity and have different solution properties for many 
components, including mineralizing components 
introduced in the fluid infiltration process. 
 
1 Introduction  

Skarn deposits are some of the richest deposit 
systems in terms of grade, but also overall metal 
endowment. The prograde development of skarns 
has long been at issue as the traditional 
interpretation of calc-silicate forming reactions lead 
to erroneous interpretation of the X(CO2) of these 
fluids. Virtually all fluid inclusion studies of 
mineralized skarns do not exhibit CO2 even with 
Raman or evidence of boiling, which had been 
advocated for these systems. Lentz and Suzuki 
(2000) showed that using silica activities (not 1 for 
quartz) applied to the T-P-X(CO2) result in calc-
silicate assemblages and zonation consistent with 
observations, i.e. X(CO2) < 0.01. Lentz (2005a) 
described extensive loss of carbonate (~ 50%) from 
selected skarn systems using mass-balance 
techniques consistent with these those findings. In 
addition, silica mass balancing supports extremely 
high fluid-rock ratio (F/R) associated with all 
infiltrative skarns. Lentz (2005b) further elaborated 
on this to demonstrate that this was not simple 
dissolution of carbonates that were stripped from 
skarns, but in fact carbonate melts were formed; 
these ideas were built off of Lentz (1999) were 
evidence was presented showing that this equilibria 
was consistent with the eutectic in the carbonate 
melt system (> 600°C) with a maximum of carbonic 
acid formed, so I postulated that some carbonatitic 
systems might be from either volatile fluxing and (or) 
syntectic reactions (Lentz 1998; Lentz 2005a). 

Many of these complex reactions between 
limestones-marbles and a wide range of silicate 
melts were described by the infamous Reginald 
Daly over a century ago (see Lentz 2017). 
 
2 Infiltrative metasomatism and 

decarbonation 

Lentz and Suzuki (2000) used existing 
interpolations of silica solubility and their activities to 
show how the interpreted calc-silicate assemblages 
form at very low X(CO2) showing the consistency of 
silica solubility induced metasomatism with 
interpreted low CO2 (< 1 %) in the H2O infiltrating 
the skarn system (Fig. 1). 
 

 
Figure 1. Temperature vs. X(CO2) in the Ca-Mg-Si-C-O-
H system (400 MPa), illustrating the estimated stability of 
calc-silicate assemblages (CaCO3, MgCO3, SiO2 
projection) (modified after Lentz and Suzuki 2000). 
 
Key is these mixed volatile equilibria and zoning 
relationships are valid over a huge range of P-T 
conditions to very low temperatures (T), consistent 
with critically low CO2 contents of fluid inclusions, as 
well in all skarn-related magmatic hydrothermal 
systems. All prograde decarbonation is driven by 
infiltrating silica forming calc-silicates, so is limited 
by its solubility in water, so the system naturally stays 
very low in CO2; therefore there is no need to invoke 
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CO2–H2O immiscibility and no reason to expect high 
CO2 (>1 %) in fluid inclusions. 
 
3 Decarbonatization 

Most skarns have minimal evidence for residual 
carbonates in the system, especially in prograde 
skarns. Lentz (2005a) noted that greater than 50% 
mass decrease occurred with skarnification, i.e. the 
carbonates were mobilized from the system. 
Although exsolving magmatic fluids are commonly 
invoked as the culprits in contact metasomatic 
skarns and they are known to be acidic, the amount 
of acidic fluids is considerable and beyond the 
capability of the infiltrative fluid. Carbonates have a 
retrograde solubility so at prograde infiltrative 
temperatures carbonates are typically negligibly 
soluble. Lentz (1998, 1999) reproposed from the 
much earlier literature that carbonates could easily 
be melted at the P-T conditions of typical prograde 
skarn formation (see Fig. 2); there was never an 
intention to infer all carbonate melts were derived by 
these volatile fluxing or syntectic reactions with 
limestones, but rather help develop a realization that 
magmas could react in complex ways with 
limestones and marbles that helped explain some 
phenomena in and around skarn systems.  
 
 

 
Figure 2. Temperature vs. X(CO2) diagram illustrating 
decarbonation reaction dolomite ↔ periclase (or brucite) 
+ calcite + CO2 [at a X(CO2) = 0.05 relative to portlandite-
calcite-periclase-vapor-liquid (melt) eutectic (MgO-CaO-
CO2-H2O system) (modified after Lentz 1999). 
 

The substantial loss of carbonate during calc-
silicate generation is probably a combination of 
dissolution by acidic volatiles and at advanced 
prograde stages by volatile-induced melting of 
carbonates during infiltration as described by Lentz 
(2005b). 
 
3.1 Carbonate melt inclusions 

Crystallized carbonate melt inclusions (cMIs) have 
been recognized in many magmatic systems 
including some related to skarns including 
vesuvianite skarn clasts erupted from Vesuvius (see 
Veksler and Lentz 2006). Trapping of melt inclusions 
is a natural consequence of calc-silicate formation, 
although the highly reactive and ephemeral nature of 
carbonates in continually reacted skarns makes 
them elusive in many systems. Saline brines to salt 
melts have a continuum with sparingly soluble 
carbonates or high T molten carbonate. Carbonates 
readily crystallize, and melt inclusions formed would 
immediately crystallize as well in the presence of the 
water-rich fluid; carbonate melts have as much 
dissolved volatiles as a silicate melt, so volatile 
fluxed carbonates easily have up to 10% H2O in any 
pressurized system. Water and salts and sulfates, 
sulfides, and oxides associated with the original 
infiltrating volatiles are known to coexist with 
varieties of cMIs in skarns systems (Xu et al. 2023), 
as well as iron oxide (apatite) systems (cf. Lentz 
2018, Bain et al. 2020).  
 
4 Carbonate dykes with skarn association 

Although rarely described, there are numerous 
carbonate vein and (or) dike-like features around 
contact metasomatic skarns. These features have 
commonly been considered veins, but many have 
dike like features. Chemically and isotopically they 
are consistent with a skarn derivation. Numerous 
researchers have referred to crustal carbonatites, 
some with and others without an obvious relation to 
skarns, although they are quite distinctive to any 
mantle carbonatitic system. Around large porphyry-
related skarns, including iron skarns, they have 
been considered as veins, and even have 
magnetite-sulfides, as well as apatite, but rarely 
quartz. Carbonatitic to salt melts are ionic melts, so 
have extremely low viscosity, and depressurization 
during buoyant ascent-emplacement readily yields 
(exsolves) volatiles that enhances ascent beyond 
the distal skarn environment. Textures are wide 
ranging, but pseudo-aplitic to pegmatitic textures 
are evident reflecting the role of water-rich volatiles 
differentially exsolving and reacting with these ionic 
melts as quenching-crystallization occurs; it is easy 
to see how these could be interpreted as veins, and 
in the past many have referred to similar things 
descriptively as vein-dykes (see Lentz 1998). 
 
5 Conclusions 

This brief review highlights the intimate role silica-
bearing magmatic volatiles have with formation of 
infiltrative (contact metasomatic) skarns that are 
mineralized. The silica solubilities are a controlling 
factor in decarbonation equilibria, which are 
consistent with observed X(CO2) and fluid 
inclusions. These very low X(CO2) are coincident 
with carbonate melting at Ts > 600°C and the 
maximum in the formation of carbonic acid that acts 
as a flux with H2O. The extremely high F/R inferred 
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from silica mass balance constraints and the 
considerable loss of carbonates (decarbonatization) 
from the system suggest that carbonate melting in 
addition to carbonate dissolution by acidic magmatic 
volatiles are responsible. Crystallized carbonate 
melt inclusions are not uncommon, and have 
generally been overlooked for the most part in 
skarns and complex carbonate dykes that originated 
from skarns; these typically have evidence of 
association with saline brines or salt melts, as well 
as sulfates, sulphides, oxides, and magnetite with 
some calc-silicates to name a few as they are highly 
fluid ionic melts. Geochemically and isotopically 
these have been described as crustal carbonatites 
as they crystallize distal to most contact 
metasomatic skarn systems. Further work is needed 
to examine these carbonate-rich systems to 
ascertain if they are indeed veins or dykes, using 
cMIs to aid in that analysis. 
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Abstract. Trace elements in magmatic zircon preserve a 
record of the hydration state as well as oxidation state of 
the ore-forming silicate melts. The zircon trace-element 
ratio (Eu/Eu*)/YbN is formulated as an indicator of silicate 
melt hydration state and is empirically validated by 
comparison with hygrometry and geobarometry on 
coexisting hornblende phenocrysts. Zircon records 
tandem rise of oxidation state and hydration state of arc 
magmas during fluid-undersaturated magmatic 
differentiation at lower-crustal depths. Zircon records 
dehydration and further oxidation of ascending silicate 
melts as exsolving hydrothermal fluid segregates at lower- 
to upper-crustal depths. Porphyry-copper ore-forming 
melts have distinctive values and trends on zircon 
oxybarometer vs hygrometer plots. Our zircon 
oxybarometer and hygrometer are applicable to detrital 
zircons, permitting identification of watersheds that contain 
a copper-fertile igneous complex (exploration target) 
upstream from the sediment sampling site.  
. 
 
1 Zircon (Eu/Eu*)/YbN indicator of silicate 
melt hydration state 
 
Arc magmas parental to porphyry copper deposits 
(PCDs) typically have high whole-rock Sr/Y and 
Eu/Yb ratios and HoN/YbN < 1 that indicate 
suppressed plagioclase and enhanced hornblende 
production over most of the course of mafic-to-felsic 
magmatic differentiation. Al-in-hornblende 
geobarometry and hygrometry on phenocrysts and 
experimental petrology indicate that those features 
are attributable to unusually high hydration state of 
the magmas over most of the course of mafic-to-
felsic differentiation at Moho-vicinity pressures. 
Zircon inherits the (Eu/Eu*)/YbN feature of its parent 
melt, warped by zircon/melt partition coefficients. We 
formulate and empirically validate the trace-element 
ratio (Eu/Eu*)/YbN in zircon as an indicator of relative 
hydration states of silicate melts, including ones 
parental to PCDs. 

2 Zircon Ce/√(U×Ti) oxybarometer 

Magmas parental to porphyry copper deposits 
commonly have igneous anhydrite and/or sulphate-
rich apatite phenocrysts that indicate higher 
oxidation state than ordinary granitoid arc magmas 
(Hutchinson and Dilles, 2019). The ratio Ce/√(Ui×Ti) 
in zircon has been formulated and calibrated by 
Loucks et al. (2020) as a quantitative measure of the 
parent melt’s oxidation state, ∆FMQ = log 
ƒO𝒔𝒂𝒎𝒑𝒍𝒆𝟐												  – log ƒO𝑭𝑴𝑸𝟐							 wherein FMQ represents 

the reference buffer fayalite + magnetite + quartz, 
and Ui represents radioactive-decay-corrected initial 
U content at the time that dated zircons crystallised. 
Empirical calibration using 1042 analysed zircons in 
85 natural populations having independently 
constrained log ƒO2 in the range FMQ–4.9 to 
FMQ+2.9 retrieves the calibration data with a 
standard error of ±0.6 log unit ƒO2. We deploy it here 
to monitor the evolving oxidation state of melts 
during trans-crustal ascent and decompression-
induced fluid exsolution at many igneous complexes.  

3 Observed co-variation trends of 
magmatic hydration and oxidation states 
 
Geobarometry, hygrometry, and oxybarometry on 
cores and rims of hornblende phenocrysts yield 
trends that corroborate our zircon-based indicators 
of silicate melt hydration state and oxidation state in 
the same igneous units, providing “proof of concept”, 
as shown in Figure 1. The hornblende data indicate 
continuous exsolution of H2O-rich C-O-H-S-Cl fluid 
from ~700-800 MPa (~26-30 km depth) to 
subvolcanic, ore-forming depths, with concomitant 
oxidation of residual melt. Zircon records the same 
trends of melt oxidation during melt dehydration.  

Figure 2 shows zircon hygrometry and 
oxybarometry trends in a succession of epizonal 
intrusions in the 35-21 Ma Meghri-Ordubad igneous 
complex in Armenia and in the 67-55 Ma 
Yarabamba-Quellaveco complex in southern Peru. 
Zircons in early intrusions form arrays of positive 
slope, with rising oxidation state as hydration state 
rises. Zircons in later intrusions, including ore-
forming ones, define arrays having negative slopes, 
with further rise in oxidation state accompanying 
melt dehydration. 
 
4 How PCD magmas become oxidised 
 
4.1 Oxidation as dissolved H2O increases in 
melts 
Magmas stored in hot country rock near the Moho 
tend to last long enough to experience intermittent 
replenishments by hydrous basaltic melt from the 
mantle. Over successive cycles of replenishment 
and fractional crystallization, hybrid melts can 
accumulate high concentrations of inherited 
chemical components that are largely excluded from 
ultramafic cumulates—H2O, CO2, Cl, Eu2+, Fe3+, etc.  

In Figure 2, segments having steep positive slope 
are at least partially attributable to selective 
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sequestering of Fe2+ relative to Fe3+ by cumulus 
olivine, clinopyroxene and hornblende in ultramafic 
cumulates all of which have lower Fe3+/Fe2+ ratios 
than equilibrated silicate melt. However, the principal 
mechanism of melt oxidation is likely to be a rising ratio of 
molecular H2O to hydroxyl as total dissolved H2O 
accumulates in the melt during crystallisation:  

 

½ H2Om + Fe2+ + ¼ O2 = OH– + Fe3+                (1a) 
 

wherein H2Om represents molecular water dissolved in the 
melt, and OH– replaces a bridging oxygen linking Al and Si 
in the tetrahedral framework. Activities of these species in 
the melt are related to the equilibrium constant K1 by  
 

 log [Fe3+/Fe2+] = log K1 + log [H2O1/2	
𝑚		 /OH–] + ¼ log ƒO2   (1b) 

 

wherein brackets denote activities. Equation 1b shows that 
at a specified T and P (constant K1) and specified ƒO2, a 
rising ratio of H2Om/OH– in the melt requires a tandem rise 

 
 
Figure 1. Proof of concept. Hornblende geobarometry-hygrometry-oxybarometry corroborates trends in zircon indicators 
of parent melt hydration state and oxidation state during trans-crustal ascent. Al-in-hornblende barometry on phenocryst 
cores and rims by the calibration of Mutch et al (2016) are plotted against apparent ∆FMQ and wt % H2O dissolved in the 
melt according to the calibrations by Ridolfi et al (2010). Arrows show trends during decompression of ascending magmas 
and concomitant exsolution of hydrothermal fluid and oxidation of dehydrating melt. Panels on the right illustrate 
applications of our zircon composition parameters in the same igneous units. Hornblende and zircon analyses in the Don 
Manuel PCD and related intrusions, central Chile, are from Gilmer et al (2018); All analyses from host intrusions except 
xenoliths and mafic enclaves are plotted. Hornblende phenocryst compositions in the Cu(-Mo)-ore-forming L Porphyry 
stock in the Turquoise Gulch intrusive complex, El Salvador, Chile, were reported by Lee (2008). Zircon compositions in 
the L Porphyry were reported by Lee et al (2017). Amphibole compositions in Coroccohuayco Hornblende Porphyry 
intrusion, central Peru, were reported by Chelle-Michou et al (2015). Zircon compositions in Hornblende Porphyry and 
Hornblende-Biotite Porphyry dacitic intrusions were reported by Chelle-Michou and Chiaradia (2014). 
 
of its Fe3+/Fe2+ activity ratio, as theoretically 
predicted by Moretti (2005) and experimentally 

demonstrated by Gaillard et al (2003) and by 
Schuessler et al (2008).  
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4.2 Melt oxidation as hydrothermal fluid 
segregates  
 
H2O solubility in granitic melts decreases ~4-fold 
during magma ascent from 800 MPa to 100 MPa 
(Holtz et al 1995). Al-in-hornblende barometry and 
hornblende hygrometry in Figure 1 indicate onset 
of fluid segregation at 700-800 MPa in response to 
decompression of ascending magma. A transition 
from fluid movement by intergranular filtration to 
channelling via propagating conduits tends to 

occur at greater depth and lower vesicularity in 
moving magma than in stagnant magma, which 
facilitates gravitational segregation of exsolving 
volatiles to the top of the ascending magma 
column. To the degree that channelling and 
collection of segregated fluid remove it from 
effective diffusive communication with its parent 
melt, the residual melt’s chemical evolution may be 
regarded as fractional distillation in a chemically 
open system.  
 

 

 
 

Figure 2. Co-evolution of melt oxidation and hydration states according to our indicators during magmatic differentiation. 
(a) LA-ICPMS analyses of zircons in successive pre-mineralisation and copper-mineralising intrusions in the Meghri-
Ordubad intrusive complex, Armenia, showing sample number, lithologic unit and U-Pb age as reported by Rezeau et al 
(2019); (b) zircon analyses in successive pre-mineralisation and copper-mineralising intrusions and a post-ore intrusion in 
the Yarabamba-Quellaveco intrusive complex, southern Peru as reported by Nathwani et al (2021). Arrows in the inset 
panel schematically represent rising hydration state and oxidation state of melts through successive cycles of fluid-
undersaturated magmatic differentiation and chamber replenishment (positive slope), followed by melt dehydration and 
further oxidation during fluid-saturated magma ascent (negative slope).  
 

 
 

 
Figure 3. Zircons from PCD-forming intrusions in 37 
districts are shows as red and orange symbols. Brown 
symbols represent zircons in pre-ore and post-ore 
intrusions in ore-hosting igneous complexes. Green, 
turquoise, blue, and purple symbols represent barren arc 
igneous suites. Arrows schematically represent the turn in 
trajectory at the transition from fluid-undersaturated melt 
(positive slope) to fluid-saturated evolution (negative 
slope) in granitoid melts of varied volatile content at the 
onset of fluid saturation. 
 

Reduced members of the principal redox couples 
in the granitoid melts—H2-H2O, S4+-S6+, and Fe2+- 
Fe3+—partition into exsolving hydrothermal fluid 
more strongly than oxidised members, so 
segregation of exsolving fluid leaves a more oxidised 
residual melt (Humphreys et al, 2015; Scaillet et al, 
1998; Bell and Simon, 2011). The 1982 eruption of 
El Chichón volcano (Mexico) and the 1991 eruption 
of Mt. Pinatubo (Philippines) released vastly more 
SO2 than could have been dissolved in the erupted 
mass of melt, which implies that most of the erupted 
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sulphur was in hydrothermal fluid that had 
accumulated at the top of the pre-eruption magma 
column (Luhr et al., 1984; Gerlach et al., 1994). The 
El Chichón eruption included lithic fragments of 
porphyry-copper-style mineralisation (Luhr, 1983). 
The Pinatubo stratocone hosts the Dizon porphyry 
Cu-Au ore deposit and several Cu-Au prospects 
(Hattori and Keith, 2001). 

Figure 3 is a plot of 5777 zircon compositions 
compiled from our own and other publications. The 
dataset includes 2220 zircons from intrusions 
inferred by the respective authors to have exsolved 
ore-forming magmatic-hydrothermal fluids in 37 
major magmatic-hydrothermal Cu-rich ore deposits 
of Phanerozoic age worldwide. Those are compared 
to 3557 zircons from non-ore-forming magmas at 
Phanerozoic convergent plate margins. It is evident 
that these composition parameters in zircon 
effectively discriminate metallogenically fertile arc 
magmas from infertile ones. 

 
5 CONCLUSION 
 
Trace-element features of zircons that are diagnostic 
of unusually high hydration and oxidation states of 
their parent magma effectively discriminate Cu-ore-
forming igneous complexes from ordinary, 
unmineralised arc igneous suites. Our discriminants 
of porphyry copper fertility are applicable to detrital 
zircons. The watershed-scale “footprint” of this 
diagnostic tool is much larger than the detection 
range of conventional geochemical sampling 
techniques and is applicable to paleo-watersheds. In 
application to paleo-drainages, it may identify fertile 
igneous complexes that formerly were exposed to 
erosion but are now buried under younger volcanic 
or sedimentary cover.  
 
Acknowledgements 
We thank Paul Agnew of Rio Tinto Exploration and Cam 
McCuaig and Natalie Caciagli of BHP Exploration for 
encouragement and helpful discussions. This study was 
supported in part by Rio Tinto Exploration. Additional 
financial support was provided by the Australian Research 
Council Centre of Excellence for Core to Crust Fluid 
Systems grant CE110001017. 
 
References 

Bell AS, Simon A. (2011) Experimental evidence for the 
alteration of the Fe3+/ΣFe of silicate melt caused by the 
degassing of chlorine-bearing aqueous volatiles. Geology 
39:499–502.  

Chelle-Michou C, Chiaradia M, Béguelin P, Ulianov R (2015) 
Petrological evolution of the magmatic suite associated 
with the Coroccohuayco Cu(-Au-Fe) porphyry–skarn 
deposit, Peru. J Petrol 56:1829-1862  

Chelle-Michou C, Chiaradia M, Ovtcharova M, Ulianov A, 
Wotzlaw J-F (2014) Zircon petrochronology reveals the 
temporal link between porphyry systems and the 
magmatic evolution of their hidden plutonic roots (the 
Eocene Coroccohuayco deposit, Peru). Lithos 198-
199:129-140.  

Gaillard, F, Pichavant, M, Scaillet, B (2003) Experimental 
determination of activities of FeO and Fe2O3 components 

in hydrous silicic melts under oxidising conditions. 
Geochim Cosmochim Acta 67:4389-4409.  

Gerlach TM, Westrich HR, Symonds RB. (1996) Pre-eruption 
vapor in magma of the climactic Mount Pinatubo eruption: 
source of the giant stratospheric sulfur dioxide cloud. In: 
Newhall CG, Punongbayan RS (Eds.), Fire and Mud: 
Eruptions and Lahars of Mount Pinatubo. University of 
Washington Press, Seattle, WA; Quezon City: Philippine 
Institute of Volcanology and Seismology, pp. 415-434.  

Gilmer AK, Sparks RSJ, Blundy JD, Rust AC, Hauff F, Hoernle 
K, Spencer CJ, Tapster S (2018) Petrogenesis and 
assembly of the Don Manuel igneous complex, Miocene-
Pliocene porphyry copper belt, central Chile. J Petrol 59: 
1067-1108.  

Hattori K., Keith JD (2001) Contribution of mafic melt to 
porphyry copper mineralization: evidence from Mount 
Pintaubo, Philippines, and Bingham Canyon, Utah, USA. 
Mineral Deposita 36:799–806.  

Holtz F, Behrens H, Dingwell DB, Johannes W (1995) H2O 
solubility in haplogranitic melts: Compositional, pressure, 
and temperature dependence. Am Mineral 80:94-108.  

Humphreys MCS, Brooker RA, Fraser DG, Burgisser A, 
Mangan MT, McCammon C (2015) Coupled interactions 
between volatile activity and Fe oxidation state during arc 
crustal processes. J Petrol 56:795-814.  

Hutchinson MC, Dilles JH (2019) Evidence for magmatic 
anhydrite in porphyry copper intrusions. Econ Geol 
114:143–152.  

Lee RG (2008) Genesis of the El Salvador porphyry copper 
deposit, Chile and distribution of epithermal alteration at 
Lassen Peak, California. PhD thesis, Corvallis, OR, 
Oregon State University, 344 p. 

Lee RG, Dilles JH, Tosdal RM, Wooden JL, Mazdab FK (2017) 
Magmatic evolution of granodiorite intrusions at the El 
Salvador porphyry copper deposit, Chile, based on trace 
element composition and U/Pb age of zircons. Econ Geol 
112:245-273.  

Loucks RR, Fiorentini ML, Henriquez G, (2020) New 
magmatic oxybarometer using trace elements in zircon. J 
Petrol 61: egaa034.  

Luhr JF (1983) The 1982 eruptions of El Chichón and the 
relationship to mineralized magmatic-hydrothermal 
systems [abs.]: Geol. Soc. Am., Abs. w Prog. 15:632. 

Moretti R (2005) Polymerisation, basicity, oxidation state and 
their role in ionic modelling of silicate melts. Annals 
Geophys. 48:583–608.  

Mutch, EJF, Blundy JD, Tattitch, BC, Cooper FJ, Brooker RA 
(2016) An experimental study of amphibole stability in low-
pressure granitic magmas and a revised Al-in-hornblende 
geobarometer. Contrib Mineral Petrol 171: 85.  

Nathwani CL, Simmons AT, Large SJE, Wilkinson JJ, Buret Y, 
Ihlenfeld C (2021) From long-lived batholith construction 
to giant porphyry copper deposit formation: petrological 
and zircon chemical evolution of the Quellaveco District, 
Southern Peru. Contrib Mineral Petrol 176:12.  

Rezeau H, Moritz R, Wotzlaw J-F, Hovakimyan S, Tayan R 
(2019) Zircon petrochronology of the Meghri-Ordubad 
pluton, Lesser Caucasus: fingerprinting igneous 
processes and implications for the exploration of porphyry 
Cu-Mo deposits. Econ. Geol. 114:1365-1388.  

Ridolfi F, Renzulli A, Puerini M (2010) Stability and chemical 
equilibrium of amphibole in calc-alkaline magmas: an 
overview, new thermobarometric formulations and 
application to subduction-related volcanoes. Contrib 
Mineral Petrol 160:45-66.  

Scaillet B, Clemente B, Evans B, Pichavant M (1998) Redox 
control of sulfur degassing in silicic magmas. J Geophys 
Res 103:23937–23949.  

Schuessler JA, Botcharnikov RE, Behrens H, Misiti V, Freda 
C (2008) Oxidation state of iron in hydrous phono-tephritic 
melts. Am Mineral 93:1493–1504.  

 
 
  



 

© Society for Geology Applied to Mineral Deposits, 2023 
 

78 

Early zircon saturation and low Zr content of PCD-
forming magmatic differentiation series: a guide for 
exploration targeting 
 
Robert R. Loucks 1,2, Marco L. Fiorentini 1,2 
1Centre for Exploration Targeting, School of Earth Sciences, University of Western Australia, 35 Stirling Highway, 
Crawley WA 6009, Australia 
2ARC Centre of Excellence for Core to Crust Fluid Systems, University of Western Australia, 35 Stirling Highway, 
Crawley WA 6009, Australia
  
Abstract. In orogenically deforming segments of 
convergent plate margins, horizontal compressive stress 
provides resistance to opening of tensile dike fractures 
and promotes entrapment of mantle-derived basaltic melts 
in magma chambers embedded in hot country rock at 
Moho-vicinity depths, where magmas cool slowly, and 
residual melts tend to last long enough to experience 
intermittent chamber replenishment by basaltic melts from 
the deeper mantle. Over several cycles of replenishment 
and fractional crystallisation, residual melts acquire high 
concentrations of inherited chemical components that 
were largely excluded from cumulus minerals—H2O, Cl, 
CO2, SO3, etc. Accumulating H2O re-orders the high-
pressure crystallisation sequence of igneous minerals in 
successive cycles and leads to zircon saturation in mafic 
melts (basaltic andesite to mafic andesite compositions) of 
later cycles. Porphyry copper deposit (PCD) ore-forming 
magmas are chemically distinguished from ordinary arc 
granitoids by low Zr at zircon saturation, as well as by 
“adakitic” high Sr/Y and Eu/Yb that indicate unusually high 
dissolved H2O in residual melts over most of the course of 
magmatic differentiation. Whole-rock Sr/Zr in rock 
samples retaining igneous plagioclase is a useful 
discriminant of Cu-fertile intrusive complexes.   
 
1 Introduction 
Lateral variations of tectonic stress along convergent 
plate margins have profound effects on the chemical 
course of magmatic differentiation of mantle-derived 
basaltic magmas. In non-compressive to weakly 
compressive stress settings, arc magmas follow a 
tholeiitic trend; in moderately compressive settings, 
a calc-alkalic trend is typical; in highly compressive, 
orogenically deforming arc segments, an adakitic 
differentiation trend is typical (Loucks, 2021).  
 
2 Early to late zircon saturation in compressive 
to non-compressive arc segments 
 
We illustrate the contrasting behaviour of Zr during 
magmatic differentiation in four magmatic arcs 
featuring adjacent compressive and non-
compressive stress settings above the same 
subduction zone, and in which compression is 
induced by different tectonic mechanisms. Three of 
these case studies have major magmatic-
hydrothermal Cu(-Au) ore deposits in the 
compressive segments.  
 
2.1 Behaviour of Zr in adakites at the type locality 
on Adak Island  

Figure 1 shows alternating compressive and non-
compressive intervals due to rotation of block 
segments in response to tangential shear by oblique 
subduction. There is a correlative alternation of 
volcanic edifices that are large shields of mainly 
basaltic composition at the eastern ends of the 
rotating blocks, but small stratocones of mainly 
andesitic and dacitic composition in the 
compressional western ends of the rotating blocks 
(Kay et al., 1982). Figure 1b shows trends of whole-
rock ppm Zr versus wt% SiO2. Semisopochnoi is the 
next major magmatic centre west of Adak that is 
erupting primitive basalts. In the Semisopochnoi 
suite (and other centres in non-compressive settings 
in the Aleutians), the ppm Zr trend rises steeply until 
zircon saturates at around 70% SiO2. In the Adak 
suite (and other compressive segments), the Zr v 
SiO2 trend is flatter. In Figure 1c, the Sr/Zr ratio 
shows divergent differentiation trends from initially 
similar mafic parent magmas. Evidence that 
andesitic lavas on Adak and nearby Kanaga evolved 
at high pressure is in their abundant xenoliths of 
tectonised spinel peridotite and cognate xenoliths of 
ultramafic cumulates and hornblende gabbro for 
which mineral barometry gives pressures in the 28-
22 km depth range, where basaltic magmas pond 
just beneath the base of the crust and fractionally 
crystallise to residual melts of adakitic andesitic-
dacitic compositions (DeBari et al., 1987; Conrad 
and Kay, 1984).   
 
2.2 Early and late zircon saturation in other 
compressive and non-compressive pairs 
Trends of whole-rock ppm Zr versus wt% SiO2 in 
differentiation series parental to major porphyry-type 
Cu(±Mo±Au) deposits (El Teniente and Batu Hijau) 
and a high-sulphidation-epithermal-type Au-Cu 
deposit (Chinkuashih) are compared in Figure 2 with 
contemporaneous suites lacking significant Cu 
mineralisation in adjacent arc segments overlying 
the same subduction zone. In all three cases, the 
compressive intervals are over-riding buoyant 
features in the subducting plate. In all three panels, 
the data trends represent rising accumulation of Zr 
in residual melt as SiO2 increases until the melt 
attains zircon saturation, followed by declining Zr 
content of residual melt as zircon segregates with 
other cumulus minerals. The Cu(-Au-Mo)-ore-
forming magmatic differentiation trends (red) reach 
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zircon saturation at an earlier stage of magmatic 
differentiation than do Cu-infertile suites (green).  

 

 
 

Figure 1. (a). In the eastern Aleutians, the plate convergence is nearly orthogonal to the trench, but westward along the 
Aleutians the convergence becomes increasingly oblique. Increasing tangential shear in the central and western Aleutians 
has caused the arc to break up into a lateral succession of block segments rotating clockwise (Geist et al., 1988).  
Seismically active transverse faults and coincident submarine canyons define the ends of the rotating blocks.  Clockwise 
rotation of the eastern ends of the blocks away from the North American plate has produced extensional “summit basins” 
along the crest of the arc. Orange contours labelled "100 km" to "600 km" are depths to the top of the subducting slab, 
determined by local seismicity on the Wadati-Benioff zone at shallow depths ≤ 270 km, and determined by teleseismic 
tomographic imaging in aseismic portions of the slab at greater depths (Boyd and Creager, 1991). Locations of the calc-
alkalic-adakitic Adak magmatic centre at the western end of the rotating Andreanof Block and of the tholeiitic 
Semisopochnoi magmatic centre at the eastern end of the rotating Rat Block are identified. (b) All available published 
whole-rock analyses of Quaternary samples are shown on this plot of ppm Zr in compiled analyses of samples from the 
Adak and Semisopochnoi magmatic centres. In Aleutian extensional settings, the trend of Zr vs SiO2 rises steeply until 
zircon saturates at around 70% SiO2. In the Adak suite and volcanoes in other compressive segments, the Zr v SiO2 trend 
is flatter. Adak magmas apparently attain zircon saturation at a mafic stage of magmatic differentiation. These trends are 
compared with Zr contents of compiled experimental partial melts of subducted materials (green symbols; data from 
Johnson and Plank, 1999; Rapp et al, 1999; Xiong, 2006). Plainly, the Adak series does not lie along a mixing line between 
slab melts and melts of asthenospheric mantle wedge, which invalidates the hypothesis by Defant and Drummond (1990) 
that adakites at Adak and other circum-Pacific localities were produced by partial melting of subducted materials. The 
composition of “average Cenozoic circum-Pacific adakite” is taken from the compilation by Drummond et al (1996). The 
Zr-SiO2 plot effectively discriminates actual melts of subducted materials from "adakites", which are widely misinterpreted 
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to be partial melts of subducted materials. (c) Contrasting trends of whole-rock Sr/Zr ratio in the compiled volcanic samples 
from Adak and Semisopochnoi. The Sr/Zr ratio shows divergent differentiation trends from initially similar mafic parent 
magmas, with a sub-horizontal trend in the compressive segments, and a steep, steady decline in the extensional settings.  

  
 

Figure 2(a,b,c). Compilation all available whole rock 
analyses (http://www.earthchem.org/portal) 
representing mafic-to-felsic differentiation series 
parental to major porphyry-type (El Teniente, Chile, 
and Batu Hijau, Indonesia) and high-sulfidation-
epithermal-type (Chinkuashih, Taiwan) Cu(± Au ± 
Mo) deposits, compared with contemporaneous 
suites in adjacent, unmineralized arc segments 
overlying the same subduction zone. In all three 
panels, the data trends represent rising 
accumulation of Zr in residual melt as SiO2 increases 
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until the melt attains zircon saturation, followed by 
declining Zr content of the residual melt as zircon 
segregates along with other cumulus minerals. The 
Cu(-Au-Mo)-ore-forming magmatic differentiation 
trends (red) reach zircon saturation at an earlier 
stage of magmatic differentiation than do Cu-infertile 
suites (green).  
In Figure 2a, red symbols represent all available 
analyses of fresh or little-altered samples in the 
orogenically deforming region above the subducting 
Juan Fernandez aseismic ridge and encompassing 
the early Pliocene El Teniente porphyry Cu(-Mo) 
deposit. Green dots represent samples from the 
Southern Volcanic Zone (SVZ) compiled from many 
sources. The ore-related suite at Batu Hijau is from 
Fiorentini and Garwin (2009). Other Sunda and 
Banda arc samples are compiled from many 
sources. Ryukyu arc data in Figure 2c are compiled 
from many sources. 
 

 
 

Figure 3(a,b). Stable phase assemblages at 800 MPa (a) 
and 200 MPa (b) in a dacitic bulk composition of varied 
H2O content and temperature (grey dots; Naney, 1983). 
Orange contours show wt% SiO2 in the melt (anhydrous 
basis). Pink contours show zircon solubility (ppm Zr) as 
calibrated by Crisp and Berry (2022). Phase labels: L = 

liquid (hydrous silicate melt), V = hydrothermal fluid, P = 
plagioclase, Q = quartz, A = alkali feldspar, B = biotite, H = 
hornblende, O=orthopyroxene, E = epidote. Crystallisation 
paths are vertical lines of constant bulk composition. At 
800 MPa, hornblende saturates before plagioclase in bulk 
compositions having ≳4.5 wt% H2O, yielding adakitic high 
Sr/Y and Eu/Yb in residual melts. The average 130 ppm Zr 
in PCD-forming melts plots at the edge of the 800 MPa 
plag-undersaturated, hbld-saturated adakitic field. 
3 Cause of low Zr in PCD-forming magmas 
 

Al-in-hornblende evidence compiled by Loucks 
(2021, his Fig. 7) shows that PCD-forming magmas 
undergo magmatic differentiation mainly at Moho-
vicinity pressures near 700-1100 MPa. Figure 3 
shows experimentally determined phase relations in 
a granodiorite bulk composition at 800 and 200 MPa. 
At 800 MPa, as H2O dissolved in the melt increases, 
saturation temperatures of anhydrous minerals are 
depressed more than the saturation temperature of 
zircon (subhorizontal contours), so in more hydrous 
melts, zircon advances in the saturation sequence of 
igneous minerals to precede plagioclase.  
 

 
Figure 4(a). Zr contents of least-altered samples of 
intrusions directly parental to 120 major porphyry Cu(-Au-
Mo) and high-sulphidation epithermal Cu-Au deposits of 
Phanerozoic age worldwide (compilation by Loucks, 
unpub) are represented by red and orange symbols . The 
Zr contents of these ore-stage magmas are compared to 
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the Cu-infertile mafic-to-felsic differentiation series along 
the volcanic front of the continent-margin Ryukyu arc in the 
latitude interval 26–33°N. Black squares represent the Zr 
contents of average circum-Pacific continental-arc basalt, 
basaltic andesite, andesite, dacite, and rhyolite (from 
global compilations by R. Loucks, unpub).   
(b) Cu-ore-forming calc-alkalic arc magmas have high Sr 
and low Zr contents, so the whole-rock Sr/Zr ratio is an 
effective discriminant of Cu-fertile intrusions having 
>57wt% SiO2. 
Very hydrous differentiation series reach plagioclase 
saturation and dacitic residual melt compositions at 
low temperatures, often <750°C. At such low 
temperatures, the Zr content of zircon-saturated melt 
is low. At 200 MPa, no crystallisation path (vertical) 
produces hornblende before plagioclase, so high-
Sr/Y adakitic melts cannot develop at low pressures. 
 

4 Application to mineral exploration 
 

Figure 4 illustrates the effectiveness of whole-rock Zr 
and Sr/Zr ratios as discriminants of Cu-fertile 
magmas at convergent plate margins. The Sr/Zr 
ratio is applicable to samples retaining fresh or 
nearly fresh plagioclase.  
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Abstract. Due to rapid technological progress and 
copper’s growing importance as a green metal for 
renewable energy solutions, the demand for this metal 
increases annually. Hence, there is a strong need to 
develop new exploration tools, which will be helpful to 
discover new, deep-seated, and possibly smaller deposits 
with high-grade ore mineralization. Nowadays, 
geochemical prospecting seems to show a big potential to 
vector concealed ore bodies as a good alternative to deep 
drilling, and what is more important it might be 
implemented ahead of time at relatively lower costs. 
Several geochemical proxies for tracking pathways of 
metal precipitation have been established  (e.g. chlorite, 
epidote, alunite proximators). While the potential of pyrite 
appears not to have been fully exploited yet to predict the 
likely direction of mineralized ore centers. In this work, we 
conclude on the typomorphic characteristics, microtexture, 
solid inclusions, and major and trace composition of 
various generations of pyrite from the Myszków Mo-Cu-W 
deposit (Poland) to confirm its ability to preserve 
petrogenetic information on different ore-grade 
mineralized events. A pilot study of sulphur isotope 
composition in pyrite from this deposit seems to be a 
promising tool for detecting proximity to mineralized 
centres. 
 
1 Introduction 

The low-carbon future of our societies relies on 
access to numerous mineral raw materials, the 
majority of which are closely linked to renewable 
energy sources (e.g. the production of solar panels, 
wind turbines, and energy-efficient lighting) and 
sustainable mobility (e.g. electric vehicles), in which 
the strategic metals are currently irreplaceable. 
Increasing demand for strategic elements cannot be 
met solely by recycling; so primary resources mining 
will be still crucial in the near future. The most 
important world’s primary source of mineral raw 
materials for modern industry such as Cu and Mo as 
well as important contents of critical and precious 
metals such as Au, Ag, W, and Re are porphyry Cu 
deposits (PCDs) and related epithermal Au deposits. 
They are intrusion-centered ore bodies, in which 
metal-bearing minerals precipitated from 
hydrothermal fluids within an intrusive host and 
surrounding country rocks. Porphyry ore deposits 
typically occur within an alteration halo with 
characteristic mineralogical and chemical zoning 
patterns (e.g. Sillitoe 2010).  

If one takes into account the exploration degree 
of the geological structure of the European Union 
countries, the discovery of new deposits with 
outcrops on the surface seems unlikely. To meet 

future demand for the strategic metals (e.g. copper, 
tungsten), deep drilling and costly geophysical 
surveys are needed to discover deeper and possibly 
smaller deposits, including porphyry-Cu deposits, 
which are usually emplaced several kilometers 
below the Earth’s surface. To assist porphyry 
exploration, the development of new pathfinders to 
target high-grade mineralization at reduced 
environmental and economic risk is therefore of 
significant interest. 

Geochemical exploration seems to provide the 
response to these ongoing challenges. To date, 
significant research efforts have been made to 
develop effective geochemical vectoring tools, 
mostly based on whole rock geochemistry, e.g. Hf 
concentration,  the Sr/Y, V/Sc, and Th/U ratios 
(Richards 2011; Loucks 2014). However, these 
proxies have limited applicability, since the 
hydrothermal fluids associated with ore deposits 
commonly obliterate the primary minerals and alter 
the whole-rock geochemical composition (e.g. 
Seedorff et al. 2005).  

Quite recently, an alternative approach has been 
proposed that uses the compositions of individual 
magmatic and hydrothermal minerals to predict the 
likely direction and distance to mineralized centers, 
and the potential metal endowment of a research 
area, i.e. Ti-in chlorite proximitor. (Wilkinson et al. 
2015). However; the utility of mineral indices 
depends on the question of whether they are 
reproducible enough to be applicable in any 
porphyry-style system worldwide or maybe they are 
useful only in some specific terranes. The 
development of appropriate geochemical tools for 
exploration under cover is therefore a very 
challenging task and requires many validation 
studies in different geological settings to make them 
mature tools for tracing fluid flow pathways. 

Pyrite is one of the indicator mineral that shows 
chemical and structural variations in response to a 
changeable ore-forming environment. In addition to 
being an important carrier of metalloids (As), 
precious (Au), and base (Cu) metals, pyrite also 
could be considered as a proxy indicator of physico-
chemical conditions of its crystals growth (pH, 
temperature, redox, fluid-wall interactions, the 
composition of host rocks, phase separation and/or 
boiling). However; it is still a matter of debate if this 
robust mineral could be also used as an exploratory 
guide. Up to date, most studies have been focused 
on pyrite geochemistry as a tool for distinguishing 
different deposit types, mostly based on the Co/Ni 
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ratio. The recent advances in LA-ICP-MS have 
stimulated debates regarding the possibility to use 
pyrite geochemistry as a proxy for the mineralization 
centre in some hydrothermal ore deposits (e.g. 
Genna and Gaboury, 2015).  

Hence, different generations of pyrite from the 
Myszków Mo-Cu-W deposit (the Kraków-Lubliniec 
Fault Zone - KLFZ, Central Poland) were 
comprehensively studied by mineralogical and 
geochemical techniques (Naglik et al. 2021; Naglik 
et al. 2022) and this paper concludes with an outlook 
to the future of the pyrite potential for further mineral 
prospecting in the porphyry Cu environment. The 
special interest given to the Myszków Mo-Cu-W 
deposit comes from the fact, that it has been 
recognized in detail through several dozen deep 
boreholes, and thus gives a unique opportunity to 
study systematic variations of pyrite characteristics 
with high resolution. It also remains the only 
European porphyry-style deposit of the Variscan 
age, and undergoing active exploration (Sutphin et 
al. 2013). 
 
2 Geological settings 

Porphyry copper mineralization of the Myszków Mo-
Cu-W deposit is located at the contact zone between 
two distinctive tectonic units: (1) the Upper Silesian 
Block (USB) and (2) the Małopolska Block (MB), 
which have been considered as terranes of 
Gondwana and Baltica affinity, respectively. The 
most recent zircon U–Pb dating by SHRIMP 
(Jarmołowicz-Szulc 2020; Mikulski et al. 2019) 
together with Re-Os data of molybdenites (Stein et 
al. 2005) indicate Late Carboniferous to Early 
Permian age of magma generation and related 
mineralization events. Since most Variscan igneous 
rocks are either deeply eroded or petrochemically 
unsuitable for porphyry copper association, the 
Myszków Mo-Cu-W deposit provides an unusual 
example of porphyry copper mineralization with no 
analogue in Europe. 

Despite the different age of the Myszków Mo-Cu-
W deposit, the overall geochemical characteristics, 
mineralogy, and vein morphology are typical of calc-
alkaline porphyry copper deposits elsewhere. The 
ore mineralization resulted here from both contact 
metamorphism (early, skarn type mineralization) and 
post-magmatic hydrothermal activity (main 
hydrothermal mineralization). Generally, three 
periods of mineralization have been defined at the 
Myszków deposit: (1) early, skarn-forming (period I), 
(2) main, hydrothermal (period II), and (3) late, post-
ore (period III) (Ślósarz 2001, 1985). Period I is 
represented by magnetite-sulfide mineralization 
found in hornfelses, skarns, and metasomatites. 
Within period II, different stages of ore deposition 
have been distinguished: (1) feldspar-molybdenite 
veins with biotite, (2) quartz-feldspathic, pegmatitic 
veins, (3) quartz veins with molybdenite and 
scheelite (stockwork system), (4) black quartz veins 
with molybdenite, and (5) quartz-polymetallic veins 

(without molybdenite). Finally, period III produced 
mainly ankerite and barite-fluorite mineralization. 
 
3 Typomorphic of porphyry-style pyrite in 

different mineralization stages  

Four various generations of pyrite from the Myszków 
Mo-Cu-W deposit were analyzed by Naglik et al. 
(2021; 2022): (1) the I-type pyrite from the early, 
skarn-forming stage of mineralization; (2) the II-type 
pyrite coming from quartz-feldspathic pegmatitic 
veins; (3) the III-type pyrite from quartz veins with 
coexisting molybdenite and scheelite; and (4) the IV-
type pyrite representing quartz-polymetallic 
assemblage. 

The I-type pyrite, representing the early, skarn-
forming stage of mineralization forms anhedral, 
fractured grains, often intergrown with biotite and 
magnetite. Generally, the I-type pyrite is 
characterized by a porous texture with clustered 
pores and abundant mineral inclusions, interpreted 
as a result of vigorous boiling (Naglik et al. 2021). 
Py-I shows relatively high average amount of Ni 
(~740 ppm) and Co (~640 ppm); however 
concentration of those elements exhibits a 
heterogenous, non-concentric mode. Such non-
uniform trace elements distribution in pyrite was 
interpreted as another evidence of boiling. Elevated 
concentrations of Ni and Co in Py-I may point to the 
origin of mineralizing fluids with some mafic affinity 
(Naglik et al. 2022). The I-type pyrite probably 
crystallized over a wide range of temperatures. 
Some pyrite grains occur in close spatial association 
with biotite and magnetite and also host inclusions of 
these minerals. Hydrothermal biotite and magnetite 
are stable at a temperature higher than 450°C and 
such conditions probably also reflect the 
crystallization environment of I-type pyrite. However, 
the crystallization of pyrite continued until the fluids 
became much cooler, as evidenced by the presence 
of grains containing inclusions of Bi-minerals (e.g. 
bismuthinite).  

The II-type pyrite comes from quartz-feldspathic 
pegmatitic veins. It contains numerous voids that 
can be relics of fluid inclusions. This generation of 
pyrite was probably formed under boiling conditions 
as evidenced by e.g. its co-existence with bladed-
like calcite (Naglik et al. 2021). The most distinctive 
geochemical feature of Py-II is the relatively high 
Se/Te ratio, calculated at 28.30. It goes beyond the 
overall trend for the Myszków deposit according to 
which the Se/Te ratio decreases with a temperature 
of vein formation. Subtle differences between Py-II 
from central and more distal parts of the deposit 
were captured, including an increase of Co and Ni 
content toward the mineralization centre.  

The III-type pyrite occurs in stockwork veins filled 
with quartz, molybdenite and scheelite. It formed 
under gentle to non-boiling conditions, and is 
characterized by a relatively diversified set of 
inclusions but their number within the single grain is 
relatively low. The III-type pyrite was probably 
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precipitated from fluids of low oxygen fugacity (ƒO2) 
which is suggested by the Te enrichment and the 
occurrence of cassiterite inclusions (Naglik et. al. 
2022). It was formed from fluids of moderate 
temperature, locally exceeding 400°C (primary 
inclusions of rutile). In contrast, associated quartz 
crystallized from oxidized fluids with tracers of 
boiling, at a temperature ranging from 360-240°C 
(Ślósarz 2001). Interestingly, the solid inclusions 
assemblages hosted in stockwork pyrite vary 
laterally and thus reflect the decreasing temperature 
outward from a central heat source. 

The IV-type pyrite represents the final stage of 
main hydrothermal activity in the system. Pyrite 
forms euhedral to subhedral grains with cataclastic 
texture and numerous microfractures filled with 
galena and sphalerite. It shows scarcity of solid 
inclusions as being deposited under stable 
physicochemical conditions. Py-IV is rather depleted 
in trace elements; however, it contains the significant 
traces of As that correspond to the detectable 
content of structurally-bonded Au and Sb (Naglik et 
al. 2022). It bears, therefore, a quasi-epithermal 
signature. In addition, the association of As and Sb 
in Py-IV could be considered as a characteristic 
feature of fluids that underwent boiling at depth. The 
IV-type pyrite probably crystallized at a lower 
temperature range, as manifested by the presence 
of pyrite-hosted inclusions of aikinite-group minerals, 
which form at about 300°C. In this case, pyrite-
hosted solid inclusions provided quite a good 
approximation to microthermometric results from co-
existing gangue phases, according to which ores 
were formed from fluids at a temperature ranging 
from 298°C to 275°C (Ślósarz 2001). 
 
4 The outlook 

The critical economic value of PCDs caused the 
long-lasting research interest given to their origin 
and zonality patterns. However, still more research 
data is needed to be provided to broaden our 
knowledge about the metallogeny of this type of 
deposit. Some of the most challenging issues in that 
field include: (1) the tectonic regime of mineralization 
(i.e. a relation of porphyry deposits to large-scale 
tectonic events); (2) the physicochemical properties 
of mineralizing fluids (i.e. mechanisms of sulfides 
transport and their deposition, the origin of fluids 
salinity essential for mobilizing large quantities of the 
base metals, direct temperature-pressure 
conditions); (3) life span of magmatic/post magmatic 
activity; (4) the variation of fluids composition along 
with time and their impact on the ore minerals 
distribution; and (5) the influence of mafic magmas 
inputs on the deposit formation.  

Another aspect is related to mineral prospecting. 
New mineral deposits are becoming more and more 
difficult to find and hence, further new proxies toward 
mineralization centre are very welcome to aid 
exploration wherever bulk or mineral indices are 
ineffective. 

A new way of detecting proximity to the 
mineralized porphyry systems could be obtained 
with isotope geochemistry, including sulphur isotope 
composition of pyrite. To provide significant added 
value and novelty for prospecting, further new 
geochemical indices should provide more precise 
information than can be obtained from bulk or 
mineral proxies, which hopefully will be more 
reproducible, i.e. enable to successfully localize 
centre of high-grade mineralization irrespective of 
the deposit geotectonic settings, the composition of 
the host intrusive, nature of the wall rocks, age of 
mineralization, erosion level, and size of the ore 
body. It is believed that the isotopic-based approach 
meets these criteria as probably being sensitive to 
the widespread boiling phenomena. Commonly, 
extensive boiling of hydrothermal fluids 
accompanies deposition of ore and gangue 
minerals, and thus, boiling horizons are considered 
a key-guides for exploration (e.g. Ham 1978). 
Hence, isotopic proxies provide vectors directly to 
the zones of the economic-grade mineralization, not 
to the source of heat, as do the mineral indices, i.e. 
Ti-in chlorite proximitor (Cook et al. 2020). Sulphides 
precipitate in response to the temperature decrease 
and therefore, the center of thermal anomaly is not 
the center of high-grade mineralization (Cook et al. 
2020).  

A pilot study related to the isotopic signature of 
pyrite from the Myszków Mo-Cu-W deposit has 
already started at PGI-NRI. A small systematic 
variation of the S isotopic composition of pyrite is 
being recognized via SHRIMP. If some lateral zoning 
in the S composition of pyrite does exist in the 
porphyry Cu system, this new mineral indice might 
be utilized in the other perspectives areas at the 
Kraków-Lubliniec Fault Zone – one of the most 
promising tectonic unit for discovering new 
concealed Cu deposits of porphyry-type in Central 
Europe. It must be stated that systematic variations 
in sulphur isotope composition of pyrite were 
previously recognized in alkalic porphyry deposits of 
British Columbia (Pass 2010) and in the Cadia 
district, Australia (Wilson et al. 2007). 

Moreover, as being formed under vigorous via 
gentle to non-boiling conditions (Naglik et al. 2021), 
pyrite and associated quartz from the KLFZ make 
this system a natural laboratory to investigate the 
geochemical behaviour of trace elements during 
boiling phenomena. The combination of 
microthermometry and geochemistry of pyrite- and 
quartz-hosted fluid inclusions (FIs) offers a unique 
opportunity to explore the vapour-liquid partitioning 
of metals over the wide range of temperature, 
pressure, and salinity of fluids. The boiling-induced 
effects on the distribution of elements in the studied 
area is not well-understood. This question becomes 
more intriguing when one takes into account the 
different geochemical behaviour of ore-forming 
components in various hydrothermal systems. For 
example, Au could be either preferentially 
partitioned into the brine (e.g. Keith et al. 2020) or 
the vapour (e.g. Heinrich et al. 1999) during boiling, 
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and thus, redeposited at different distances from 
causative porphyry (or dispersed in country rocks). 
 
5 Summary 

Pyrite from the Myszków porphyry Mo-Cu-W deposit 
(the Kraków-Lubliniec Fault Zonce, Poland) 
possesses several distinctive features with respect 
to spatial and temporal system evolution. It shows a 
diversified set of solid inclusions that reflect 
geobarometric and geothermometric information as 
well as represent the fluid conditions reached before 
their entrapment by the host mineral. Variations in 
compositional features of pyrite  from different 
mineralization stages point to the changes in ore-
forming processes along with time. Some 
geochemical differences between pyrites formed 
under boiling to non-boiling events were also found 
(e.g. Co, As, Sb and Au distribution). Our results 
confirm therefore that pyrite retains typomorphic 
characteristics of its ore and bears key-petrogenetic 
information, i.e. fingerprints of boiling. 

Further studies of pyrite are therefore required 
and should include near-infrared microthermometric 
measurements and geochemical analysis via LA-
ICP-MS of pyrite-hosted fluid inclusions. 

However, when considering geochemical and 
morphological features of pyrite as a function of the 
proximity to high-grade mineralization the 
differences between specimens of main-stage pyrite 
are rather subtle and include changes in solid 
inclusions assemblages and small variations in 
geochemical composition, e.g. Co and Ni content. 
However, the isotopic characterization of pyrite 
might bring new solutions in this regard. 
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Abstract. The key processes responsible for the 
genesis of world-class porphyry copper deposits 
remain ambiguous. A high water content of parental 
magmas evolved in the deep crust is posited to be 
one key control on their formation, yet remains 
controversial. Here, we report trace element 
compositions of whole-rocks and zircons that pre-, 
syn- and post-date mineralisation from several major 
porphyry copper districts. We find clear temporal 
trends of decreasing zircon Ti and whole-rock Zr. 
Across all studied deposits and literature data, we 
find low zircon Ti and whole-rock Zr concentrations 
are inherent to intrusive rocks associated with 
porphyry Cu deposits. According to the Ti-in-zircon 
thermometer and zircon solubility models, these 
concentrations are consistent with porphyry Cu-
related magmas being cold relative to other 
intermediate-felsic magmas (<800°C). We perform 
thermodynamic modelling to demonstrate that such 
low temperature magma differentiation can be 
readily explained by elevated water concentrations 
(>6 wt.%) of porphyry Cu magmas at depth which 
displaces the liquidus to lower temperatures. By 
integrating this with the latest zircon solubility 
models, we show that wet magma differentiation 
leads to zircon appearing as a relatively early 
crystallising phase at low temperature. Our study 
therefore provides new evidence that magmas 
related to porphyry Cu deposits contain 
characteristically high water contents (>6 wt.%). 
 
1 Introduction   

Porphyry copper deposits account for the 
majority of global copper and molybdenum 
production. Many of these systems are 
associated with syn-subduction magmatism 
and form during periods of strong compression 
and crustal thickening (Sillitoe 2010). The key 
magmatic processes responsible for the 
formation of an economic porphyry copper 
deposit, as opposed to a barren or 
subeconomic intrusion remain debated. Some 
have suggested that high magmatic water 
contents may be important, where 
differentiation of magmas at high pressure 
allows significant water to accumulate in 
derivative melts. This can subsequently 
enhance the ability of a magma to generate 
large volumes of copper-charged fluid 
(Richards 2011, Chiaradia and Caricchi 2017).  

 
 
However, it has been argued that particularly 
wet arc magmas will rarely reach upper crustal 
levels, because they water saturate at depth 
leading to crystallisation and stalling (Chiaradia 
2020).  Other authors have argued that 
alternative processes may be more important 
including: high magmatic oxidation state, 
chalcophile fertility, large volumes of magma 
accumulation and rates of magma flux 
(Wilkinson 2013, Chelle-Michou and Rottier 
2021). 
 Here we report whole-rock and zircon 
trace element compositions for rocks which 
overlap with batholith assembly and porphyry 
copper mineralisation in several porphyry 
copper districts. We focus in particular on the 
Los Bronces district, Central Chile, which is 
hosted by the San Francisco Batholith that 
records up to ~10 Myr of barren pluton 
assembly. We focus on temporal changes in 
whole-rock Zr and zircon Ti concentrations, and 
their ability to track changes in melt 
temperature and water content which reach 
minima and maxima, respectively, during 
porphyry Cu mineralisation. 
  
2 Methodology 

2.1 Sampling 

Samples were collected from the Los Bronces 
porphyry Cu-Mo district (Fig. 1). Rocks were 
sampled from several discrete phases of the 
San Francisco Batholith and pre-mineralisation, 
sub-economic porphyry intrusions from across 
the district, in order to span the period leading 
up to porphyry Cu mineralisation. Samples of 
intrusions at Los Bronces interpreted to be 
coeval with porphyry mineralisation were 
collected from drillcore.  
 Samples were also collected from a 
range of other porphyry systems including Los 
Pelambres (Central Chile), Corcapunta (Peru), 
Chipispaya (Southern Peru) and Cerro 
Colorado (Northern Chile). Data were also 
compiled from a range of literature sources 
which report zircon trace element compositions 
in porphyry copper districts. 
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2.2 Whole-rock geochemistry 

Rocks were crushed and pulverised to pulps 
and were analysed by inductively-coupled 
plasma atomic emission spectrometry for 
major elements and inductively-coupled 
plasma mass spectrometry for trace elements. 
 
2.3 Zircon trace element geochemistry 

Zircons were separated from a subset of 
sampled rocks using conventional mineral 
separation techniques. They were first imaged 
using scanning electron microscope 
cathodoluminescence, and then analysed for 
trace element compositions using laser 
ablation inductively-coupled plasma mass 
spectrometry (LA-ICP-MS) synchronously with 
the isotopes required for U-Pb geochronology. 
All analyses were performed in the Imaging 

and Analysis Centre at the Natural History 
Museum, London. 
 
2.3 Modelling of zircon saturation 

The effect of melt water content on melt 
temperatures was modelled using rhyolite-
MELTS (Ghiorso and Gualda 2015). 
Equilibration of a starting andesite-dacite was 
carried out over a range of temperatures, water 
contents and pressures. Zircon solubility was 

also integrated into this model using the latest 
empirical models (Crisp and Berry 2022). 
 
3 Zr systematics and zircon Ti 

concentrations 

Whole-rock Zr concentrations decrease over 
time in the Los Bronces district, from 200-300 
ppm to ca. 100 ppm Zr. Zircon Ti decreases 
over the same time period, with the pre-

Figure 1. Geological map and setting of the San Francisco Batholith (SFB) and Rio Blanco-Los Bronces (RBLB) porphyry 
deposit cluster. A) Regional topographic map of Central Chile highlighting location of RBLB and neighbouring giant 
porphyry Cu clusters (Los Pelambres-El Pachon – LP-EP and El Teniente – ET). B) District-scale geological map of 
RBLB deposit cluster (modified after Piquer 2015). Sample localities are shown together with the surface expression of 
the domain containing >0.5 wt.% Cu (yellow line). District deposits/prospects are also shown: Do: Quebrada Dolores, 
EC: El Cruce, LA: La Agustina, LB: Los Bronces, LP: Los Piches, LS: Los Sulfatos, Or: Ortiga, Ri: Riecillos, SM: San 
Manuel, YL: Yerba Loca. 
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mineralisation zircons predominantly having 
concentrations between 20 and 5 ppm, 
whereas zircons from the porphyry intrusions 
associated with peak Cu mineralisation have < 
5 ppm Ti. 
  In other porphyry systems studied 
here and reported from literature data, whole-
rock Zr and zircon Ti generally decrease over 
time. Low whole-rock Zr (<150 ppm) and low 
zircon Ti (<7 ppm) are observed in all rocks 
associated with porphyry Cu mineralisation. 
 
4 Do low temperatures and high water 

contents characterise porphyry 
magmas? 

Crystallisation temperatures were calculated 
for zircon based on Ti concentrations using the 
experimental calibration of Ferry and Watson 
(2007) and implementing a pressure correction 
(Loucks et al. 2020). Assuming an activity of 
titania (aTiO2) of 0.6, an activity of silica of 1.0 
(aSiO2) and a pressure of 400 MPa, porphyry 
zircons yield temperatures of 850-750ºC. 
Based on an evaluation of the influence of 
variable aTiO2 and pressure on zircon Ti 
concentrations we suggest that these 
parameters cannot fully account for the 
inherently low Ti in porphyry-related zircons. 
We also attempted to calculate temperatures 
from whole-rock Zr in porphyry rocks, assuming 
porphyry rocks represent crystallised liquids 
and implementing Zr saturation thermometry. 
This approach yielded crystallisation 
temperatures of 700-740 ºC. 
The low temperatures inferred for porphyry 
magmas from the zircon record may be related 
to the timing of zircon saturation in such 
magmas and/or intrinsically lower magma 
temperatures.  One key control on this may be 
melt water content, since previous work has 
suggested that magmas forming porphyry Cu 
deposits may have elevated water contents 
relative to typical arc magmas. In wet magmas, 
the liquidus is displaced to lower temperatures. 
Such low temperatures would thus be recorded 
upon zircon saturation. 

In order to test this, we used rhyolite-MELTS to 
model the influence of increasing water 
contents on the liquidus temperature and 
thermal trajectory of magmas during their 
storage and crystallisation. We also monitored 
the timing of zircon saturation in these models. 
We find that increasing initial melt H2O from 2 
to 6 wt.% can decrease the temperature of 
zircon saturation by ~100ºC and that the initial 
Zr concentration of the magma strongly 
influences the temperature of zircon saturation. 
Decreasing initial Zr from 200 to 100 ppm leads 
to a ~70ºC decrease in the temperature of 
zircon saturation. 
 Our results suggest that porphyry-
related magmas contain elevated 
concentrations of water (>6 wt.%) and that 
zircons in these magmas crystallised at low 
temperatures at mid-crustal depths (>400 
MPa), where, in intermediate to felsic melts, 

Figure 2. Zircon Ti and whole-rock Zr concentrations 
in the Los Bronces district over time. For zircon Ti 
concentrations, the U-Pb dates are single grain LA-
ICP-MS analyses, whereas for whole-rock Zr these 
are weighted mean U-Pb dates. Temperature axes 
are given to show approximate temperature ranges 
according to Ti-in-zircon thermometry (Ferry and 
Watson 2007) and zircon saturation thermometry 
(Crisp and Berry 2022). Density distribution of 
molybdenite Re-Os mineralization dates is derived 
from data in Toro et al. (2012). 
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such water solubility is possible. This finding is 
in accordance with studies linking porphyry 
copper deposit formation to wet, high-pressure 
arc magma differentiation.  
 
5 Conclusions 

Low whole-rock Zr and low zircon Ti are 
characteristic signatures of intrusive rocks 
associated with porphyry copper 
mineralisation. Distinct trends of decreasing 
whole-rock Zr and decreasing zircon Ti over 
multi-Myr durations in porphyry Cu districts 
track decreasing temperatures of magmas over 
time. We interpret these lower temperatures to 
reflect increasing melt water contents, which 
displaces the liquidus to lower temperatures. 
High water contents lead to zircon appearing as 
a relatively early crystallising phase at low 

temperatures. We suggest that zircons in 
porphyry Cu deposits record a history of deep, 
hydrous arc magma differentiation. Our study 
highlights that elevated melt water contents (>6 
wt.%) are a key feature of magmas associated 
with porphyry Cu deposit formation. 
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Abstract. The Bakoudou gold deposit, southern Gabon, is 
hosted in the Archean basement granitoids of the Chaillu 
Massif. The orebody of the Bakoudou gold deposit occurs 
as quartz veins hosted in shear zones crosscutting TTG 
intrusive rocks.  Quartz is the main gangue mineral, with 
minor sulfides such as pyrite and chalcopyrite. Gold is 
present in solid solution (Au+1) and as nanoparticles of 
native gold (Au0) in pyrite and mostly as free gold. Pyrite 
samples analysed by laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) show high Ni 
(3.24–3600 ppm) and Co (4.68–4140 ppm) and low As 
(<34.50 ppm) and Au concentrations (<2.90 ppm) 
compared to Cu, which has rather high concentration of 
<3570 ppm. Moreover, the Au–As relationships of pyrites 
show a porphyry–epithermal transitional signature. 
Therefore, the Bakoudou gold deposit can be considered 
an example of Archean porphyry–epithermal transitional 
gold system, formed from magmatic fluids originating from 
a hidden porphyry system at depth. The disseminated free 
gold grains in the quartz veins may have originated from 
boiling of the mineralizing fluid (phase separation) and/or 
from remobilization of invisible gold in pyrite by later 
tectonic events and surficial weathering. 
 
1 Introduction 

 
The Precambrian basement of western Central Africa 
is represented by the Congo Craton, which covers the 
Gabon-Democratic Republic of Congo border and 
extends to the Cameroon-Gabon border (Nédélec et 
al. 1990). This basement is composed of Archean 
cratons welded together by Meso- and 
Paleoproterozoic belts ( De Wit and Linol 2015) and 
is mainly represented on the Gabonese territory by 
the Chaillu Massif and the North Gabon Massif 
(Thieblemont et al. 2009) (Figure 1). Gold 
mineralizations are common in the Archean 
basement of Gabon, and many placers have been 
exploited by artisans (Thiéblemont et al. 2009). 
However, primary gold mineralizations are rare, and 
the main representative example is the Bakoudou 
gold deposit (Thiéblemont et al. 2009). It is located in 
southeastern Gabon, in Haut-Ogooué Province, more 
precisely on the edge of the Chaillu Massif, 
approximately 100 km southwest of the Franceville 
basin (Thiéblemont et al. 2009, Figure 1). The gold 
mineralization occurs as quartz veins hosted in the 
gray granitoids of the Chaillu Massif (Thiéblemont et 
al. 2009). In this abstract, we provide and interpret 
trace element data from pyrite to constrain the origin 
and typology of the Bakoudou gold mineralization. 

 
2 Methodology 
 
Trace element concentrations from 23 pyrite grains 
were acquired by laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) on polished 
thin sections of quartz vein samples. The analyses 
were performed at LabMaTer at the University of 
Quebec at Chicoutimi (UQAC), Canada, using an 
Excimer 193 nm Resonetics Resolution M-50 laser 
ablation system coupled with an Agilent 7700x mass 
spectrometer. The following isotopes were measured: 
28Si, 33S, 34S, 51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 
65Cu, 66Zn, 71Ga, 72Ge, 75As, 82Se, 107Ag, 
111Cd, 115In, 118Sn, 121Sb, 126Te, 197Au, 205Tl, 
208Pb and 209Bi. Analyses were performed using 
lines and rare spots, depending on the pyrite size, 
with laser beam diameters from 25 to 43 μm, a range 
of stage movement speeds from 2.5 to 5 μm/s, laser 
frequencies from 10 to 15 Hz and power from 4 to 5 
mJ/pulse. 
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3 Trace element geochemistry of pyrite  
 
Pyrite is the predominant sulfide mineral in the 
orebody. It occurs as medium to coarse idiomorphic 
crystals, fractured and disseminated in the quartz 
veins (Figure 2). Some pyrites have chalcopyrite 
inclusions (Figure 2). Pyrites have high Co (4.68–
4140 ppm) and Ni (3.24–3600 ppm) contents, with 
Co/Ni ratios between 0.02 and 15.54 (average = 3.33 
for 23 analyses). The concentrations of invisible gold 
and silver vary up to 2.90 ppm and 58 ppm, 
respectively. These pyrites are As-poor (≤34.50) but 
show high Cu (≤3570 ppm) contents. Antimony 
contents are very low (average = 0.03 ppm) and 
generally below the limit of detection in the majority of 
samples. However, Te values are above the detection 
limit and up to 136 ppm.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

4 Typology of the deposit 
 
It has been shown that pyrite can record valuable 
information about the chemical evolution of the fluids 
from which it precipitated (e.g. Augustin and 
Gaboury 2019; Gaboury and Ore Sanchez 2020). In 
the Bakoudou gold deposit, pyrite represents the 
dominant sulfide mineral that formed during the main 
stage of mineralization. Therefore, trace element 
data for these pyrites can provide valuable 
information regarding the typology of this deposit 
(e.g. Deditius et al. 2014 and Le Mignot et al. 2017), 
as well as the origin of the potential mineralizing 
fluids (e.g. Large et al. 2013; Hu et al. 2016; Augustin 
and Gaboury 2019).  

The pyrite trace element budget in this study 
shows that concentrations of invisible Au are low and 
vary from <0.01 to 2.90 ppm. Pyrite crystals are 
enriched in Cu (up to 3570 ppm) and poor in As 
(<34.50 ppm). In the Cu–Ni + Co–As ternary 
diagram of Deditius et al. (2014) (Figure 3), all pyrite 
samples plot within the field of porphyryrelated 
pyrites. On the As (mol%) vs. Au (mol%) diagram of 
Deditius et al. (2014) (Figure 4), the pyrite samples 
plot within the porphyry and transitional porphyry-
epithermal fields. Furthermore, the presence of high 
Co (up to 4140 ppm) and Ni (up to 3600 ppm) 
concentrations in the pyrites of quartz veins, yielding 
Co/Ni ratios between 0.02 and 15.54 (average = 
3.33), is consistent with a magmatic-hydrothermal 
origin (e.g. Zhang et al. 2014; Yu et al. 2018). This is 
supported by the As/Ag vs. Sb/Bi discriminant 
diagram of Augustin and Gaboury (2019), where our 
pyrite samples plot within the magmatic field for the 
mineralizing fluid source (Figure 5). Therefore, the 
Bakoudou gold deposit is considered to represent a 
porphyry– epithermal transitional gold system that 
shows a magmatic-hydrothermal signature.  

Figure 4. Cu–As-(Ni+Co) ternary diagram of Deditius et 
al. (2014) showing the porphyry character of the pyrites 
from the Bakoudou gold deposit. 

Figure 2. Geological map of the Gabonese Republic, 
modified from Thiéblemont et al. (2009) 

Figure 3. SEM images showing pyrite and chalcopyrite 
enclosed in quartz, with galena inclusions in chalcopyrite 
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Figure 6. Au vs. As diagram (in mol%) of Deditius et al. 
(2014) showing the epithermal-porphyry character of the 
pyrites from the Bakoudou gold deposit.  

 
5 Conclusions 
 

The Bakoudou gold deposit is hosted in shear 
zones. The orebody occurs as quartz veins, where 
quartz is the main gangue mineral. Minor sulfides, 
such as pyrite and chalcopyrite, occur within the 
deposit. Trace element data for pyrites from the 
quartz veins indicate that the Bakoudou gold deposit 
is a porphyry–epithermal transitional gold system that 
formed from magmatic fluids. Gold mineralization in 
quartz vein occurs as invisible gold in pyrite, but 
mostly as free gold. Free gold is interpreted to be a 
second event, resulting from of phase separation of 
the mineralizing fluids or remobilization of invisible 
gold from pyrite grains by later tectonic events and/or 
pyrite oxidation in the upper part of the deposit. 
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Abstract. Efficient transfer of S and chalcophile metals 
through the Earth’s crust in arc magmatic-hydrothermal 
systems is paramount for the formation of large magmatic-
hydrothermal ore deposits. Formation of sulfide-volatile 
compound drops in magmatic systems has been 
recognized as a potential key mechanism for such transfer 
but their behavior and evolution during dynamic arc 
magmatism remain cryptic. In this study, we report 
evidence of compound drops preserved in the active 
Christiana-Santorini-Kolumbo volcanic field. Two sulfide 
populations are defined: 1) micrometric sulfide blebs 
associated with vesicles and trapped within mafic enclave 
phenocrysts and 2) larger millimetric sulfide ovoids 
present at the margins between mafic enclaves and felsic 
host rocks. The sulfide ovoids form by accumulation and 
coalescence of compound drops and are eventually 
oxidized to magnetite during sulfide-volatile interaction. In-
situ mineral analysis allows for the evaluation of metal 
mobility during oxidation with Bi, Cd, Cu, Ag, Tl, Te and Au 
showing high mobility into the volatile phase. Formation, 
coalescence, accumulation and oxidation of compound 
drops during magma mixing is a particularly efficient 
mechanism for transferring S and chalcophile metals in 
magmatic-hydrothermal arc systems. 
 
1 Introduction  

Effective fluxes of S and chalcophile metals (e.g. 
Cu, Au, Ag, Tl, Te, Bi) in the Earth’s crust at arc 
settings are key for the formation of large 
hydrothermal ore deposits (porphyry, epithermal, 
volcanogenic massive sulfide, skarns; Richards 
2011). The processes controlling such fluxes, 
however, are complex, with competitive effects 
during arc magmatic-hydrothermal evolution. Sulfur 
and chalcophile metals can be trapped in the lower 
crust via sulfide segregation or can be released in 
the upper crust via magmatic volatile degassing. 
The relative timing between such processes is 
critical in determining the fate of S and chalcophile 
metals. The formation of sulfide-volatile compound 
drops (i.e., droplets of sulfide melt attached to 
magmatic volatile phases) during magmatic 
evolution appears as an alternative and efficient 
mechanism for the transport of both S and 
chalcophile metals to the shallow crust (Mungall et 
al. 2015). Although such compound drops have 
been shown experimentally (Mungall et al. 2015) 
and identified in magmatic ultramafic systems (Le 
Vaillant et al. 2017), their preservation in complex 
magmatic-hydrothermal arc environments is scarce 
(Nadeau et al. 2010). Magmatism in arc 

environments is dynamic, involving mixing and/or 
mingling of variably evolved melts. Injection of mafic 
melt into differentiated magmatic chambers appears 
as a key process for transferring S and chalcophile 
metals to shallower magmatic-hydrothermal 
systems (Wallace and Edmonds 2011). The fate of 
the compound drops in such dynamic environments 
is, however, poorly known and their role in the 
formation of arc-related hydrothermal ore deposits, 
although stipulated, remains cryptic. 

In this study, we document the presence of 
compound drop remnants in the active magmatic-
hydrothermal system of the Christiana-Santorini-
Kolumbo (CSK) volcanic field, Greece. Based on 
detailed petrography, high-resolution X-ray 
fluorescence mapping and in-situ mineral chemistry 
analysis we highlight the complex mineral reactions 
and elemental transfers which occur in compound 
drops during complex magmatic evolution. The 
findings have important implications for S and 
chalcophile metals fluxes in arc-related shallow 
magmatic-hydrothermal systems. 
 
2 Methods 

Micro-XRF measurements were done using a Micro 
X-Ray Fluorescence (µ-XRF) Brucker M4 Tornado at 
the Institut Terre et Environnement de Strasbourg. µ-
XRF chemical mappings were acquired with a 30 µm 
step interval and a dwell time of 700 ms/pixel. Phase 
maps were calculated using the calculation 
procedure developed in house.  

In-situ analyses of sulfide and oxide phases were 
carried out by Electron Micro Probe Analysis (EMPA) 
and by Laser Ablation-Inductively Coupled Plasma-
Mass Spectrometry (LA-ICP-MS). EMPA analyses 
were carried out at the Institute of Geological 
Sciences from the University of Bern using a JEOL 
JXA-8200 Superprobe. LA-ICP-MS analysis were 
carried out at the Laboratory of Environment and 
Raw materials Analysis (LERA), Karlsruhe Institute 
of Technology, using a Teledyne 193 nm Excimer 
Laser coupled to an ICP-MS (Element XR 
ThermoFisher). Calibration and data quality 
checking was done using the sulfide pressed pellets 
Fe-S1, Fe-S4 and PTC1b from UQAC University for 
sulfide analyses and basaltic glasses BHVO-2, 
BCR-2 and BIR-1 from the USGS for oxide analysis 
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3 Evidence for sulfide-volatile compound 
drop remnants in the CSK volcanic field 

The CSK volcanic field is an active and complex 
magmatic-hydrothermal system (Nomikou et al. 
2019) showing evidence of magma mixing and 
mingling at the Nea Kameni and Kolumbo 
volcanoes.  

Two sulfide populations related to volatile phases 
have been observed Nea Kameni and Kolumbo 
volcanoes (Fig. 1). The first population is defined by 
micrometric sulfide blebs related to micrometric 
vesicles hosted by pyroxene phenocrysts from 
andesitic enclaves in porous dacite from Nea 
Kameni (Fig. 1c). The sulfide blebs are mainly 
spherical and contain pyrrhotite and chalcopyrite 
with minor magnetite (Fig. 1c), characteristic of 
magmatic sulfide blebs. The vesicle associated with 
the sulfides varies from few microns up to tens of 
microns (Fig. 1c). They are either directly in contact 
with or closely related to the sulfides. The sulfide-
vesicle pairs have similar shapes, sizes and 
mineralogy as those observed at the Merapi volcano 
(Nadeau et al. 2010), analogous to compound drops 
(Mungall et al. 2015) and, hence, are interpreted as 
well as compound drop remnants. 

The second sulfide population observed is 
characterized by variably oxidized sulfide ovoids up 
to a few millimeters in diameter. They have a 
spherical to elongated ellipsoidal shape, are 
associated with large millimetric vesicles (Fig. 
1a,b,d), and occur mainly at the interface between 
andesitic enclaves and dacitic host rocks The sulfide 

ovoids are either embayed in, in contact with or 
disconnected from the vesicles; the latter ranging in 
size range from several hundreds of microns to few 
millimeters (Fig. 1a). The sulfide ovoids are 
constituted mainly of pyrrhotite and pyrite with minor 
pentlandite, chalcopyrite and covellite. Pyrrhotite 
appears as large grains (up to few mm) with discrete 
exsolution of pentlandite. Pyrite occurs as a 
replacement of pyrrhotite generally along fractures 
filled with magnetite; additionally, pyrite proportion 
increases towards magnetite-rich zones (Fig. 1d). 
Chalcopyrite is scarce and has been observed in 
partly oxidized areas (Fig. 1d). It is often replaced by 
covellite associated with pyrite. Sulfides are 
replaced by fine-grained micrometric subhedral 
magnetite with discrete sulfide grains preserved in 
between (Fig. 1a,d). Sulfide replacement by 
magnetite ranges from limited, with discrete 
magnetite along fractures and at vesicle margins, to 
extensive, with almost magnetite-pure aggregates 
with discrete sulfides and porosity between the 
grains (Fig. 1 d). 
 
4 Sulfide and oxide mineral compositions 

In-situ analysis of sulfide and oxide phases from the 
sulfide blebs and ovoids allows the characterization 
of their origin and a better understanding of metal 
behavior during compound drop evolution. 

Unaltered sulfide blebs of compound drops in 
silicate phenocrysts show a distinctive magmatic 
signature characterized by relatively high 
chalcophile element concentrations (Ni, Co, Cu, Ag 

Figure 1. Petrology of sulfide and oxide phases related to sulfide-volatile compound drops at Nea Kameni volcano. A) 
Thin section of an andesite enclave in contact with porous dacite host rock. Sulfide ovoid associated with large vesicle at 
andesite/dacite margin (insert). B) micro-XRF quantitative phase map of A) showing the proportion of dacite matrix, 
andesitic matrix and sulfide phases (pyrrhotite and chalcopyrite). Mineral proportions are calculated from elemental  micro-
XRF mapping. Black zones represent porosity and silicate phenocrysts. C) Sulfide blebs and associated vesicles in 
pyroxene phenocryst. Sulfide blebs contain pyrrhotite (Po) and chalcopyrite (Cpy). D) Ovoid-shaped, partly oxidized sulfide 
melt occurring at the dacite/andesite interface in A). The sulfide ovoid is characterized by pyrrhotite (Po) in the core, pyrite 
(Py), chalcopyrite (Cpy), covellite (Cov) and magnetite (mag) in the rim. A’ shows WDX scanning electron microscopy 
elemental mapping of S, Fe and Cu. 
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and Au; Fig. 2a) and an overall similar metal 
enrichment to compound drops from the Merapi 
volcano (Nadeau et al. 2010), and to mid-ocean 
ridge basalt (MORB) sulfide droplets (Patten et al. 
2013). These similarities imply that the sulfide blebs 
formed from a sulfide-saturated melt. The sulfide 
blebs from the CSK volcanic field are more enriched 
in weakly chalcophile elements (Pb, Zn, As, Sn, Sb, 
Fig. 2a) compared to MORB sulfide droplets, which 
are enriched in strongly chalcophile elements (Au, 
Te, Ni), supporting that sulfide saturation occurred in 
an andesitic melt, slightly more evolved than a 
MORB.  

Pyrrhotite, pyrite and partly oxidized chalcopyrite 
from the sulfide ovoids show comparable metal 
enrichment to the sulfide blebs (Fig. 2b). The partly 
oxidized chalcopyrite phases show marked 
enrichment in Tl, Au, Ag, Bi, Pb and As relative to 
pyrrhotite and pyrite, while the latter are enriched in 
Ni, Co and Mo (Fig. 2b). Such metal fractionation is 
akin to metal distribution during magmatic sulfide 
crystallization into monosulfide solid solution (MSS) 
and intermediate solid solution (ISS; Patten et al. 
2013) supporting that the sulfide ovoids are well-
differentiated magmatic sulfides overprinted by 
oxidation reactions.   

The magnetite present within the sulfide ovoids 
has low concentrations in Ti, V, Mn, Zn, Co and Ni, 
which are usually enriched in magmatic magnetite 
crystallizing from a silicate melt (Dare et al. 2014). 
Hence, the analyzed magnetite did not form through 
magmatic process but rather by oxidation and 
replacement of the magmatic sulfides, as supported 
by petrographic observations 
 
4  Sulfide and magmatic volatile fates 

during magmatic evolution at the Nea 
Kameni and Kolumbo volcanoes 

Despite their spatial proximity, the Nea Kameni and 
Kolumbo volcanoes share distinct and complex 
magmatic plumbing systems. However, they are 
both characterized by shallow magmatic chambers 
(~4 and ~5 km deep, respectively) fed by mafic melts 
from deeper sources. The presence of magmatic 
sulfide blebs within the andesitic enclaves as well as 
the high S concentrations in andesite-hosted melt 
inclusions from Nea Kameni (~900-1000 ppm; 
Michaud et al. 2000) imply that the andesitic melt 
was sulfide-saturated upon injection into the shallow 
magmatic chamber. Additionally, the presence of 
trapped fluid inclusions in olivine and pyroxene in 
andesitic enclaves at Nea Kameni (Rizzo et al. 2015) 
suggests that magmatic volatile exsolution occurred 
within a similar timeframe to sulfide saturation; 
allowing bubble nucleation on magmatic sulfide 
droplets and formation of sulfide-volatile compound 
drops. 

The similar mineralogy and composition, the 
spatial proximity as well as the close association 
with vesicles imply a genetic link between the 

magmatic sulfide blebs and the larger sulfide 
ovoids. The formation of the sulfide ovoids is likely  
Figure 2. Trace metal content in sulfides and magnetite 
related to compound drops and magmatic volatile-sulfide 
emission coefficients. A) Median metal concentrations in 
magmatic sulfide bleb. Shaded area corresponds to the 
upper and lower quartiles. B) Median metal concentrations 
in pyrrhotite (Po), pyrite (Py), partly replaced chalcopyrite 
(Cpy) and magnetite (Mag) of ovoids. The yellow and 
blues shaded areas correspond to the upper and lower 
quartiles of all sulfides and magnetite, respectively. L.O.D 
= limit of detection. C) Calculated magmatic volatile-sulfide 
emission coefficients with various fractions pyrrhotite and 
chalcopyrite. Negative values are due to element diffusion 
from the melt to the magnetite during oxidation as the 
compound drops are not closed systems.  
 
to have occurred during magma mixing. Repeated 
injections of volatile-rich mafic (andesitic/basaltic) 
melts at Nea Kameni and Kolumbo result in their 
accumulation at the bottom of the magmatic 
chambers without extensive mixing with the 
felsic/intermediate melts. Continuous volatile 
exsolution from the mafic melts can lead to the 
formation of an intermediate hybrid layer between 
the mafic and felsic melts (Plail et al. 2018) as 
revealed by µXRF mineral mapping (Fig. 1b) where 
the interface between the enclave and host rock is 
not sharp but rather diffuse. The interface between 
an underplating mafic melt and an overlying felsic 
melt is often a place where volatile bubbles, which 



 

© Society for Geology Applied to Mineral Deposits, 2023 
 

97 

have exsolved from the mafic melt, accumulate (Plail 
et al. 2018). Hence, it is inferred that compound 
drops formed within the mafic melt rise toward the 
interface with the felsic melt where they stagnate 
and accumulate due to differences in physico-
chemical conditions. During migration, stagnation 
and accumulation, the compound drops then 
coalescence (Iacono-Marziano et al. 2022) resulting 
in the formation of the larger sulfide ovoids.  

During compound drops coalescence into sulfide 
ovoids, the temperature difference between the 
basaltic/andesitic and dacitic/rhyolitic melts (~1000-
1200 °C and 750-900 °C, respectively) allows the 
sulfide liquid to crystallize as monosulfide solution 
(MSS, ~1050-1100 °C) and intermediate solid 
solution (ISS, ~850 °C) accounting for the 
differentiated pyrrhotite and chalcopyrite texture 
preserved in partly oxidized sulfide ovoids (Fig. 1). 
Sulfide differentiation is shortly followed by oxidation 
of the sulfides by the magmatic volatiles leading to 
progressive replacement of the MSS and ISS into 
pyrite and covellite and ultimately into magnetite. 

The variably oxidized ovoids are either embayed 
into, partially associated with vesicles, or 
disconnected from vesicles (Fig. 1). This diversity of 
sulfide/oxide ovoid-vesicle textures suggests that 
the coalesced compound drop might eventually 
become unstable. The magmatic volatile phase, 
once disconnected with the oxide/sulfide phase will 
rise within the magmatic chambers as plume, 
through volatile pathways or from cracks in the 
magma crystal framework directly feeding shallower 
hydrothermal systems which can be involved ore 
deposit formation. 
 
5 Element mobility during compound drop 

oxidation 

Sulfide oxidation by magmatic fluids has been 
recognized as a key process for mobilizing S and 
metals to the shallow parts of arc magmatic-
hydrothermal systems (Edmonds et al. 2018). The 
efficiency, however, for metal transfer from the 
sulfide to the magmatic volatiles remains unknown. 
Metal concentrations of the sulfide ovoids and 
associated magnetite are used as proxies for 
calculating emanation coefficients (Edmonds et al. 
2018) defined as: 

𝐸𝑐& =	 (
𝐶&	()#*
𝑑&	()#*

−
𝐶&	+,-
𝑑&	+,-

) (
𝐶&	()#*
𝑑&	()#*

)8 ∗ 100 

with Ci sulf and Ci mag the concentration of a given 
element in the sulfide phases and in the magnetite, 
respectively and di sulf and di mag the density of the 
sulfide phases and magnetite respectively. During 
oxidation Ti, Sn, W, In, Mn, Zn, U and Th are 
incompatible and remain in the magnetite while Te, 
As, Au, Co, Ni, Pb, Bi, Cd, Ag, Cu and Tl are 
efficiently transferred into the magmatic volatiles 
(Fig. 2). 
 
6 Conclusion 

Study of the sulfide population at the Kameni and 
Kolumbo volcanoes reveal that sulfide-volatile 
compound drops can form and evolve during the 
complex magmatic evolution of arc systems. Magma 
mingling between a mafic sulfide and volatile 
saturated melt with a felsic melt can lead to 
compound drops accumulation and coalescence at 
the melts’ interface. The sulfide melt is eventually 
differentiated and then oxidize to magnetite due to 
the interaction with the volatile phase. During 
oxidation, trace elements present within the sulfide 
phases are variably released into the volatile phase 
with Bi, Cd, Cu, Ag, Tl, Te and Au being highly 
mobile. The volatile phase is eventually separated 
from the sulfide/oxide phases and is transported to 
the shallower part of the magmatic-hydrothermal 
system, possibly feeding magmatic-hydrothermal 
ore deposits. 
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Fluid inclusion study in quartz of the Rudnik Pb-Zn-Cu-
Ag skarn deposit, Serbia 
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Abstract. Six types of fluid inclusions were identified in 
three growth zones of hydrothermal quartz from the 
Rudnik skarn deposit. In the core zone, primary two-phase 
fluid inclusions of high (type 1) and moderate salinity (type 
2) homogenized to liquid between 350-430 °C and 340-
420 °C, respectively. Raman analysis revealed that the 
vapour phases are a CO2-CH4 gas mixture, with a 
predominance of CO2. The core contains and dispersed 
vapour-rich fluid inclusions of low salinity (type 3) 
composed of CO2-CH4-H2S gas mixture with significant 
amounts of H2S, as well as liquid-rich fluid inclusions (type 
4) predominantly composed of pure water and small 
vapour phase with lower homogenization temperatures 
between 174-284 °C. In the transition zone, primary fluid 
inclusions arranged perpendicular to the growth zone 
(type 5) homogenize over a wide range of temperatures 
between 235-401 °C. The vapour phase is a CO2-CH4 gas 
mixture additionally enriched in CH4 compared to the other 
types. Fluid inclusions in paths of the rim zone of the 
quartz (type 6) have a homogenization temperature 
between 259-385 °C. The vapour phase is a CO2-CH4 
mixture with reduced CH4 content, while the liquid phase 
has a low salinity. 
 
1 Introduction  

The Rudnik deposit is located in central Serbia and 
present one of the most significant polymetallic 
skarn deposits in the Serbo-Macedonian 
metallogenic province (Figure 1). Over 13 Mt of 
polymetallic ore (Pb-Zn-Cu-Ag) was found in the 
Rudnik deposit so far. Ore bodies are hosted in the 
complex of contact-metasomatically altered areas of 
the Upper Cretaceous flysch units (Djoković 2013) 
(Figure 2). Genesis of the ore deposit is temporally 
associated with the formation of the Oligocene-
Miocene volcanic-intrusive complex and results of 
subsequent hydrothermal activities (Cvetković et al. 
2016). 

Quartz is commonly associated with the ore 
mineralization in the deposit. According to field and 
petrographic observations, we can distinguish two 
generations of quartz. The first, syn-ore generation 
of quartz is characterised by well-developed 
prismatic crystals intergrowth with ore minerals. This 
generation of quartz commonly has well-developed 
oscillatory growth zoning. The second generation is 
primarily represented by anhedral or, less extent, 
small idiomorphic quartz crystals which are coevally 
with calcite filling the voids between ore 
mineralization. 
Until now, there are only preliminary studies on the 
presence of fluid inclusions (Blečić 1974). The 
primary task of the study is to determine the 
characteristics of fluid inclusions hosted in syn-ore 
quartz and to provide a contribution to define the 

multiple events in the magmatic-hydrothermal 
system that led to the formation of the deposit. 
 

Figure 1. a Location of the Rudnik ore deposit in Serbo-
Macedonian metallogenic province (adapted from 
Jelenkovic et al. 2008). b Simplified geological map of the 
Rudnik deposit (adapted from Djoković 2013)). 
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2 Methodology 

Preparation of thick section was performed at the 
University of Belgrade, Faculty of Mining and 
Geology at the Department of Mineralogy, 
Crystallography, Petrology and Geochemistry and at 
the Department of Economic Geology. Fluid 
inclusions were studied from doubly polished thick 
sections of thickness ~150 µm.  
Microthermometry of fluid inclusions was conducted 
at the Department of Applied Geosciences and 
Geophysics, chair of Resource Mineralogy at the 
University of Leoben in Austria and Fluid inclusion 
Laboratory at the Faculty of Mining and Geology at 
the University of Belgrade.  
Microthermometry was carried out using a Linkam 
MDS 600 stage mounted on an Olympus BX 60 
optical microscope in Leoben. Calibration of the 
Linkam stage was performed using synthetic fluid 
inclusion standards (pure H2O, CO2–H2O mixtures) 
for the melting temperatures of CO2 at -56.6 °C, of 
H2O at 0.0 °C and the critical homogenisation 
temperature of H2O at 374.0 °C. Microthermometry 
measurements at the Faculty of Mining and Geology 
in Belgrade were carried out on a THMSG600 
heating stage connected to an Olympus BX51 
microscope. The primary CO2 standard WRECT-
006160 was used for calibration. The reproducibility 
is ±0.1 °C between -60 °C and +100 °C and ±0.3 °C 
at higher temperatures. 
Calculations of microthermometric parameters were 
performed using AqSo_NaCl software (Bakker 
2018).  
Raman spectroscopy was performed with a LabRAM 
(Department of Applied Geosciences and 
Geophysics, chair of Resource Mineralogy, Leoben) 
instrument, from the company Horiba Scientific, 
Jobin Yvon Technology. The LabRAM is operated 
with an Olympus microscope, and an LMPlanFI 
100x/0.80 numerical aperture objective lens. A 
frequency-doubled 100 mW Nd-YAG laser with an 
excitation wavelength of 532.068 nm is used, with a 
laser power of about 1 to 2 mW at the sample 
surface. The scattered light is dispersed by 1800 
grooves/mm gratings. The detector is an air-cooled 
(Peltier) CCD-3000 (1024 x 256 pixels) operating at 
-60 °C. Spectra are collected using multiple spectral 
windows between 100 to 3000 cm-1, corresponding 
to a pixel resolution of about 1.64 cm-1 at relative low 
wave numbers, and 1.35 cm-1 at relative high wave 
numbers. A 100 µm slit combined with a 1000 µm 
confocal hole aperture is used to obtain the best 
resolved spectra. 
 
3 Petrography 

Colourless and transparent syn-ore quartz, in the 
form of idiomorphic crystals, has three visible crystal 
growth zones with fluid inclusions (Figure 2). 
The core zone contains four types of fluid inclusions: 
1) semi-irregular shaped fluid inclusions, up to 25 μm 
that occur in small groups. The volume fraction of the 
vapour phase varies between            20-30 vol. %. 

2) fluid inclusions in trails that reflected partly healed 
cracks and internal growth zones. They have a 
regular locally negative-crystal shape, usually sizes 
up to 20 μm, and the volume fraction of the vapour 
phase varies between 50-60 vol. %. 3) regular, 
locally negative crystal shaped fluid inclusions, 
length up to 10 μm and extremely rich in vapour 
phase 90 vol. %. 4) elongated irregular shaped fluid 
inclusions liquid-rich to all-liquid, up to 40 μm in 
length, in trails (healed cracks) in the core. 
The transition zone contains abundant fluid 
inclusions of irregular shape that are mainly 
elongated in an orientation perpendicular to growth-
zone traces. These fluid inclusions have a length of 
50-300 µm and the volume fraction of the vapour 
phase varies between 10-20 vol. %.   
The rim contains traces of growth zones with fluid 
inclusions of regular shape, with an average length 
of 30 µm, and volume of the vapour phase varies 
between 20-30 vol. %. 
 

 
 
Figure 2. Photomicrograph of a piece of a quartz crystal 
with three visible growth zones and fluid inclusions. Below 
are the photomicrographs of single fluid inclusion types. 
 
4 Raman spectroscopy 

In the core, type 1 inclusions are characterised by a 
relatively high salinity of the liquid phase. The vapour 
phase is a gas mixture of CO2-CH4, with a 
predominance of CO2. The relative low intensity of 
the CO2 and CH4 Raman spectra implies a low 
density of the vapour phase and high salinity. 
Type 2 inclusions have an H2O spectrum which 
corresponds to a moderate salinity, and the vapour 
phase is slightly enriched in CH4 compared to type 
1, but remains a CO2-rich gas mixture. Some 
inclusions reveal minor amounts of additional H2S. 
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Type 1 and 2 contain occasionally solid phases, i.e., 
accidentally trapped small crystals of calcite and 
mica. 
Type 3 inclusions have a vapour phase consisting of 
a CO2-CH4-H2S gas mixture that is enriched in CH4 
and with significant amounts of H2S. The H2O 
spectrum of the liquid phase reveals a relatively high 
shoulder at about 3200 cm-1, which corresponds to 
low salinity. 
Raman spectra of Type 4, liquid-rich to all-liquid fluid 
inclusions, reveal nearly pure CO2 vapour and a H2O 
liquid phase. 
In the transitional zone, type 5 inclusions have a 
vapour phase that is relatively enriched in CH4 in a 
mixture with CO2. The Raman band of the liquid 
phase corresponds to a low salinity aqueous 
solution, similar to type 3. 
Fluid inclusions in the rim zone, type 6, have a CO2-
enriched vapour phase with minor CH4. The Raman 
spectrum of the liquid phase resembles a low salinity 
aqueous solution. 
 
5 Microthermometry 

Type 1 inclusions have a temperature of 
homogenization in the range of 350-430 °C with a 
mode at 380-390 °C. Ice melting temperatures are 
from -6 to -23 °C, corresponding to a calculated 
salinity between 9 and 24 wt.% NaCl eq., with a 
mode in the 12 to 16 wt.% NaCl eq.. 
Type 2 inclusions have relatively similar 
homogenization temperatures that range between 
340 and 420 °C as type 1 inclusions and a slightly 
lower mode at 370-380 °C. Ice melting temperatures 
are in the range of -2 to -9 °C while salinity is from 4 
to 12 wt.% NaCl eq. with a mode at 6-7 wt.% NaCl 
eq.. 
The low density of the vapour phase in type 3 does 
not allow any microthermometric analyses, i.e. 
homogenization or melting of CO2 is not observed. 
Locally, the final ice melting temperature of the 
frozen aqueous phase occurs at temperatures of        
-1.0 to -4.0 °C, corresponding to a salinity of 1 to 6 
wt.% NaCl eq.. 
Homogenization temperatures of type 4 inclusions 
are significantly lower than the previous types and 
are in the range of 148 to 245 °C. Ice melting 
temperatures occur from -0.7 to -4.9 °C while the 
salinity of this type varies between 1 and 8 wt.% 
NaCl eq.. 
Inclusion in the transition zone homogenize at a 
mode of 360 to 380 °C similar to type 2, but a wider 
range of 235-401 °C has been measured. 
Dissolution of ice occurs between -1 and -6 °C 
corresponding to a salinity of 2 to 8 wt.% NaCl eq.. 
Inclusions in the rim of quartz have homogenization 
temperatures between 259 and 385 °C with a mode 
at 340-360 °C. These temperatures are significantly 
lower than type 5 and higher than type 4. The melting 
temperature of ice ranges from -2 to -3 °C, which 
corresponds to a low salinity of 2 to 5 wt.% NaCl eq.. 

 
 

6 Conclusion 

The different fluid inclusions from the quartz growth 
zones reveal that deposition of the ore mineralization 
was the result of a multiphase evolution of the 
hydrothermal ore-forming fluid, similar to skarn 
deposits worldwide (Kwak, 1986; Meinert et al., 
2003).  

These events are preserved in distinguished 
types of fluid inclusions and reflected through their 
varying temperature of homogenization, salinity, and 
fluid composition.  
The study shows that the examination of fluid 
inclusions from quartz can considerably contribute to 
tracing the evolution of hydrothermal ore-bearing 
fluid, which is associated with the genesis of the 
Rudnik skarn deposit. 
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Abstract. The 1982 eruption of El Chichón volcano, 
Mexico, left  an acid crater lake with energetic fumaroles 
and thermal spring activity. El Chichón displays 
mineralogical and geochemical characteristics that are 
unique with respect to typical arc volcanoes and other 
volcanic centers within the Chiapas belt, including 
mineralized lithic fragments. Several decade-old 
published research studies have alluded to the possible 
connection between El Chichón magmatism and porphyry 
Cu mineralization. We aim to summarize these 
observations, and along with new hornblende mineral 
thermobarometry demonstrate that they complement 
current models for the genesis of fertile parental magmas 
and the development of Porphyry Cu-Mo-Au Systems. We 
suggest that while the 1982 plinian eruption revealed the 
epithermal portion of the magmatic-hydrothermal system, 
the altered lithic fragments found in pyroclastic deposits 
likely represent a mineralized zone from an actively 
developing porphyry deposit at depth.     
 
1 Introduction  

The powerful 1982 eruption of El Chichón volcano 
in Mexico is recognized as the largest disaster in 
modern Mexican history, destroying villages and 
killing over 2,000 people analogous to Pompeii. The 
El Chichón  plinian eruption of high-sulfur, anhydrite-
bearing magma destroyed the summit lava dome 
exposing the shallow epithermal portion of an 
actively mineralizing magmatic-hydrothermal 
system. Although deposits in the Chiapas region 
may never see development due to its status as a 
Natural Reserve, El Chichón offers a spectacular 
natural laboratory to investigate active geologic 
processes important to the development of 
mineralization in Porphyry-Cu-Mo-Cu Systems.  
 
2 Complex tectonic setting  

El Chichón is an active stratovolcano located in the 
state of Chiapas, southeast of Mexico City. It is the 
only active volcano in the Chiapanecan Volcanic Arc 
(CVC), which is a short arc segment that extends 
along the state of Chiapas in a NW-SE direction 
(Damon and Montesinos 1978). 

The tectonic setting at El Chichón is complex. It 
is located near the intersection of three plates: the 
Cocos, American, and Caribbean plates. To the SW, 
the Cocos plate subducts beneath the North 
American plate, while to the SE the North American 
plate borders the Caribbean plate by the Motagua-
Polochic fault (Fig. 1). Seismicity is intense along the 
offshore trench and is deep-seated beneath Chiapas 

inland (Damon and Montesinos 1978). The 
Chiapanecan Volcanic Arc aligned with the NE 
trending Tehuantepec fracture zone (Fig. 1), which 
has been interpreted as a torn segment of the Cocos 
plate that facilitates the ascent of hot asthenospheric 
mantle in the region (de Ignacio et al. 2003). The 
Tehuantepec fracture zone is associated with a 
drastic change in subduction angle of the Cocos 
plate, transitioning from 10° west of the ridge to 30° 
east of the ridge. This complex geometry may prime 
the Chiapas region for high heat flow, high influx of 
S-rich magma, and high permeability to magmas 
and hydrothermal fluids.   
 

Figure 1. Location of the El Chichón volcano within the 
tectonic framework of Mexico (CVA=Chiapanecan 
Volcanic Arc; MAT= Middle America Trench; 
TR=Tehuantepec Ridge; TMVB=Trans-Mexican Volcanic 
Belt; TVF=Tuxtlas Volcanic Field; CAVA=Central America 
Volcanic Arc. 
 
3 El Chichón eruptive and petrogenetic 

history  

The El Chichón volcanic complex has had eleven 
eruptive events in the last 8,000 years (Espíndola et 
al. 2000), but the construction of the actual edifice 
probably started during the Middle Pleistocene 
(Layer et al. 2009). Cathedral volcano, 4 km NW of 
the present edifice (Fig. 2), is the remnant of the 
oldest volcanic activity in the area (~1.64 Ma; 
Macias et al. 2010). The most recent eruptive event 
occurred between March 28 and April 4, 1982. The 
eruption began with the destruction of the previous 
dome, built after the 550 B.P. eruption, and gave rise 
to a crater lake that currently has numerous active 
fumaroles and thermal springs (Fig. 3).  
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Figure 2. Geological map of El Chichón volcanic complex 
from Layer et al. (2009). 
 

 
Figure 3. Photograph of El Chichón volcano before (A) 
and after (B) the 1982 eruption. The red outline represent 
the Somma Crater produced 279-209 ka while the yellow 
outline is the crater formed by the 1982 eruption. 

 
More than 7 million tons of SO2 was released into 

the atmosphere during the eruption and 9 
surrounding towns were devastated, punctuated by 
the death of nearly 2,000 people (Sigurdsson et al. 
1984). 

Whole rock geochemical analysis of El Chichón 
eruptive products show a transitional calc-alkaline to 
adakite composition. Trachybasalt enclaves have 
been identified and there is a clear cogenetic 
relationship between all of the El Chichón eruptive 
products (Fig. 4).  

 
Figure 4. Total alkali versus silica diagram (LeBas et al. 
1986) for El Chichón product.  Colored symbols are from 
this work and shaded areas are from Luhr et al. (1984), 
Rose et al. (1984), Varekamp et al. (1984), Espíndola et 
al. (2000) and García-Palomo et al. (2004). 

 
4 Late Neogene and Quaternary 

metallogenesis in the Chiapanecan 
Volcanic Arc 

Mineralization identified in the Chiapas region is part 
of a larger Au-Ag belt (Fig. 5). It  includes  several 
Miocene deposits that have been proposed as 
IOCG-clan deposits (Cerro Colorado, 18 Ma; El 
Carmen, 13-12 Ma; Cerro Colorado - Cerro Bustillo, 
<12.7 Ma) and the Toliman porphyry Cu deposit 
(5.75Ma; Camprubi 2009, and references therein). 
The most recent mineral deposits in the region 
include the porphyry Au-Ag, Cu-Au-Mo, and low 
sulfidation Au epithermal deposits of Ixhuatan (2.8 
Ma) and the “Santa Fe” Cu-Au skarn deposit (2.29-
2.24 Ma). 
 

 
Figure 5. Distribution of mineral deposit belts throughout 
Mexico (map credit: Mexican Geological Survey).  
 

Several observations indicate that active 
porphyry deposit mineralization is likely occurring 
within El Chichón. El Chichón eruptive products 
display mineralogical and geochemical 
characteristics that are unique with respect to typical 
arc volcanoes and other volcanic centers within the 
Chiapas belt. Pervasive magmatic anhydrite and 
titanite indicate a noteably oxidized (>NNO+0.5) and 
sulfur-rich system. Our recent hornblende analyses 
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demonstrate magmas to be water rich (4-7 wt% H2O) 
and evolving at great depths (200-700 MPa; 8-20 km 
depth) and at high temperatures (900-1000°C; Fig. 
6). These data are in agreement with the CO2 and 
He3/He4 data from El Chichón fumaroles that also 
suggest a greater depth of magma generation than 
is typical for arc volcanoes (Mazot et al. 2011). 

      

 
Figure 6. Application of the Ridolfi et al. (2010) geo-baro-
hydrometer with newly acquired hornblende compositions. 
 

Additionally, magmas are characterized by high 
Sr/Y values (~45; de Ignacio et al. 2003) coupled 
with moderate to low Y (<25 ppm). While this has 
been interpreted as adakite generation by direct 
melting of the subducting oceanic plate 
(Yogodzinsku et al. 2001), an alternative or 
additional interpretation is that these “adakite-like” 
magmas have undergone deep-crustal evolution 
conducive to high magma fertility with respect to 
porphyry Cu-Mo-Au systems (e.g., Richards 2011). 
Given the unique tectonic setting and evidence for 
high water and sulfur contents, both of these 
processes could be at play. Modeling by Chiaradia 
and Carrichi (2017) also suggest that deep crustal 
magma processing >500 MPa may be key in 
generating fertile magmas with potential to produce 
economic ore deposits.  

Magmatism at El Chichón has been relatively 
long-lived (1.6 Ma), which has also been shown to 
promote the development of large mineralized 
porphyry Cu-Mo-Au systems (Chiaradia et al. 2022). 
Analysis of 87Sr/86Sr isotopic zoning profiles in 
plagioclase by Tepley et al. (2000) demonstrated 
that the El Chichón system was repeatedly 
recharged by high temperature mafic magma, 
consistent with observations of mafic enclaves. This 
process is also conducive to keeping the magmatic 
system mobile and long-lived.  

Finally, Luhr (2009) and Damon and Montesinos 
(1978) noted mineralized lithic fragments collected 
from pyroclastic deposits that appear to contain 
alteration indicative of deeper porphyry-style 
mineralization. These fragments contain host rock 
similar to the 1982 dome rock, but overprinted with 
mineralization including potassic alteration with 
abundant Mg-rich biotite with veinlets of anhydrite, 
reminiscent of early potassic, high temperature 
porphyry-style alteration (Reed 2013).  

We suggest that while the 1982 plinian eruption 
revealed the epithermal portion of the magmatic-
hydrothermal system, the altered lithic fragments 
likely represent a mineralized zone from an actively 
developing porphyry deposit at depth (Fig. 7; Sillitoe 
2010; John et al. 2010; Hofstra et al. 2021). 

 
Figure 7. Anatomy of a Porphyry Cu-Mo-Au System 
showing the variety of ore deposit types that may develop 
within the system (Sillitoe 2010). 
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Abstract. Sulfur is one of the most abundant volatiles in 
subduction zones. Sulfur displays a complex behavior in 
arc magmas arising from its ability to partition between 
various phases (solid, immiscible liquid, gas and dissolved 
ions) and from its redox-dependent speciation (S2- to S6+). 
As a result, sulfur plays a critical role in the mobilization 
and transport of economically essential chalcophile 
elements (e.g., Cu, Au) during melt differentiation and fluid 
saturation and exsolution.  
Herein, we first present whole rock sulfur isotope data in 
two crustal arc sections - the Early–Middle Jurassic 
Talkeetna Arc in south-central Alaska, and the Late 
Cretaceous Bear Valley Intrusive Suite (BVIS) in southern 
Sierra Nevada. These results reveal that melt 
differentiation is characterized by a δ34S increase in the 
Talkeetna Arc and a δ34S decrease in the BVIS. These 
opposing trends are explained by the crystallization of 
immiscible magmatic sulfides, and possibly upper crustal 
magma degassing, in the presence of dissolved oxidized 
and reduced sulfur species, respectively. Then, we 
examine the distribution of sulfur concentrations in 
magmatic apatites using high-resolution laser ablation 
mapping in two ore-related upper crustal magmatic 
systems namely the Meghri-Ordubad pluton in southern 
Armenia and Bajo de la Alumbrera in Argentina. This 
approach reveals a variety of textures including primary 
sulfur zoning highlighting episodes of sulfur-rich 
rejuvenation and sulfur degassing.  
Collectively, our results argue that sulfur is an insightful 
geochemical tracer of redox conditions and crustal 
processes, which should be considered to assess ore-
forming potential of arc magmas. 
 
1 Introduction  

Porphyry copper systems are primarily associated 
with oxidized, sulfur-rich and hydrous arc magmas 
(Richards 2022). Oxygen fugacity (fO2) strongly 
controls sulfur speciation (sulfide, S2-; sulfate, S6+), 
sulfur solubility, and hence the budget of chalcophile 
elements in arc magmas (Jugo et al. 2010). While 
Cu (and other economically important chalcophile 
elements) concentrations in melt may not represent 
a limiting factor for the formation of porphyry copper 
deposits, melt Cu concentrations certainly play a role 
to modulate the available mass of Cu that partition 
into the exsolving fluid phases and followed by Cu 
precipitation in porphyry copper systems (e.g., 
Rezeau and Jagoutz 2020). Thus, determining the 
evolution of sulfur speciation and sulfur 
concentrations during arc magmatic processes may 
help evaluate the ore-forming potential of arc 
magmas. 

While some studies have shown that sulfur isotope 
(expressed as δ34S) represent useful tracers of 
sulfur speciation in arc magmas and thus fO2 (Sasaki 
and Ishihara 1979; de Moor et al. 2022), others have 
used sulfur concentrations in apatite - a common 
accessory mineral in arc magmas - to monitor the 
evolution of sulfur and fO2 in arc magmas (Streck 
and DIlles 1998; Chelle-Michou and Chiaradia 
2017). Here, we first present whole rock sulfur 
isotope data for two exposed crustal arc sections to 
track sulfur isotope compositions during transcrustal 
magmatic processes. Then, we examine the 
distribution of sulfur concentrations in magmatic 
apatites using high-resolution laser ablation 
mapping to evaluate the evolution of sulfur 
concentrations in upper crustal magmatic systems 
associated with porphyry copper systems.  
Our results show that whole rock sulfur isotopes can 
accurately identify intrusions that crystallized under 
oxidized and reduced conditions, while sulfur 
concentration maps in apatite reveal primary 
igneous sulfur zoning allowing us to track episodes 
of sulfur-rich rejuvenation and sulfur degassing. 
Combined, these complementary data sets could 
help identifying these geochemical features, and 
hence may provide insightful tools to assess the ore-
forming potential of arc igneous rocks. 
 
2 Sulfur isotope fractionation during 

crystallization-differentiation processes 

2.1 Study areas 

Two well-studied exposed crustal arc sections are 
investigated to evaluate sulfur isotope systematics 
during crustal magmatic differentiation processes. 
The Early–Middle Jurassic intra-oceanic Talkeetna 
Arc section exposed in the Chugach Mountains, 
south-central Alaska, represents a faulted crustal arc 
section (Burns 1985). It exposes ultramafic units 
formed at ~0.9-1.2 GPa (~30–35 km-depth), basal 
gabbros formed at ~0.5-1 GPa (~15–30 km-depth), 
middle to upper crustal mafic to felsic intrusions 
formed at ~0.2-0.5 GPa (~5–15 km-depth), and 
basalt to rhyolite volcanic rocks capping underlying 
intrusions (Burns 1985; Debari and Coleman 1989; 
Greene et al. 2006). Furthermore, the juvenile 
radiogenic isotopic compositions (εNd(t)=6-
7.8;87Sr/86Sri=0.703379-0.703951) argue for limited 
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crustal assimilation (e.g., Greene et al 2006; Rioux 
et al. 2007).  
The Late Cretaceous Bear Valley Intrusive Suite 
(BVIS) exposes a 30 km-depth continuous crustal 
arc section emplaced within 1.39 ± 0.06 Ma in the 
southern Sierra Nevada (Klein et al. 2021; Klein and 
Jagoutz 2021). The deepest portion of the BVIS 
exposes mafic igneous cumulates formed at ~0.8-
0.9 GPa (~25–30 km-depth), whereas shallower 
units consist of tonalites formed between ~0.7 GPa 
and ~0.2 GPa (~5-20 km-depth). Isotopic studies 
indicate that these rocks are characterized by ~5-
20% of crustal assimilation (Klein et al. 2021). 
In Talkeetna and BVIS, petrogenetic models suggest 
that SiO2-rich intrusions represent derivative melts 
from deep crustal crystallization-differentiation of a 
parental mafic melt (Greene et al. 2006; Klein and 
Jagoutz 2021; Rezeau et al. 2021, 2023). 
Importantly, both arc sections are characterized by 
ultramafic-mafic cumulates and felsic intrusions 
containing primary magmatic sulfides offering 
opportunities to track the evolution of sulfur isotopes 
(d34S) during transcrustal magmatic processes. 
 
2.2 Results and Interpretations 

For each crustal section, we analyzed whole rock 
sulfur isotopes for samples representative of the 
entire compositional range and depths.  

In Talkeetna, whole rock δ34S values for 25 
samples indicate a clear sulfur isotope fractionation 
during melt differentiation characterized by a δ34S 
increase from -1.28 to +5.61‰ (Figure 1). 
Combined with a quantitative petrological model 
that constrains the liquid line of descent and sulfide 
saturation as a function of sulfur content, oxygen 
fugacity, pressure, and temperature, we 
demonstrate that saturation of immiscible magmatic 
sulfides is capable of generating such sulfur isotope 
fractionation in the presence of dissolved oxidized 
sulfur species (Rezeau et al 2023). The most 
positive δ34S values observed for upper crustal 
felsic intrusions reflect enhanced sulfur fractionation 
due to fluid degassing. Therefore, we suggest that 
sulfide immiscibility and magma degassing are not 
mutually exclusive and represent complementary 
processes that combine to explain the observed 
range of positive δ34S compositions in Talkeetna. 
Any influences by crustal assimilation of pre-existing 
oceanic crust containing seawater sulfate is unlikely. 
In the BVIS, whole rock δ34S for 21 samples range 
from -5.1 to -1.2 ‰, where δ34S values for lower 
crustal mafic cumulates overlap with those of 
shallower tonalites (Figure 1). Additional whole rock 
δ34S for six metasedimentary rock pendants reveal 
that deeper metasediments (~0.7-0.9 GPa) yield 
lighter d34S (-11.5 and -4.1‰) compared to shallower 
metasediments (~0.4-0.6 GPa) yielding heavier d34S 
(-0.7 to +6.4‰). The lack of correlation between δ34S 
and the composition of mafic cumulates indicates 
heterogenous crustal assimilation (~5-20%) of deep 
metasediments in the lower crust. In contrast, whole 

rock δ34S values for tonalites are negatively 
correlated with SiO2 content or depths (Figure 1). 
This can be explained by saturation of immiscible 
magmatic sulfides and/or fluid degassing in the 
presence of dissolved reduced sulfur species, as 
opposed to crustal assimilation. In the BVIS, we 
suggest that primary arc melts (δ34S~0‰) assimilate 
graphite-bearing metasediments in the deep crust 
promoting reduced conditions and saturation of 
immiscible magmatic sulfides characterized by 
negative δ34S. Then, reduced derivative tonalitic 
melts are produced and ascend to shallower crustal 
levels, where melt differentiation is accompanied by 
saturation of immiscible magmatic sulfides and/or 
fluid saturation leading progressive negative δ34S. 

 
Figure 1. Evolution of sulfur isotope (expressed as δ34S) 
in rocks formed in the Talkeetna and Bear Valley Intrusion 
Suite arc sections. Top: whole rock S isotope compositions 
versus Mg# in Talkeetna rocks. Bottom: whole rock S 
isotope compositions versus pressure of crystallization in 
the Bear Valley Intrusive Suite rocks. 
 
2.3 Implications for ore-forming potential 

Our findings demonstrate that δ34S is a faithful tracer 
of fO2 during arc magma differentiation. For 
instance, both Talkeetna and BVIS consist of SiO2-
rich upper crustal intrusions characterized by similar 
whole rock geochemistry, yet they yield contrasting 
δ34S values indicating different evolution of fO2 
during melt differentiation between the two locations. 
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Knowing that high fO2 represent favourable 
conditions for the formation of porphyry copper 
systems (Richards 2021), upper crustal intrusions 
with positive δ34S should represent better 
exploration targets higher with respect to those with 
negative δ34S. 
While our results are consistent with the pioneering 
work of Sasaki and Shinohara (1979), we argue that 
positive δ34S values in arc magmas are unlikely to 
reflect the mantle source region and may, instead, 
fingerprint the combination of early magmatic sulfide 
immiscibility and later magma degassing. Both 
processes may increase the ore-forming potential as 
immiscible sulfides represent temporary metal 
carriers that can be remobilized if melt reaches fluid 
saturation and degassing (e.g., Nadeau et al. 2010; 
Heinrich and Connolly 2022). Overall, sulfur isotope 
compositions in arc magmas should provide 
valuable information to evaluate the relative ore-
forming potential between sets of intrusions in a 
given regional district. 
 
3 High-resolution laser ablation mapping of 

sulfur concentration in apatite 

3.1 Methodology 

Traditionally, apatite is not analysed by laser ablation 
inductively coupled plasma mass spectrometry (LA-
ICP-MS) due to high background levels from 16O16O, 
16O17O and 16O18O species. However, the ability to 
reduce these interferences using reaction gasses 
(O2) has made it possible to measure the major 
sulfur isotope (32S) as a reaction product (32S16O) 
therefore opening new avenues for sulfur analysis by 
ICP-MS (e.g., Nakano 2018). Furthermore, the new 
generation of laser ablation systems have ultra-fast 
signal washouts, permitting rapid elemental mapping 
at high repetition rates, thereby boosting sensitivity 
to permit smaller spot sizes. Here, we present LA-
ICP-MS mapping of apatite crystals using the 193 
nm Teledyne Iridia laser ablation system combined 
with an Agilent 8900 ICP-QQQ-MS. The full width of 
a single pulse at 10% of the maximum peak intensity 
was optimised at <5 ms in order to increase 
sensitivity and decrease imaging time. Individual 
maps (<100 x 100 µm to 300 x 100 µm) take 
between 1 and 5 minutes. Image processing and 
quantification was carried out using HDIP (v. 1.6). 
Routine analysis of Durango apatite reveals 
accuracy within the published range of sulfur 
concentrations. Our sulfur concentrations obtained 
from LA-ICP-MS maps are consistent with 
previously determined EMPA concentrations. 
 
3.2 Results and interpretations 

We use this approach to track the evolution of of 
sulfur concentrations in the formation of magmatic 
hosted porphyry copper deposits in two well-studied 
case study areas: Bajo de la Alumbrera in Argentina 
and the Meghri-Ordubad pluton in southern Armenia. 
High-resolution concentration maps of apatite grains 

reveal a variety of textures including primary igneous 
zoning, multi-phase growth, alteration and sulfide 
inclusions (Figure 2). 
 

 
Figure 2. Representative high-resolution sulfur maps of 
apatite grains hosted in ore-related intrusions at Bajo de 
la Alumbrera and Meghri-Ordubad pluton. 
 
In Bajo de la Alumbrera, apatite grains hosted in syn-
mineralization altered intrusions reveal patchy sulfur 
zoning which show evidence for hydrothermal 
remobilization. In contrast, apatite from syn-
mineralization volcanism display well-defined 
reverse sulfur zoning. These features are consistent 
with co-crystallizing plagioclase reverse zoning that 
is interpreted as rejuvenation of upper crustal 
reservoirs (Buret et al., 2017). In this case, it 
provides evidence for sulfur-rich mafic recharge.  
In the Meghri-Ordubad pluton, we analyzed apatite 
grains hosted in shoshonitic intrusions that pre-date 
and that are contemporaneous to the formation of 
the large Kadjaran porphyry copper-molybdenum 
deposits (Rezeau et al 2016). Apatite grains hosted 
in syn-mineralization altered intrusions also reveal 
patchy sulfur zoning indicative of hydrothermal 
remobilization. In pre-mineralization intrusive rocks, 
primary sulfur zoning is interpreted as episodes of 
sulfur-rich mafic magma rejuvenation, whereas 
sulfur-poor zones may reflect sulfur degassing 
and/or saturation of co-existing magmatic anhydrite 
(Streck and Dilles 1998). The presence of sulfur-
poor apatite with sulfide micro-inclusions suggests 
co-crystallization of apatite and magmatic sulfide at 
fairly reduced conditions where dissolved S2- 
prevails with respect to S6+ in the melt. The multi-
phase apatite growth is characterized by an early 
growth of euhedral sulfur-rich apatite grains that are 
cemented by late interstitial sulfur-poor anhedral 
apatite. While these textural features may either 
reflect two generations of magmatic apatites or an 
early generation of magmatic apatites that are 
resorbed during late deuteric or hydrothermal fluids, 
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its origin remains elusive, and it requires further 
investigations. 
 
3.3 Implications for ore-forming potential 

We demonstrate the ability to generate fast and 
accurate high-resolution laser ablation mapping of 
sulfur concentration on apatite. This approach can 
reveal precious information on the sulfur distribution 
in apatite grains helping to monitor sulfur behavior 
during crustal magmatic processes. As sulfur-rich 
mafic rejuvenation of upper crustal felsic reservoirs 
is an important trigger for the formation of porphyry 
copper systems (Hattori and Keith 2001; Wilkinson 
2013), revealing primary sulfur zoning in apatite 
would help identifying episodes of sulfur 
rejuvenation and degassing. As a result, this 
approach provides opportunities for the rapid 
assessment of sulfur concentrations in apatites and 
may provide insightful tools to evaluate the ore-
forming potential of arc-related igneous rocks during 
mineral exploration. 
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New experimental data on potassic vs. albitic alteration 
 
Taraneh Roodpeyma1, Thomas Driesner1 
1Department of Earth Sciences, ETH University, Zurich, Switzerland 
  
Abstract. Porphyry copper deposits display different 
alteration types among which potassic alteration of 
plagioclase and amphiboles is the most prominent one as 
it typically overlaps with ore mineralization. However, in 
some Au-enriched porphyry deposits (e.g., Batu Hijau, 
Indonesia, and Bolcana, Romania), potassic feldspar 
alteration seems to be largely absent and albitic alteration 
is observed instead. K-Na exchange between fluid and 
alkali feldspars in reverse direction could be a plausible 
mechanism for albitic vs. potassic feldspar alteration but 
published experimental data seem to preclude this 
possibility of albitic alteration. As the published data bear 
significant problems we performed new experiments at 
400 and 450°C and at different pressures over wide 
ranges of chloride concentrations. Results reveal that at 
low chloride concentrations and rather low pressures, 
cooling may potentially lead to albitic instead of potassic 
alteration. However, relationships are non-trivial if the full 
dependence on temperature, pressure and salinity is 
taken into account.  
 
1 Introduction  
 
Mapping of porphyry copper deposits revealed 
global similarities in terms of alteration patterns and 
vein sequences (e.g. Lowell and Guilbert 1970; 
Gustafson and Hunt 1975). Potassic alteration of 
plagioclase to K-feldspar and/or amphiboles to 
biotite has received particular interest as it is often 
correlated with the main ore zones (e.g., Seedorff et 
al. 2005). However, there are exceptions, the 
causes of which have remained elusive. For 
example, in some Au-enriched porphyry Cu 
deposits such as Batu Hijau, Indonesia (Schirra et 
al. 2022), and Bolcana, Romania (Blannin et al. 
2019), potassic feldspar alteration is largely absent 
while biotite alteration of amphiboles is present and 
albitic feldspar alteration is observed instead. 
Although albitic alteration may simply reflect Ca-loss 
from plagioclase (e.g., Henley et al. 2022) or could 
belong to a post-potassic stage (e.g., Calder et al. 
2023, and references therein), the question remains 
why no potassic feldspar alteration occurred.  
The exchange reaction of K and Na between fluid 
and alkali feldpars: 

𝑎𝑙𝑏𝑖𝑡𝑒 + 𝐾𝐶𝑙,. = 𝐾-𝑓𝑒𝑙𝑑𝑠𝑝𝑎𝑟 + 𝑁𝑎𝐶𝑙,. 
governs potassic feldspar alteration and implies a 
leading role of the fluid’s K/Na concentration ratio for 
determining the direction of reaction, i.e., 
albite/sodic alteration may be possible by the 
reaction proceeding to the left. Previous 
experimental studies, however, are largely 
inconclusive whether sodic alteration of K-feldspar 
could be achieved: since the fluid’s K/Na 
concentration ratio in equilibrium with albite and K-
feldspar decreases with decreasing temperature 
(e.g. Orville 1963), heating of fluid would be required 
to achieve albitic alteration, or the fluid has to have 
a K/Na concentration ratio below the equilibrium 

value, which is difficult to realize as long as 
plagioclase is present in the host rock. Furthermore, 
an in-depth analysis (Roodpeyma and Driesner 
2020) of the existing experimental data revealed 
that the most relevant study (Lagache and Weisbrod 
1977) is based on data that were obtained in the two 
phase liquid+vapor fluid field, which obscured the 
derivation of the correct equilibrium values.  

In order to obtain improved data on equilibrium 
K/Na exchange between alkali feldspars and 
hydrothermal fluids, we performed new experiments 
at 400°C and 450°C, both at pressures equivalent 
to pure water densities of about 0.3 and 0.5 g cm-3, 
and for total aqueous concentrations ranging from 
10-4 to 13 molal chloride. The comprehensive data 
set allows us to assess the effect of temperature, 
pressure, and total aqueous chloride molality at 
conditions relevant to porphyry deposit formation. 
 
2 Experimental 
 
The temperature, pressure, and chloride 
concentration range of the experiments were 
designed to close the existing gap of available data 
points (Roodpeyma et al. 2022). In order to be able 
to compare equilibrium K/Na molal ratios in the fluid, 
irrespective of the effect of (unknown) activity 
coefficients at finite concentrations, the 
experimental bulk concentration range starts from 
very dilute, close to infinite dilution, where the K/Na 
concentration ratio can be regarded as the 
equilibrium activity ratio (activity coefficients = 1). 
Following Lagache and Weisbrod (1977), we call 
the K/Na molal concentration ratio C, with C∞ 
denoting the value at infinite dilution. Figure 1 
illustrates the measured C for all types of used initial 
aqueous solutions (pure KCl solution, pure NaCl 
solution, mixture) in reaction with alkali feldspars 
under various total chloride concentrations. The 
equilibrium state is confidently achieved through 
reversed experiments over all concentrated regions. 
Some deviating data points at high concentration 
reflect an inadequate choice of reactant ratios, i.e., 
lacking a sufficient mole amount of alkalis in solid or 
fluid phases, not allowing the reaction to proceed to 
completion.  
 
3 Results 
 
3.1 Temperature effect  
Arguably the biggest deviation from the previous 
state of knowledge is that C! decreases with 
temperature at pressures equivalent to constant 
pure water density, at least for the studied 
temperature interval. At the given water density of 
0.3 g cm-3, the present study shows that C! value, 
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depicted in Fig. 1, decreases from 0.056 to 0.04 as 
temperature increases from 400 to 450°C. At 
elevated concentrations, the C ratio is around 0.2 
and shows little change from 400 to 450°C (Fig. 
2A,C); if any, then a minor increase in C may occur 
with increasing temperature. C values at higher 
concentrations are typically higher than the ones 
reported by Lagache and Weisbrod (1977). A similar 
trend is seen for experimental results at pressures 
equivalent to 0.5 g cm-3 pure water density (Fig. 
2B,D). 

 
Figure 1. Effect of T on the K/Na molal ratio. New 
data compared to existing literature data 
 
3.2 Pressure effect  

At 400°C with increasing pressure equivalent to 0.3 
g cm-3 (288 bar) to 0.5 g cm-3 (372 bar) pure water 
density, C! increases significantly from 0.056 to 
0.138 (Fig. 2C). This finding is qualitatively 
consistent with the data points of C versus total 
chloride molalities plotted by Lagache and Weisbrod 
(1977).  

While Lagache and Weisbrod (1977) showed a 
recognizable pressure dependence on C values at 
500°C and low concentrations, this finding 
apparently did not enter their derivation of 
equilibrium constants and has largely been ignored 
in the literature. Our results at 400°C as well as the 
data at 450°C show a much more pronounced 
pressure effect than indicated by the plots of 
Lagache and Weisbrod (1977). 
  

 
Figure 2. Experimental values of K/Na molal ratio at 
isotherms of 400 (A) and 450°C (C) and water density of 
0.3 g cm-3 and at isotherms of 400 (B) and 450°C (D) and 
water density of 0.5 g cm-3  
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3.3 Concentration effect  
 
C changes significantly as a function of 
concentration (Figures 2). However, it should be 
noted that all these C values represent equilibrium 
values at the given temperature and pressure and 
the concentration dependence is an expression of 
how activity coefficients for KCl and NaCl in the 
solution change differently with increasing 
concentration. There is evidence of liquid-vapor 
immiscibility at 450°C / 0.3 g cm-3 water density 
between ca. 0.1 and 2 m chloride concentration 
(however, with significant uncertainties). 
 
4 Discussion 
 
The new results imply that albitic instead of K-
feldspar alteration may be possible for certain 
temperature-pressure-concentration paths of fluid in 
a porphyry-forming system. Namely – and contrary 
to previous thinking – a temperature decrease can 
induce albitic alteration, provided that the fluid is of 
low concentration and follows a temperature-
pressure path of constant low or increasing density. 
This may be an explanation for its occurrence in 
gold-rich porphyries for which generally shallower 
depth of formation (and, therefore, lower pressure; 
Murakami et al. 2010) have been inferred. 
(Near-)isothermal pressure decrease, on the 
contrary, would induce, at least at low 
concentrations, K-feldspar alteration. Our current 
data set does not yet allow to quantitatively assess 
which cooling paths and temperature-pressure-
concentration window(s) would equally promote K-
feldspar alteration. Given its widespread occurrence, 
however, such windows must be common in typical 
porphyry copper-forming systems. 
The curved concentration dependence of the 
equilibrium K/Na ratio implies that mixing high- and 
low-concentration fluids may be an alternative way 
for inducing albitic alteration as the mixtures’ C value 
would fall below the equilibrium curve in Figures 2. 
However, it is rather difficult to imagine how such 
fluids would follow independent flow paths prior to 
mixing.  
 
5 Conclusion 
 
Although the alteration pattern widely shows 
similarities among porphyry copper deposits, 
occasional sodic instead of potassic alteration of 
feldspar appears to violate the general sequence in 
some cases. As the role of cooling and 
depressurization during the fluid evolution paths has 
been widely emphasized, we presented new 
experimental data set studying the compositional 
state of the alkali feldspars-KCl-NaCl-H2O system. 
Focusing on the K/Na molal ratio of fluid phase 
under influence of temperature, pressure, and 
concentration it is shown that temperature and 
pressure can have opposite effect on the 
equilibrated K/Na ratio, depending on the path. For 

example, decreasing temperature at a given density 
leads to the increase of K/Na ratio in the fluid phase, 
that is, the chemical reaction proceeds towards 
albitic precipitation while a decrease in pressure at 
a given temperature decreases the K/Na equilibrium 
ratio, which drives the reaction towards potassic 
alteration. Moreover, the curved trend of the 
equilibrium fluid K/Na molal ratio versus 
concentration shows the advent of new equilibrium 
K/Na implies that mixing of low- and high-salinity 
fluid phases leads to homogenization at K/Na 
concentration ratios below the equilibrium curve. 
We conclude that the new experimental insights 
contribute to further understanding of porphyry 
deposits through closing experimental and 
conceptual gaps that have led to potentially 
erroneous assumptions about potassic vs. sodic 
feldspar alteration.   
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Abstract. The Skouries deposit is a platinum-group 
element enriched Cu-Au porphyry system in NE Greece. 
The monzonite-syenite intrusions host a porphyry 
stockwork consisting of A- and B-type veins associated 
with potassic alteration, which is partly overprinted by C-
type and D-type veins and related chlorite-sericite to 
sericitic alteration. The Cu-Au mineralization is dominated 
by pyrite, chalcopyrite, bornite, magnetite and additional 
native Au, telluride inclusions and platinum-group 
minerals. Incompatible trace element ratios of the host 
rocks (ICP-MS) were used to track the impact of alteration, 
while in-situ mineral chemistry (LA-ICP-MS) resolves 
changes in the fluid conditions. Trace element ratios of 
host rocks show that potassic alteration can change the 
composition of incompatible element ratios commonly 
used as tracers for magmatic signatures, such as 
(La/Sm)N. Ti-in-quartz thermometry yields temperatures of 
600°C ± 50° for the A-type veins, 610 ± 60°C for the early 
B-type veins and 545 ±45°C for late B-type veins. 
Furthermore, the pyrite mineralization is characterized by 
systematic variations in trace element contents (e.g., As, 
Ag, Au) and ratios (e.g., Sb/As, Ag/As) that trace 
temperature variations of the hydrothermal fluid and 
implicate phase separation. Phase separation is further 
suggested to cause the precipitation of native gold during 
potassic alteration.  
 
1 Introduction  

Magmatic fluids play a key role in the Cu-Au 
enrichment in porphyry intrusions which can form 
enormous ore deposits with relatively low-grade 
metal contents. Porphyry Cu-Au mineralization 
forms in vein stockworks hosted by pervasive 
alteration halos surrounding the porphyry intrusion. 
The Serbo-Macedonian metallogenic belt extends 
from Serbia to northern Greece and is characterized 
by numerous porphyry deposits, either enriched in 
Cu, Cu-Au or Cu-Mo. The Skouries Cu-Au porphyry 
on the Chalkidiki peninsula contains ~289 Mt of ore 
at 0.43 % Cu and 0.58 g/t Au (Siron et al. 2018). The 
monzonite and syenite porphyry intrusions are of 
early Miocene age (20.56±0.48 Ma, Hahn 2014), 
and intruded into the Kerdilion and Vertiskos Unit 
(Siron et al. 2018). The Vertiskos Unit, which hosts 
the Skouries deposit, is mainly composed of schists, 
greenschist-facies gneisses, and a metamorphic 
sequence comprising thin interlayers of calcareous 
schist, marble and amphibolite (McFall et al. 2018). 
Additional micaceous schists of the Neoproterozoic 
to Ordovician age are present in close proximity to 
the Skouries porphyry (Siron et al. 2018).  
The Skouries Cu-Au deposit expands over an area 
of ~200m in diameter and >900m in depth and is 

characterized by monzonitic to porphyritic syenite 
stocks and dykes with an associated porphyry 
stockwork (Figure 1). At least four intrusive stages, 
namely early monzonite, porphyritic syenite and 
melasyenite, and post-mineralization barren syenite 
were identified, which show extensive potassic and 
minor sericitic alteration (McFall et al. 2018). The Cu-
Au mineralization is mainly hosted by pyrite, 
chalcopyrite, bornite, and accessories such as 
native gold, tellurides and PGE minerals in the vein 
system. The stockwork is dominated by A-type 
(qz+mt+cpy±bn), early B1- (reopening A-type veins, 
qz+mt+cp+py) and late B2-type (qz+cp+py±mt) 
veins. Late-stage massive pyrite-chalcopyrite veins 
(C-type and D-type) crosscut the main stage veining 
at depth, overprinting the potassic alteration with 
sericitic alteration (telescoping).  
 

 
 
Figure 1. a) Geological map of the Greek part of the 
Serbo-Macedonian metallogenic belt (modified after Siron 
et al. 2018). b) Geological map the Skouries Porphyry and 
c) a schematic sketch of a section through the main ore 
body (modified after McFall et al. 2018).  
 
 
 
2 Methodology 

2.1 Micro-analytical techniques  
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The LA-ICP-MS study was conducted on sulfides 
and quartz with respect to the previously defined 
vein-types. A Teledyne Analyte Excite 193 nm laser 
coupled with an Agilent 7500c quadrupole ICP-MS, 
operating at a frequency of 20Hz, a fluence of 2.6 to 
3.5 J/cm3, a plasma power of 1270W and a beam 
size of 35 µm was used at the GeoZentrum 
Nordbayern. For the quartz measurements, the 
operating setting was changed to a frequency of 
10Hz, plasma power of 1280W, a fluence of 8.59 
J/cm3 and a beam diameter of 65 µm.  
 
2.2 Composition of the host rocks  

The host rock samples were analyzed by XRD 
analyses on rock powder to quantify the type and 
degree of alteration due mineral abundances. The 
trace element measurements were performed by a 
Thermo Scientific X-Series 2 quadrupole ICP-MS at 
the GeoZentrum Nordbayern.  
 
3 Results  

3.1 Composition of the host rocks  

The host rocks are dominated by potassic alteration, 
which is characterized by hydrothermal formation of 
orthoclase, biotite and magnetite, but can be 
overprinted by sericite and chlorite. The degree of 
alteration can therefore be quantified by the amount 
of orthoclase in each sample, determined by XRD 
and related whole rock major element data. The 
samples from the drill core SOP134 refer to the main 
ore body and vary considerably in their major and 
trace element composition, which refers to relatively 
minor and strong potassic alteration of monzonite 
and porphyry syenite. Trace element ratios of 
relatively fresh samples show (La/Sm)N of 4 to 5, no 
Eu anomaly and chondritic Nb/Ta values of 20. In 
contrast, altered samples contain decreasing 
(La/Sm)N between 5.8 and 7.6 with decreasing Yb, 
Eu/Eu* of 2 to 11, decreasing REE contents and 
Nb/Ta values (Figure 2). Altered samples with low Yb 
additionally have variable (La/Sm)N ratios. The trace 
element concentration of hydrothermally altered 
samples from Skouries show systematic differences 
from fresh magmatic rocks of the area even for 
elements that are commonly suggested to be 
immobile (Figure 2).  
 
3.2 Trace element composition of quartz and 

sulfides  

The trace element composition of quartz was only 
determined for A-and B-type veins due to the lack of 
quartz in the later vein types. Quartz from A-type and 
early B-type veins (B1) contains the highest Ti 
content (43-145; 24-183 ppm), followed by quartz 
from the late B-type veins (B2) (28-86 ppm). 
Aluminum (103-1840 ppm), Sb (<1.3 ppm) and As 
(<12 ppm) display similar concentrations in quartz 
irrespective of their vein type, while Ge (0.7-1.7 ppm) 

decreases in quartz from the A-type to the B-type 
veins.  
 

 
 
Figure 2. Trace element composition of host rocks (Drill 
core SOP134) from Skouries showing correlating Sr/Y and 
(La/Sm)N with increasing potassic alteration, as well as 
decreasing (La/Sm)N with decreasing Yb and increasing 
alteration. Literature data from Skouries and intrusions 
close to the deposit are added for comparison (Siron et al. 
2018).  
 
Bornite, chalcopyrite and pyrite were analyzed for 
their trace element content. Bornite is the major 
carrier of Te, Pb, Bi, Se, Ge and Ag, while Zn, Ga 
and In are highest in chalcopyrite and Co, Ni, As, Sb, 
Au and TI are hosted by pyrite (Figure 3). 
Interestingly, bornite and chalcopyrite show 
relatively homogeneous trace element contents 
between different vein generations, while pyrite 
displays significant compositional variations. 
Trace elements in pyrite vary systematically between 
the different vein generations and show increasing 
Sb, Au, Ag, Zn and Pb contents from the early B-type 
to the C-type veins, while As, Te are enriched in C-
type veins. Furthermore, pyrite from D-type veins is 
generally depleted in most trace elements (e.g., Sb, 
Pb, Bi, Au, Ag, Zn) relative to the other vein types. 
Lastly, pyrite from early B-type veins is characterized 
by low trace element ratios (Sb/As < 0.01, Co/As < 
~1), while later B-, C- and D-type veins show higher 
trace element ratios (Sb/As =0.01 to 1, Co/As = 0.1 
to 100).  
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4 Fingerprinting hydrothermal processes 
on the deposit scale  

4.1 Chemical alteration of the host rock  

The replacement of plagioclase by K-feldspar and of 
pyroxene, amphibole and magmatic biotite by 
hydrothermal biotite is typical for the potassic 
alteration of monzonites and syenites in porphyry 
Cu-Au systems (Sillitoe 2010). The extreme REE 
and HFSE depletion and decreasing light REE 
relative to middle REE with increasing alteration, 
resulting in lower (La/Sm)N values, indicate the 
mobilization of light REE by a high temperature fluid 
capable of transporting such incompatible elements 
(Figure 2).  
However, the rocks with strongest alteration have 
elevated (La/Sm)N and Eu anomalies, thus probably 
indicating the equilibration of the highly altered rocks 
with the fluids. Consequently, we suggest that the 
typical high Sr/Y and La/Yb ratios of the host rocks 
observed in other porphyry systems (Loucks 2014) 
may also result from alteration processes and not 
always preserve the primary magmatic signature.  
 
4.2 Constraints on the fluid evolution  

The Ti-in-Quartz thermometer was applied (Ti 
activity = 1, equilibrium with rutile, pA=0.5kbar, 
pB1,B2=0.4kbar to calculate the temperatures of 
quartz precipitation (Huang and Audétat 2012). 
Calculated temperatures yielded within error similar 
temperatures for A-type veins (600°C ±48°C) and 
early B-type veins (610 ±60°C) and lower 
temperatures for the late B-type veins (545 ±45°C) 
(Figure 3). 
 

 
Figure 3. Boxplots of Au, Pb and Zn in bornite (bn), 
chalcopyrite (cpy) and pyrite (py) from the different vein 
generations and calculated temperatures for quartz from 
A-, B1-, and B2-type veins using the Ti-in-quartz 
thermometer (Huang and Audétat 2012).  
 
Preliminary fluid inclusion results, which show a 
complex composition including NaCl and KCl, with 
minor CaCl2, FeCl2, and CO2, are within range of 
quartz temperatures for A-type veins. 
Homogenization temperatures range from 516 to 

>600°C (salinities: 49-61 wt.% equiv. NaCl) for 
liquid-rich brine inclusions and from 523 to >600°C 
(salinities: 11-13 wt.% equiv. NaCl) for vapor-rich 
inclusions. B2-type veins show homogenization 
temperatures from 446 to 484°C for liquid-rich brine 
inclusions (salinities: 48-54 wt.% equiv. NaCl) and 
from 451 to 496°C (salinities: 7.3-6.9 wt.% equiv. 
NaCl) for vapor-rich inclusions.   
Trace elements, such as Ag, Sb, Zn and Pb are 
enriched in pyrite that precipitated from lower 
temperature fluids (Franchini et al. 2015). Indeed, 
these elements increase from early B-type veins 
towards later C-type veins (Figure 3). 
Correspondingly, chalcopyrite displays decreasing 
Cd/Zn ratios from A-type to late B-type veins, which 
is also known as a temperature proxy (George et al. 
2018). These trace element variations combined 
with the quartz thermometry and preliminary fluid 
inclusion results therefore indicate decreasing fluid 
temperatures between the vein generations. 
In contrast to the temperature-dependent variations 
in the sulfide chemistry from A- to C-type veins, the 
pyrite in the D-type veins is depleted in most trace 
elements (e.g., Pb, Au, As). Phase separation forms 
a high-Cl liquid phase and a low-Cl vapor phase 
causing fractionation between volatile (e.g., As, Sb) 
and less-volatile (e.g., Pb) elements (Keith et al. 
2022). Based on the temperature-independent low 
As/Sb and high TI/Pb ratios of pyrite from D-type 
veins, we conclude that the D-type veins formed 
from a Cl-rich liquid after phase separation (“boiled 
liquid”), which lost its As content to the respective 
vapor, while Pb precipitated from the liquid phase 
(Figure 4). The low As/Sb and Co/As ratios in pyrite 
from early B-type veins may further imply repeated 
vapor fractionation of the early fluid. The coexistence 
of vapor- and liquid-rich inclusions observed in the 
preliminary fluid inclusion data supports phase 
separation.  
 
5 Occurrence of Au in the Skouries deposit 

The Skouries deposit is enriched in Au, which can 
either occur as native Au inclusions in the vein 
stockwork or precipitated in solid solution in sulfide 
minerals.  
Micro-scale native gold inclusions, which are primary 
based on petrological observations, are mainly 
present in chalcopyrite from A- and early B-type 
veins. The Au-As ratio in pyrite further indicates 
nano-scale inclusions in pyrite from late B-type veins 
that could not be detected by LA-ICP-MS (Figure 4). 
Native gold usually precipitates from an Au-
oversaturated fluid, which can be achieved by 
reducing the stability of Au complexes due to a 
change in temperature, pressure or availability of S. 
Gold saturation during potassic alteration is typically 
controlled by the sulfur budget rather than the 
temperature, and especially phase separation can 
effectively decrease the availability of S, which 
lowers the solubility of Au complexes (Pokrovski et 
al. 2014). Furthermore, Au in solid solution mainly 
occurs in pyrite related to B- and C-type veins while 
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chalcopyrite in general and pyrite from the late-stage 
D-type veins are depleted in Au (Figure 3, 4). This 
suggests variable gold precipitation and enrichment 
processes during the different paragenetic stages.  
 

 
 
Figure 4. Trace elements and trace element ratios (As/Sb, 
TI/Pb) in pyrite from different vein generations indicative 
for phase separation and the vapor content in the fluid. 
The As-Au ratio gives the occurrence of Au in solid solution 
and as native inclusions based on the solubility limit of Au 
(Deditius et al. 2014). Values below detection as DL/√2. 
6 Conclusion 

We conclude that hydrothermal alteration changes 
incompatible trace element ratios like La/Yb and 
Sr/Y, believed to be typical signatures of magmatic 

processes amongst others related to porphyry 
formation. Thus, host rocks need careful selection 
with respect to alteration before the interpretation of 
magmatic processes. The mineral composition 
suggests a decrease in temperature with the 
progressive evolution of the fluids and early phase 
separation observed in B-type vein sulfides. The 
fluid reached Au saturation during potassic 
alteration, probably caused by the early phase 
separation. This process effectively decreases the S 
availability in the fluid leading to Au oversaturation 
and hence precipitation of native gold and Au-rich 
sulfides. The residual liquid then precipitated 
sulfides with relatively low contents of As, Au and 
other trace elements in D-type veins.  
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Abstract. The Loei and Truong Son Fold Belts are well 
known as highly mineralized magmatic arc-related 
terranes in Southeast Asia. Zircon LA-ICP-MS studies 
provide U-Pb ages and magmatic fertility using trace 
elements of felsic to intermediate volcanic and plutonic 
rocks from ten prospects in the Loei and Truong Son fold 
belts, NW Laos region. The geochemical and 
geochronological analyses suggest at least three episodes 
of magmatism occurred in the region: Silurian-Devonian 
(434-411 Ma), Early to Middle Permian (299-277 Ma), and 
Late Permian to Middle Triassic (253-243 Ma). Key trace 
elements and ratios together with oxygen fugacity of 
magmas (e.g., Eu/Eu*, Dy/Yb, Ce/Nd, ΔFMQ) imply that 
the Phu Kham and the West of Vientiane area along the 
Mekong River are likely to be fertile for porphyry copper 
deposits. In contrast, the Pha Gnai and the other suites 
are less fertile. Therefore, zircon as a fertility indicator is a 
valuable tool to distinguish fertile magmatic suites from the 
barren suites in this area. 
 
1 Introduction  

The Loei (Loei-Phetchabun) Fold Belt (LFB) and the 
Truong Son Fold Belt (TSFB) are the most critical, 
highly mineralized volcano-magmatic arcs in 
mainland Southeast Asia. The NW-SE trending 
TSFB and the N-S trending LFB lies to the north of 
Khorat Plateau and the east of the Sukhothai Fold 
Belt and the Nan-Uttarradit Suture at the western 
margin of the Indochina terrane respectively (Figure 
1A). The LFB consists of 1) Devonian-Carboniferous 
sedimentary rocks including claystones, shales, and 
sandstones with minor carbonates; 2) 
Carboniferous-Permian limestones and sandstones; 
3) Triassic volcaniclastic rocks with minor claystones 
and limestones. 4) Late Paleozoic to Middle Triassic 
granitic rocks (Burrett et al. 2021; Khin Zaw et al. 
2014; Shi et al. 2021). The TSFB consists of middle 
to upper Paleozoic volcano-sedimentary rocks along 
with late Paleozoic granitic rocks (Cromie et al. 
2018; Zhang et al. 2020). Silurian granites and 
limestones also occur as the basement rocks in this 
terrane (Cromie et al. 2018). 
The LFB hosts several major porphyry-related, 
copper-gold skarns and epithermal gold deposits 
such as Chatree deposit in Thailand (Salam et al. 
2014). The porphyry-related skarn-type Cu-Au 
deposits (Puthep; PUT1 and PUT2, Phu Thap Fah, 
Phu Lon, French Mine) characterized by veins 

typically centered on dioritic to granodioritic 
intrusions (Kamvong et al. 2014; Khin Zaw et al. 
2014). Recently orogenic gold deposits are recorded 
(e.g., Phabon gold deposit, Guo et al. 2019) and 
stratabound Cu–Pb–Ag deposits (e.g., Ban 
Kiouchep, Zhang et al. 2020) were also reported. 
 

 
Figure 1. A Mainland Southeast Asia regional tectonic 
map B Simplified geological map of the Northwest Laos 
region.  
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Similar to the LFB, the TSFB contains major world-
class porphyry-related skarn-type Cu-Au deposits 
(e.g., Phu Kham, Kamvong et al. 2014), epithermal 
Au deposits (e.g., Ban Houayxai, Manaka et al. 
2014), sub-volcanic mesothermal Au deposits (e.g., 
Long Chieng Track, Leaman et al. 2019), sediment-
hosted Au deposits (e.g., Sepon, Cromie et al. 2018) 
and orogenic gold deposits (Bounliyong et al. 2021). 
The geochemistry of zircons from volcanic and 
intrusive rocks using laser ablation inductively 
coupled plasma-mass spectrometry (LA-ICP-MS) 
has been used in mineralized fold belts worldwide to 
discriminate mineralized fertile magmas from pre-
mineralization magmas and provides insights into 
complex petrogenesis that ended in a low-
temperature, hydrous and oxidized fertile magma 
composition (e.g. Dilles et al. 2015; Leslie et al. 
2022; Loucks et al. 2020; Lu et al. 2016). These 
techniques provide detailed geochemical 
information to investigate the petrogenesis of 
mineralized intrusive and volcanic rocks mainly in 
northern Laos by documenting the key trace element 
ratios (e.g., Eu/Eu*, (Ce/Nd)/Yb, Gd/Yb, and Hf) in 
zircons. These data are compared to discriminate 
the evolution of mineralized versus barren magmas 
highlighting the importance of zircon trace elements 
data and mineral fertility studies. 
 
2 Methodology 

2.1 Zircon LA-ICP-MS 

The twenty-one selected zircon mounts are 
prepared from several Cu-Au and Au deposit and 
prospect sites in Laos (Figure 1B); 1) West of 
Vientiane along Mekong (porphyry skarn Cu ± Au), 
2) Ang Noi intrusion-related Au Prospect, 3) Ban 
Nape intrusion-related Prospect, 4) Ban Houayxai 
epithermal Au-Ag Deposit, 5) Long Chieng Track 
(LCT) low-S epithermal Au-Ag-Cu Deposit, 6) Phu 
Kham porphyry-related skarn Cu (-Au) Deposit, 7) 
Ban Phonxai epithermal Au Deposit, 8) Nhon Nhang 
sediment-hosted Cu-Au Prospect, 9) Phu He low-S 
epithermal Au-Ag Prospect, and 10) Pha Gnai 
porphyry-related skarn  Cu ± Au Prospect. The 
zircons were analyzed using an Agilent 7900 
quadrupole ICPMS at CODES, the University of 
Tasmania, coupled to COMPex Pro 110 excimer 
laser operating at 193 nm wavelength and equipped 
with an ASI S155 laser ablation cell capable of 
holding 20 1-inch size grain mounts. The analysis 
was performed at least 1 hour after the ignition of the 
mass spectrometer to stabilize the machine. The 
primary and secondary standards zircons were 
analyzed at the beginning, at the end, and 
throughout the analytical run. The downhole 
fractionation, instrument drift, and mass bias 
correction factors for Pb/U ratios on zircons were 
calculated using analyses on the primary standard 
(91500) and checked on secondary standards 
(Temora), and Plešovice). The 207Pb/206Pb ratio was 
calibrated using analyses on NIST610. The zircons 
were analyzed with a laser beam at 29 µm spots at 

5 Hz and approximately 2 J/cm2 laser fluence. The 
30-second gas blank was analyzed at the beginning 
of each measurement and followed by 30 seconds 
of ablation. The ablation was performed in He 
atmosphere flowing at 0.35 L/min and mixed with Ar 
straight after ablation flowing at 1.05 L/min. Each 
element was measured successively every 0.253 
seconds and recorded for data reduction. Isotopic 
masses collected were 31P, 49Ti, 56Fe, 89Y, 91Zr, 93Nb, 
139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 
163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 
202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U and 238U. 
The U/Pb geochronology data reduction was 
conducted using the LADR software program. 
Cathodoluminescence (CL) imaging techniques 
were obtained and employed to document zircon 
grain structure at Central Science Laboratory at the 
University of Tasmania, using a FEI MLA650 
scanning electron microscope (SEM). The CL 
images were the basis for locating and determining 
the options for LA-ICP-MS and Hf isotope analytical 
sites. 
 
3 Zircon ages and trace elements 

3.1 U-Pb ages  

In Figure 2, U-Pb analyses from the zircons suggest 
that at least three episodes of magmatism occurred 
in the LFB and TSFB: Silurian-Devonian (434-411 
Ma), Early to Middle Permian (299-277 Ma), and 
Late Permian to Middle Triassic (253-243 Ma). The 
Devonian-Carboniferous magmatic episode (ca 
370-310 Ma) previously reported (Khin Zaw et al. 
2014; Salam et al. 2014; Shi et al. 2021) was not 
observed in this study and probably occur in 
different locations. The results show that Early to 
Late Permian (299-250 Ma) magmatism is the 
dominant magmatic activity associated with 
epithermal and porphyry mineralization consistent 
with previous geochronology results (Khin Zaw et 
al., 2014; Kamvong et al., 2014; Shi et al., 2021). 
 
3.2 Porphyry fertility  

Zircon chondrite normalized REE shows light rare 
earth elements (LREE) depletion relative to the 
heavy rare earth elements (HREE) with positive Ce 
anomalies. This pattern is typical of zircons 
worldwide. Most analyzed zircons have similar REE 
patterns. However, samples from the Phu Kham 
porphyry-related skarn Cu (-Au) Deposits 
(GDD05@19m), Long Chieng Track (LCT) low-S 
epithermal Au-Ag-Cu Deposits (ACH067 and 
LSD9@50.9m), and West of Vientiane site (SM06-
114) have anomalously high Ce with either a 
relatively small or no negative Eu anomaly. High 
oxidation state, magmatic water content, high S 
content, and a high degree of fractionation are key 
features of magmas fertile for porphyry Cu 
mineralization. The geochemistry of zircon is a 
robust, helpful tool for evaluating the mineralization  
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Figure 2. U-Pb Concordia isotopic age data for 
representative samples from the magmatic rocks along 
with their representative cathodoluminescence (CL) 
images from zircons. 
 
 
potential in the porphyry environment (e.g., Lee et 
al., 2021; Loucks et al. 2020; Lu et al. 2016) and 
geochemical composition of zircon and ratios such 
as Eu/Eu*, (Ce/Nd)/Y, 104*(Eu/Eu*)/Y, Hf (ppm), 
Dy/Yb, have been widely used as fertility indicators 
to discriminate those fertile magmas from barren 
magmas (e.g., Lu et al. 2016). Chondrite-normalized 
rare earth element pattern of zircon from the dacite 
porphyry from Phu Kham (GDD05@19m) 
demonstrates typically low abundances of LREE and 
relatively high HREE with positive Ce and negative 
Eu anomalies that are consistent with the signature 

of oxidized and hydrous melts. Likewise, zircons 
from a quartz diorite from the West of Vientiane 
along the Mekong River (SM06-114), rhyolite 
porphyry (ACH067), and dacite (LSD09@50m) from 
the Long Chieng Track (LCT) also show large 
positive Ce anomaly with the small Eu anomaly that 
is typical of magmas fertile for porphyry Cu deposits. 
This contrasts with the other intrusive suites that 
display smaller positive Ce and more negative Eu 
anomalies. To further investigate the oxidation state 
of the magmas, the ΔFMQ values were calculated 
(fayalite-magnetite-quartz fO2 buffer: calculated 
using oxybarometer method using Ce, U, and Ti in 
zircon from Loucks et al. 2020). The data clusters in 
three distinct groups of analyses with Permian and 
Triassic zircons from Phu Kham and Triassic zircons 
from West of Vientiane are from strongly oxidized 
magmas and Silurian zircons from the Phu Kham 
and LCT are from strongly reduced magmas (Figure 
3). Several different thresholds have been used to 
discriminate intrusions that are fertile and non-fertile 
for porphyry deposits, (e.g., Eu/Eu* >0.4, Ballard et 
al. 2002; Dilles et al. 2015; Eu/Eu* >0.3, 
10,000*(Eu/Eu*)/Y >1, (Ce/Nd)/Y > 0.01 and lower 
Dy/Yb <0.3, Lu et al. 2016). The dacite porphyry 
from the Phu Kham and quartz diorite from the West 
of Vientiane have the high Eu/Eu* (> 0.5), and low 
Dy/Yb (<0.2) are typical of hydrous magmas 
characterized by early amphibole and clinopyroxene 
crystallization and suppression of plagioclase 
crystallization. In contrast, most of the zircons from 
other magmatic rocks in Laos have a lower Eu/Eu* 
(<0.5). Zircons from some of the Long Chieng Track 
and Pha Gnai samples also had high values of 
Eu/Eu* but show lower ΔFMQ values and are 
therefore considered less prospective. These 
analyses are also much more scattered on many of 
the trace element plots. 
 
4 Conclusions 

The Permo-Triassic magmatic suites from this study 
are identified to be more fertile than the Silurian-
Devonian suites based on their zircon trace element 
compositions. The Phu Kham and the West of 
Vientiane area along the Mekong River are likely 
fertile for porphyry Cu deposits, whereas the Pha 
Gnai and the other suites are less fertile. Some of 
the Long Chieng Track samples are fertile, and 
further work is warranted in the area. This study 
suggests that zircon as a fertility indicator is a useful 
tool to distinguish fertile magmatic suites from the 
barren ones in this area. 
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Figure 3. Zircon trace elements A 10,000*(Eu/Eu*)/Y vs 
(Ce/Nd)/Y B Eu/Eu* vs Dy/Yb C Eu/Eu* vs ΔFMQ, 
differentiated based on trace element compositions in 
zircon related to oxidation and hydrous conditions. 
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Abstract. Understanding the primary controls on the 
formation of mineral deposits is fundamental to assist 
exploration geologists in finding more resources in an ever 
growing high-demand world. Even though Porphyry 
Copper Systems have been extensively researched, the 
primary controls on the tonnage of deposits are still poorly 
quantified. Recent studies suggest the timescales and 
physical parameters involved in the formation of such 
deposits might be the missing key control. Here we 
investigate the behemothian deposits of the 
Chuquicamata District in northern Chile and show that 
prolonged magmatic and hydrothermal activities were 
involved in their formation. Our high precision 
geochronology results point to the occurrence of multiple 
magmatic-hydrothermal events, separated in space and 
time. An unexposed intrusion could explain the temporal 
gap between hydrothermal and magmatic activities in the 
Chuquicamata District. A long lived magmatic history with 
pulsed hydrothermal events in the same area seem to 
favour the formation of oversized deposits without 
triggering eruptions. 
 
1 Introduction  

The development of new technologies and 
consequent pursuit of alternative greener sources of 
energy will increase significantly the demand for 
metals in the coming decades. Porphyry copper 
deposits are the main source of copper and other 
base metals that will continue to play a key role in 
future. Thus, these systems have been thoroughly 
studied and many important ore-forming processes 
are well understood. However, one remaining 
question regarding porphyry copper systems (PCS) 
addresses the size distribution of such deposits, 
which varies over 5 orders of magnitude (Singer et 
al. 2008). 
Since some of the processes involved are common 
to those that occur in most magmas in arc settings, 
it has been suggested that giant PCS are simply the 
result of the “perfect alignment” of processes and 
conditions (Richards 2013). Recent studies applied 
numerical simulations and suggested physical 
parameters could be the primary controls on the size 
of the deposits (e.g. Chelle-Michou et al. 2017; 
Chiaradia & Caricchi 2022). Such simulations show 
that the volume and duration of magmatic activity 
have a key control over the total endowment of a 
deposit and that magma volumes necessary to 
generate some of the largest deposits are 
comparable to those required to produce super 
eruptions (Chelle-Michou et al. 2017; Chelle-Michou 
& Rottier 2021; Chiaradia & Caricchi 2022). The 
relative timing of hydrothermal and magmatic 
activities in the Chuquicamata porphyry system, a 

behemothian deposit located in northern Chile, is 
investigated here. 
 
2 Geological Background 

The Eocene-Oligocene metallogenic belt of 
northern Chile hosts many of the country’s most 
important copper deposits, including the 
behemothian Chuquicamata, one of the biggest 
deposits in the world, with more than 100 Mt of 
copper and a mining history of over a century 
(Ossandón et al. 2001; Rivera et al. 2012; Figure 1).  
The Chuquicamata Intrusive Complex (CIC; 
Tomlinson et al. 2018) comprises the intrusive rocks 
associated with the Cu-Mo mineralization at the 
Chuquicamata and Radomiro Tomic deposits. It 
occurs as a NNE 14 km-long, 0.7–2 km-wide west-
dipping subvertical dike that outcrops mostly within 
the mines, extending from Chuquicamata to north of 
the Radomiro Tomic mine (Rivera et al. 2012). In 
Chuquicamata, the unit presents, to the east, both 
intrusive and fault contacts with the Triassic East and 
Elena Granodiorites and Jurassic metasedimentary 
rocks of the Caracoles Group (Tomlinson et al. 
2018). To the west, it is truncated by the West 
Fissure, which juxtaposes the complex against the 
Eocene Fortuna Complex (Ossandón et al. 2001; 
Rivera et al. 2012; Tomlinson et al. 2018). Towards 
the north, within the Radomiro Tomic mine, the 
complex presents intrusive contacts with the Elena 
Granodiorite to the east and to the west (Rivera et 
al. 2012). 
The CIC is composed of three main units. The Este 
porphyry is the most abundant lithology, comprising 
most of the CIC. It is a granodiorite with “crowded” 
texture, abundant phenocrysts (plagioclase, biotite, 
deformed quartz, titanite and hornblende) in a fine-
to coarse- groundmass composed of quartz and K-
feldspar (Ossandón et al. 2001; Arnot 2003). Smaller 
bodies of texturally different porphyries intrude the 
Este porphyry: (1) the Banco porphyry, with bimodal 
size distribution of plagioclase phenocrysts, 
aphanitic groundmass (Arnott, 2003), often 
described as “more porphyritic” than Este porphyry 
(Ossandón et al. 2001; Rivera et al. 2012, Tomlinson 
et al. 2018); and (2) the Oeste porphyry, which 
presents a finer, aplitic groundmass, and lower 
crystallinity (Ossandón et al. 2001, Arnot 2003, 
Rivera et al 2012). A fourth variety of porphyry, the 
Fino porphyry, is reported only in the Radomiro 
Tomic mine. It differs from the Este porphyry mainly 
by presenting smaller biotite in the groundmass 
(Cabrera 2011; Tomlinson et al. 2018). 
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Previous work in the CIC reported that sharp 
intrusive contacts are observed only between Este 
and Banco porphyries, whereas the contact between 
Oeste and Este is diffuse and often gradational 
(Ossandón et al. 2001). The Fino porphyry is 
intruded by the Oeste Porphyry in the Radomiro 
Tomic mine (Tomlinson et al. 2018). 
 

 
Figure 7 – Simplified geological map of the Chuquicamata 
District, modified after Rivera et al 2012. 
 
Previous geochronological studies on the 
Chuquicamata District identified two ages of 
porphyry intrusion. The Este Porphyry yields zircon 

U-Pb SHRIMP age of 35.2 ± 0.4 Ma (Ballard et al. 
2001; Campbell et al. 2006) whereas the Oeste and 
Banco Porphyries yield younger and identical 
crystallization ages (34.0 ± 0.3 and 34.1 ± 0.3 Ma, 
respectively, Ballard et al. 2001; Campbell et al. 
2006). Recent Re-Os molybdenite dates for the 
Chuquicamata mine, constrain the mineralization 
between 32.9 ± 0.2 and 31.9 ± 0.2 Ma (Barra et al. 
2013). The long-lived protracted magmatic-
hydrothermal history of Chuquicamata led authors to 
suggest superimposed events that ultimately 
produced the giant deposit (e.g. Ballard et al. 2001). 
 
3 Materials and methods 

3.1 Sample summary 

Our geochronological investigation covers all 
lithologies found in the CIC, including a north - south 
spatial coverage of Este porphyry, the most 
abundant unit. Molybdenite occurring both in 
sheeted “blue veins” and small B-type veins were 
sampled. 
 
3.2 Zircon U-Pb Geochronology 

Zircon separates were obtained by conventional 
techniques (crushing, panning, sieving and density 
separation using a heavy liquid). After picking, the 
grains were annealed (900°C furnace for 48-60 h) 
and mounted in epoxy mounts. Preliminary U-Pb 
dating and trace element compositions of the outer 
rims of the crystals were obtained using LA-ICP-MS, 
in order to characterize the last magma from which 
the zircons crystallized. Afterwards, the grains are 
polished and cathodoluminescence (CL) images are 
obtained for textural characterization. A second LA-
ICP-MS session was conducted on the cores and 
rims of the same grains to obtain dates and trace 
element compositions. 
After data reduction, around 10 to 15 zircon crystals 
from each sample were selected for high precision 
geochronology using Chemical Abrasion Isotope 
Dilution Thermal Ionization Mass Spectrometry (CA-
ID-TIMS). Grains were selected based on absence 
of inclusions and inheritance and homogeneity of the 
grain. 
All LA-ICP-MS work was conducted in the Institute 
of Geochemistry and Petrology at ETH Zurich, using 
a 193-nm Resolution (S155) ArF excimer laser 
coupled to an Element SF-ICP-MS. CA-ID-TIMS 
analyses were conducted in the same institute and 
the samples were measured with a TRITON Plus 
thermal ionization mass spectrometer using 
protocols modified from von Quadt et al. (2016) and 
Wotzlaw et al. (2017). 
 
3.3 Molybdenite Re-Os Geochronology 

Molybdenite separates were prepared by 
handpicking under a binocular from samples that 
underwent crushing in the hydraulic press, dry 
sieving (fraction <300µm and >63µm), magnetic 
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separation and density concentration by heavy 
liquid. Some samples were handpicked from 
fractions prepared following the HF dissolution 
protocol of Lawley and Selby (2012), more suitable 
for fine-grained molybdenite enclosed in quartz. Re-
Os analyses were performed in the Source Rock and 
Sulphide Geochronology and Geochemistry 
Laboratory in Durham University. 
 
4 Relative timing of magmatic and 

hydrothermal activities in Chuquicamata 

Zircon U-Pb high precision geochronology shows 
the porphyry units present broad distribution of 
ages, lasting up to 1 Myr at the hand-sample scale. 
Within the Este porphyry, individual zircon dates 
tend to be older in the northern part of the CIC. 
Towards south, the zircon distribution tends to be 
much narrower (Figure 2). 
 

 
Figure 8 – Geochronological summary of the 
Chuquicamata Intrusive Complex. Each bar is an 

individual date with its associated 2σ and the curves 
represent KDE for each sample. For the porphyries, the 
zircon U-Pb TIMS date is presented while for molybdenite, 
the Re-Os date is shown. 
 
We interpret the youngest zircon dates as the 
emplacement ages for each sample. In Radomiro 
Tomic, emplacement ages are very similar between 
different porphyries, and up to 500 kyr older than in 
Chuquicamata. The Oeste porphyry in Radomiro 
Tomic has a slightly younger emplacement age, 
consistent with crosscutting relationships (e.g. 
Cabrera 2011). 
In the Chuquicamata mine, the Este porphyry mostly 
presents similar emplacement ages (within 
uncertainty) regardless of spatial location. The 
Oeste porphyry presents indistinguishable zircon 
date distribution compared to the Este porphyry. 
Despite being considered up to 1 Myr younger (e.g. 
Ballard et al 2001; Campbell et al. 2006) our 
preliminary data suggest the Oeste porphyry is 
closely associated with Este porphyry and possibly 
reflects a local textural variant of the same unit. High 
precision zircon dating of the Banco porphyry 
confirm it is a younger intrusion in the system, 
emplaced up to 2 Myrs after the Este Porphyry. 
The preferential occurrence of older zircon grains 
only in the northern part of the CIC (including 
Radomiro Tomic and the north of Chuquicamata) is 
coincident with samples topographically higher. This 
suggests older parts of the underlying magma 
reservoir are preferentially sampled in the northern 
part of the deposit, which appears to be further away 
from the feeding zone. The southernmost samples 
also come from deeper parts of the deposit (Figure 
3), where the more homogeneous distribution of 
zircon dates occur. This could suggest either that this 
zone is fed by a more homogeneous section in the 
underlying pluton, or potentially that it’s closer the 
feeder zone of the megadyke. 
Molybdenite Re-Os geochronology results suggest a 
pulsed behaviour on hydrothermal activity in the CIC 
(Figure 2) and a clear correlation between vein type 
and molybdenite age. The oldest molybdenite ages 
are obtained in the Radomiro Tomic deposit, 
separated by a few ten of thousands of years from 
the hydrothermal activity within the Chuquicamata 
mine. There, molybdenite crystallized for over 1 Myr 
and the obtained dates suggest one continuous 
long-lived hydrothermal event. Alternatively, our data 
reflect a pulsed behaviour for molybdenite 
crystallization within the Chuquicamata mine that 
was unresolvable with high-precision Re-Os 
geochronology. In Chuquicamata the older set of 
molybdenite dates only marginally overlap with the 
Banco porphyry and may in fact be younger.  
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Figure 9 – Spatial distribution of zircon U-Pb dates for the 
CIC. Samples are color-coded according to the altitude 
they were taken from (true depth calculated with dip of drill 
cores). 
 
5 Preliminary conclusions 

We investigated the timescales of magmatic and 
hydrothermal activity in the Chuquicamata Intrusive 
Complex (CIC) using zircon and molybdenite high 
precision geochronology. Preliminary results 
suggest complex spatial distribution of dates, 
suggesting different parts of the underlying magma 
reservoir were preferentially sampled in different 
moments of time or crystallized zircons at different 
moments. 
The apparent age gap between the emplacement of 
the porphyries and the hydrothermal activity 
observed in the Chuquicamata deposit raises an 
alert to assuming that the mineralized porphyries are 
necessarily genetically linked to the mineralization. 
In the CIC, it seems that the volumetrically minor 
Banco porphyry is the most temporally associated 
with the mineralization. However, the youngest 
molybdenite dates suggest there’s potentially 
another unexposed intrusion, deep in the system 
and responsible for the mineralization, as previously 
suggested based on younger Ar-Ar and K-Ar dates 
obtained for the district (e.g. Ballard et al 2001; 
Rivera et al 2012). 
Long lived magmatic systems with multiple episodes 
of intrusion and hydrothermal activity are also 
observed in other giant deposits, such as El Teniente 
(Spencer et al. 2015) and they seem to be favorable 
to forming behemothian deposits such as the 
Chuquicamata District. 
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Abstract. Production of Cu-rich melts via melting of 
sulfide-bearing lower crustal cumulates is thought to 
contribute to porphyry Cu formation at the post-collisional 
Gangdese belt (Tibet). We present new whole rock 
platinum group elements (PGE) data for ore-causative 
granites (OCG), ore-related granites (ORG) and barren 
granites (BG) from the Gangdese belt. The OCG, ORG 
and BG show indistinguishable PGE and Cu/Ag at a given 
MgO during differentiation down to ~2 wt.% MgO. These 
systematics, together with the occurrence of sulfides, 
indicate that the propensity for some Gangdese magmas 
to be ore-associated is unrelated to the magma source or 
the magmatic evolution. The behavior of PGE and Cu 
during differentiation of the OCG, ORG and BG diverges 
when melts evolve past 2 wt.% MgO. The OCG and ORG 
rapidly reached fluid saturation and released their metals 
to the hydrothermal fluids or silicate melts as a result of 
sulfide resorption. In contrast, BG show the sharp 
decrease in Cu until ~1 wt. % MgO. Because the OCG are 
cogenetic with the ORG granitoids and contain textural 
evidence for focused fluid exsolution, we suggest that 
metals in the magma reservoir have been efficiently 
extracted when the magma body reach fluid saturation.  
 
1 Introduction  

A series of post-collisional (Miocene; 22-12Ma) 
porphyry copper deposits (PCDs) with Cu reserves 
of over 45 Mt have been discovered in the 
Gangdese magmatic belt in southern Tibet (Hou et 
al. 2009, 2015a; Yang and Cooke 2019). The ore-
forming magmas are generally characterized by 
felsic composition, high-K calc-alkaline signature, 
high-Sr/Y and La/Yb ratios and are regarded as the 
products of melting of lower crustal mafic cumulates 
(Hou et al. 2015b; Wang et al. 2015, 2018). Previous 
studies have suggested that the ore-related 
magmas are more Cu-rich than the barren magmas 
because of melting of sulfides in the lower crust 
(Hou et al. 2015b) and/or secondary sulfides formed 
during hydrous metasomatism of the subcontinental 
lithospheric mantle (SCLM) (Zheng et al. 2019). 
However, numerous geochemical studies have 
suggested that magmas that are enriched in 
economic metals (e.g., Cu and Au) are not a 
requirement for porphyry Cu mineralization (Halter 
et al. 2005; Zhang and Audétat 2017; Du and 
Audétat 2020; Hao et al. 2021). Instead, several 
magmatic processes occurring in the upper to 
middle crust are regarded as contributing factors for 
the formation of PCDs, such as: (1) magmatic-
sulfide fractionation happening before or after 
volatile exsolution (Jenner et al. 2010; Wilkinson 
2013; Hao et al. 2019; Park et al. 2019); (2) 

cannibalization of pre-existing magmatic sulfides in 
upper crustal magmatic mush systems (Halter et al. 
2005; Nadeau et al. 2010); (3) the volume of magma 
with “normal” Cu concentrations; and (4) the 
timescales of magmatic activity (Chelle-Michou et 
al. 2017; Chiaradia and Caricchi 2017; Chelle-
Michou and Rottier 2021).  

In this study, we selected a series of Gangdese 
belt post-collisional granitoids from ore-causative 
(source porphyry stocks for porphyry mineralization), 
ore-related (precursor pluton or mafic dykes 
emplaced penecontemporaneously with porphyry 
stocks) and barren magmatic systems and use a 
combination of petrology, geochemistry and 
literature data to track the role of magmatic sulfides 
during ascent, differentiation, and degassing of 
Gangdese magmas.  
 
2 Geological Settings 

The Gangdese belt in southern Tibet preserves a 
continuous magmatic record from the Late Triassic 
to the middle Miocene, which includes Neo-Tethyan 
oceanic slab subduction from 210-60 Ma and the 
India-Asia collision from 60-55 Ma (Zhu et al. 2011; 
van Hinsbergen et al. 2012; Wang et al. 2018). The 
Miocene post-collisional extension-related 
magmatism is characterized by predominantly 
potassic-ultrapotassic (trachytic) volcanism west of 
~89°E and by granitoids with high-Sr/Y ratios (also 
named high-Sr/Y granitoids) east of ~89°E (Wang et 
al., 2018). There are also sparse Oligocene high-
Sr/Y granitoids at Zedang and Miocene diorite 
porphyries at Xigaze and in the ore fields (Fig. 1). 
Many of the Oligocene to Miocene granitic 
intrusions contain mafic magmatic enclaves (MME), 
which have been attributed to mixing between the 
high-Sr/Y granitic magmas and more mafic mantle-
derived ultra-potassic magmas (Zheng et al. 2012; 
Lu et al. 2015). Alternatively, others attribute the 
occurrence of MME at other settings (e.g., Nisyros 
volcano, Aegean arc, Greece) to entrainment of 
clasts of mafic material (e.g., sulfide-bearing 
cumulates) from the lower crustal magmatic mush 
zones that lie beneath intrusions and volcanoes 
(e.g., hot crustal mush zones, see Annen et al. 
2006) by melts that are filtering upwards through the 
mush zones (Georgatou et al. 2022 and references 
therein). Indeed, the MME associated with the 
Gangdese Miocene Qulong porphyry magmas 
(Yang 2008) show a range in Cu from 130 to 1287 
ppm, which are consistent with the high Cu 
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concentrations expected for sulfide-bearing mushes 
(e.g., Chen et al. 2020; Guo et al. 2020). 

Most of the porphyry Cu-Mo deposits in the 
Gangdese belt, including two giant deposits 
(Qulong, 2200 Mt @ 0.5% Cu; Jiama, 1055 Mt @ 
0.44% Cu; Yang and Cooke 2019) and several 
smaller deposits, were formed in the Miocene, in 
response to rapid uplift and erosion of the Gangdese 
arc batholiths (Yang et al. 2009). These porphyry 
Cu(-Mo) systems are centered around granitic 
porphyritic stocks which intruded into and/or through 
composite precursor batholiths. The ore-causative 
stocks and other ore-bearing pre-mineralization and 
post-mineralization intrusions are commonly high-
Sr/Y granitoids emplaced at 30-12 Ma. At some 
deposits the ore-causative stocks are associated 
with post-mineralization high-Mg diorites or 
lamprophyre dykes (Yang and Cooke, 2019). This 
study focuses on: (1) the ore-causative granitoids 
(OCG); (2) pre- and post-mineralization high-Sr/Y 
ore-related granitoids (ORG); and (3) high and low 
Sr/Y granitoids that are unrelated to any deposits, 
which are referred to here as barren granitoids (BG). 
 
3 Results 

3.1 Major and trace elements 

On the total alkalis (Na2O+K2O) verses silica (TAS) 
diagram, the Gangdese samples show a range in 
compositions from monzodiorite to granite, with SiO2 
concentrations ranging from 50.2 wt. % to 75.5 wt. 
%. The OCG samples span to higher SiO2 
concentrations than the ORG and BG samples, 
whereas the BG samples span to lower SiO2 
concentrations compared to the other samples. All 
samples show a decrease in FeOT with decreasing 
MgO. The least fractionated primitive (highest MgO) 
ORG samples are offset to lower FeOT at a given 
MgO compared to the BG samples. However, all 
three groups of samples with ~2 wt.% MgO show an 
overlapping range in FeOT. Collectively, the 
Gangdese samples show an initial increase in P2O5 
with decreasing MgO and an inflection in the trend 
at ~3-5 wt.% MgO. 
 
3.2 Chalcophile elements 

The majority of the Gangdese samples analyzed for 
this study show a decrease in Cu concentrations 
with decreasing MgO from 361 ppm Cu in the most 
primitive MgO-rich sample, down to 15.2 ppm Cu in 
the most fractionated MgO-poor sample. The OCG, 
ORG and BG samples show an overlapping and 
very narrow range in Cu until at ~2wt.% MgO, then 
the OCG and ORG samples decrease of an order of 
magnitude. Exceptions include most of altered 
samples and two of the OCG samples and one of the 
ORG samples, which Cu contents are two orders of 
magnitude greater than the fresh OCG and ORG 
samples with the similar MgO concentrations. With 
the exceptions of one high Ag and Au BG sample, 
the altered samples also have relatively higher Ag 

and Au contents than the fresh ones (Fig. 1). In 
contrast, the altered samples are indistinguishable 
from the other samples on plots of MgO versus 
FeOT, P2O5, Sr, Y and Sr/Y, Pd, Pt, Ir and Ru (Fig. 
1). When compared to literature data for samples 
from the Gangdese with <2 wt.% MgO, it is notable 
that many other OCG and ORG samples also have 
extremely variable Cu at a given MgO compared to 
literature BG data. The BG samples show a 
moderate decrease in Cu with decreasing MgO and 
an inflection in the trend at ~1 wt.% MgO. 
 
4 Chalcophile and siderophile element 

systematics of the Gangdese magmas 

With the exception of three high Cu samples and 
altered samples, the majority of the sample analyses 
presented here show an overlapping and extremely 
narrow range in Cu concentrations. Notably, these 
Cu trends are defined by Gangdese samples from a 
range of different localities but mostly from Qulong. 
Similarly, with the exception for Pt, the other PGE, 
Au and Ag contents of ORG and OCG samples also 
are indistinguishable from the BG samples until ~2 
wt.% MgO (Fig 1). Hence, the propensity for 
Gangdese magmas to fuel the formation of ore-
deposits in the region appears to be unrelated to the 
initial Cu of the parental melt or the initial behavior of 
Cu during magma differentiation down to ~2 wt.% 
MgO. Hence, melting of lower-crustal sulfide-bearing 
cumulates (Hou et al. 2015b; Zheng et al. 2019) as 
a model to explain why only some of the magmas 
are ore-causative appears to be inconsistent with the 
chalcophile elements systematics of the Gangdese 
magmas. In particular, the <2 wt.% MgO samples 
that were analyzed for this study, together with 
literature data for <2 wt.% MgO samples (Fig. 1) 
show an extremely large range in chalcophile 
elements at a given MgO compared to samples with 
>2 wt.% MgO. Thus, it is important to assess the 
potential cause (s) of the inflection of these 
chalcophile elements trends and the difference 
between the ore-associated samples and barren 
ones. 

The PGE and Cu show extremely various after ~2 
wt.% MgO. Several previous studies (Nadeau et al., 
2010; Reekie et al. 2019; Wieser et al. 2020; 
Georgatou et al., 2022) all show that the chalcophile 
elements contents have an instant change after 
sulfide resorption. Together with the texture 
evidence of fluid exsolution (e.g., miarolitic cavities 
and UST quartz) found in OCG porphyries (Yang et 
al. 2009), we suggest that the sulfides in magma 
reservoir may be resorbed after fluid exsolution.  
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Figure 1. Plots of Cu, Au, Pt, Pd, Ir and Ru versus MgO 
for samples analyzed for this study, local previous study, 
and intrusions associated with porphyry deposits located 
in regions of thick (!55km) Chilean crust.  
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Can post-subduction porphyry Cu magmas form by 
partial melting of typical lower crustal amphibole-rich 
cumulates? 
 
Jingbo Zhang1,2, Jia Chang2, Rui Wang1, Andreas Audétat2 
1China University of Geosciences, Beijing, China 
2University of Bayreuth, Bayreuth, Germany 
  
Abstract. Lower crustal cumulates are considered a likely 
source for porphyry Cu-forming magmas in post-
subduction settings. However, it remains controversial 
whether post-subduction porphyry Cu magmas can be 
produced by partial melting of lower crustal arc cumulates. 
Here we performed detailed petrographic and 
geochemical studies on exhumed lower to middle crustal 
cumulates from the Gangdese and Kohistan arc sections, 
and then conducted partial melting experiments at 1.5 
GPa and 800-1150 °C using a piston cylinder press. Both 
the Gangdese and the Kohistan arc-root samples formed 
as cumulates in the lower to middle crust, but the Kohistan 
samples were subsequently brought into the garnet 
stability field during the India–Eurasia continental collision. 
Most of the Gangdese samples contain relatively high 
abundances of magmatic sulfides preserved in the form of 
monosulfide solid solution (MSS). In contrast, most of the 
Kohistan samples contain very low abundances of Cu-rich 
sulfides, probably due to metamorphic dehydration and up 
to 2 wt.% partial melting. Furthermore, the experimental 
partial melts contain much less K2O, MgO, Cl and ±S than 
typical post-subduction porphyry Cu-forming magmas. 
Hence, we conclude that the role of sulfide-rich arc 
cumulates in the formation of post-subduction porphyry Cu 
magmas has been severely overestimated. 
 
1 Introduction  

Porphyry Cu deposits are typically formed in 
subduction zones (Richards 2003; Sillitoe 2010). 
These subduction-related porphyry Cu magmas 
were produced by fractionation of mafic magmas 
derived from metasomatized asthenospheric mantle 
wedge, which provides the major source of metals 
(e.g., Cu and Au) and volatiles (e.g., H2O, S and Cl) 
for the ore formation (Richards 2003, 2015b; Audétat 
and Simon 2012). However, large porphyry Cu 
deposits that are generally related to more 
potassium-rich magmas have been discovered in 
post-subduction settings (Hou et al. 2004; Richards 
2009), particularly in the Alpine-Himalayan Tethyan 
orogen (Richards 2015a). Due to the absence of 
oceanic slab subduction during the formation of 
these deposits, the origin of the associated magmas 
has been a matter of debate. The most popular 
model proposes that post-subduction porphyry Cu 
magmas were produced by partial melting of lower 
crustal, amphibole-rich cumulates that were formed 
by earlier subduction-related magmatism, with or 
without minor contributions from lithospheric mantle-
derived potassic to ultrapotassic mafic magmas 
(Hou et al. 2004; Yang et al. 2015; Wang et al. 2018). 
The lower crustal partial melting model suggests that 
dissolution of magmatic sulfides from amphibole-rich 

arc cumulates may have provided abundant Cu, Au 
and S for post-subduction porphyry Cu magmas 
(Richards 2009; Hou et al. 2017; Chang and Audétat 
2018; Hou and Wang 2019).  
In this study, we first performed a detailed 
petrographic and geochemical study on two sets of 
exhumed amphibole (± garnet)-bearing lithologies at 
Lilong in the Tibetan Gangdese arc (SW China) and 
at Jijal in the Kohistan arc (NE Pakistan). 
Subsequently we conducted 14 piston-cylinder 
partial melting experiments on sulfide-rich 
hornblendite and gabbronorite from Gangdese at 1.5 
GPa and 800-1150 °C. The results were used to 
reveal the petrogenesis of the Kohistan garnet-
bearing lithologies and the behavior of magmatic 
sulfides during metamorphic and partial melting 
processes. Furthermore, the role of sulfide-rich, 
hydrous arc cumulates in the formation of post-
subduction porphyry Cu magmas is discussed. 
 
2 Results 

2.1 Sulfide petrography and geochemistry 

All the Gangdese arc-root samples contain 
magmatic sulfides in the form of sulfide inclusions 
within other minerals and in the form of interstitial 
sulfides. Well-preserved sulfide inclusions, 
consisting of pyrrhotite plus minor amounts of 
chalcopyrite and pentlandite (Figure 1a, b), are 
rather common in hornblende of hornblendite 
samples. The hornblendites contain the most 
abundant magmatic sulfides (~0.4 vol.%). Sulfide 
inclusions in gabbroic rocks are hosted by both 
hornblende and plagioclase. Many sulfides 
(particularly the interstitial ones) are partially to 
completely altered to Fe oxide assemblages, in 
which tiny residual sulfides (pyrite or chalcopyrite) 
are often visible (Figure 1c). The sulfide inclusions 
consist dominantly of FeS, with 1.2-8.3 wt.% Cu, 0.1-
1.5 wt.% Ni, and 0.2-0.4 wt.% Co. 
In contrast, the Kohistan arc-root samples are 
generally very poor in magmatic sulfides. The 
olivine- and hornblende-clinopyroxenite samples 
contain very rare sulfides that consist of pyrrhotite, 
pentlandite and chalcopyrite. No sulfides were found 
in the Kohistan garnet granulites. The modal 
abundance of sulfides in the garnet-bearing 
ultramafic samples (including the decomposed 
equivalents that can be identified) is highly variable 
from virtually none to ~1 vol.%. Hornblende or 
clinopyroxene in some samples contain a few well-
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preserved sulfide inclusions, all of which are 
composed of pyrrhotite plus minor chalcopyrite ± 
pentlandite/pyrite (Figure 1d). Garnets in some 
garnetites samples contain very Cu-rich sulfide 
inclusions that consist of either bornite plus 
chalcopyrite, pyrite ± digenite (Figure 1e), or of 
chalcocite and digenite (Figure 1f). However, most 
sulfide inclusions and all intergranular sulfides in the 
garnet-bearing ultramafic samples were transformed 
into an intergrowth of greenschist-facies minerals 
(epidote + actinolite ± albite ± diopside), Cu-rich 
sulfides (chalcopyrite ± bornite ± digenite) and fine-
grained hematite (Figure 1g, h). The Kohistan sulfide 
inclusions hosted in hornblende and clinopyroxene 
have similar compositions to the Gangdese MSS 
inclusions, but sulfide inclusions hosted in garnet 
show extremely variable Cu contents ranging from 
12 to 80 wt.%. 

 
 
Figure 1 Photomicrographs and BSE image of 
sulfides from the Gangdese arc root (a-c) and the 
Kohistan arc root (d-h). Abbreviations: Bn – bornite; 
Cpy – chalcopyrite; Dg – digenite; Di – diopside; Pe 
– pentlandite; Po – pyrrhotite; Ab – albite; Act – 
actinolite; Ep – epidote; Grt – garnet; Ttn – titanite. 
 
2.2 Experimental melt compositions 

In the three runs using hornblendite as starting 
material, the partial melts show basaltic 
compositions (38-41 wt.% SiO2 normalized dry). By 
contrast, the partial melts in the other runs using 
gabbronorite or the 1:1 mixture of gabbronorite and 
hornblendite as starting material show andesitic to 
rhyolitic compositions (56-73 wt.% SiO2 normalized 
dry). In the latter runs, the SiO2 contents of melts 
increase with the decrease of temperature, while the 
Al2O3, MgO, FeOT, CaO, and TiO2 contents 
decrease with the decrease of temperature. The 
Na2O contents of the melts vary from 1.5 to 5.6 wt.%, 
but most are in the range of 4.0-6.0 wt.%. Notably, 
all experimental melts show very low K2O contents 
of ≤1.4 wt.% (Figure 2b). 
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Figure 2 Diagrams showing the major and volatile 
element compositions of experimental melts 
produced in the present study (colored symbols) and 
in previous studies (minus and plus symbols), 
compared with the whole-rock compositions of post-
subduction ore-forming magmas in the Tethyan 
Alpine-Himalaya orogenic belt. Abbreviations: CA – 
calc-alkaline series; K-CA – high-K calc-alkaline 
series; SH – shoshonite series; TH – tholeiite series; 
S – sulfide; A – anhydrite. 
 

Water contents of partial melts were estimated by 
the difference of the EPMA totals to 100 wt.% and 
applying a correction based on the analysis of 
glasses with known H2O contents (glasses #7, #13, 
#35 and #36 of Botcharnikov et al. 2011). For the 
runs that hornblende dehydration is the dominant 
reaction, the melt water content can be 
independently calculated by mass balance using an 
assumed 2 wt.% water in hornblende, and the 
EPMA-determined melt water contents are in good 
match with the results of mass balance calculations. 
For silicic melts (SiO2 > 65 wt.%), the water content 
is greater than 6 wt.%. The melt water contents of 
the two water-fluxed runs are around 12 wt.%.  Mafic 
melts of the hornblendite melting experiments show 
relatively high S concentrations (779-1205 ppm by 
weight), whereas intermediate to felsic melts of all 
the other experiments contain ≤600 ppm S, even 
though two of the latter experiments were anhydrite-
saturated. Both sulfide and anhydrite are stable, 
suggesting an oxygen fugacity between ΔFMQ+1.5 
and ΔFMQ+2.5 (Parat et al. 2011). The intermediate 
to felsic melts also contain rather low Cl 
concentrations (≤600 ppm). 
 
3 Implications for post-subduction 

porphyry Cu deposits 

In contrast to "normal" porphyry Cu deposits, post-
subduction porphyry Cu deposits formed when 
there was no ongoing subduction of oceanic slabs. 
The magmas associated with the latter type of ore 
deposits are characterized by relatively high 
potassium contents (≥3.0 wt.% K2O; Figure 2b), 
high volatile contents (H2O, S and Cl), and high 
oxidation state (Richard 2011, 2015b; Wang et al. 
2018). In many studies it was proposed that these 
magmas were derived from re-melting of sulfide-
bearing arc cumulates in the lower crust (e.g., Hou 
et al. 2017; Wang et al. 2018). 

Consistent with several previous studies (Lee et 
al. 2012, Chiaradia 2014; Chang and Audétat 2018; 
Du and Audétat 2020), our study of arc-root samples 
suggests that sulfides indeed tend to be precipitated 
at the base of magmatic arcs, but abundant sulfides 
could have been removed by metamorphic 
dehydration prior to partial melting in the course of 
crustal thickening. 

The presence of garnet in our partial melting 
experiments can lead to the generation of melts with 
high La/Yb and Sr/Y ratios, which are characteristic 
features of post-subduction porphyry magmas (e.g., 
Hou et al. 2004; Wang et al. 2019). However, both 
dehydration and water-fluxing partial melting 
experiments in our and most previous studies 
contain too little potassium (<3.0 wt.% K2O including 
some runs with relatively high K2O content in the 
starting materials; our experimental melts contain 
only 0.2-1.4 wt.% due to the relatively low K2O 
content of the starting materials; Figure 2b). This is 
in strong contrast with the ≥3.0 wt.% K2O of ore-
forming magmas in the Gangdese and Sanjiang 



 

© Society for Geology Applied to Mineral Deposits, 2023 
 

132 

belts (Figure 2b). In addition, MgO contents of 
partial melts in our and previous experiments are 
generally lower than those of the ore-forming 
magmas, particularly in the Urumieh-Dokhtar belt 
(Figure 2c).  

High magmatic H2O content is thought to be 
favorable for the formation of porphyry Cu deposits 
(Richards 2003), but the H2O content of porphyry Cu 
magmas is poorly constrained. Our dehydration 
experiments show that the H2O content of silicic 
partial melts (SiO2 >65 wt.%) is more than 6 wt.% 
(Figure 2d), suggesting that breakdown of 
hornblende generates melts that may be hydrous 
enough to produce porphyry Cu deposits (Richards 
2009). However, Lu et al. (2015) proposed that ore-
forming magmas in post-subduction settings 
probably contained >10 wt.% H2O. Apparently, more 
studies are needed to better understand the H2O 
content of ore-forming magmas. 

Two other volatile elements (S and Cl) are also 
crucial as ligands for the transportation and 
deposition of Cu (Richards 2003). Ore-forming 
magmas in subduction settings were estimated to 
contain up to 2500 ppm S (Grondahl and Zajacz 
2022). The presence of abundant magmatic 
anhydrite in some subduction-related mineralizing 
porphyries suggests that the ore-forming magmas 
are relatively sulfur-rich (e.g., Audétat et al. 2004). 
Magmatic anhydrite was also found in the Qulong 
and Yulong post-subduction porphyry Cu deposits, 
suggesting that post-subduction porphyry Cu 
magmas may be also sulfur-rich. High sulfur 
contents of the Gangdese mineralizing magmas 
seem to be supported by high S contents of 
magmatic apatite (Tang et al. 2020). However, our 
experimental intermediate to felsic partial melts 
contain only 68-560 ppm S (Figure 2e). Typical 
intermediate to felsic arc magmas contain 500-2500 
ppm Cl (Wallace 2005). The post-subduction 
porphyry Cu magmas at Bingham Canyon contain 
1000-3000 ppm Cl (Grondahl and Zajacz 2017). 
However, Cl concentrations in our experimental 
intermediate to felsic partial melts are extremely low 
(210-570 ppm Cl; Figure 2f).  

In summary, dehydration- or H2O-fluxed partial 
melting of sulfide-rich, hydrous lower crustal arc 
cumulates does not produce magmas that match 
the relatively high K2O, MgO, Cl and ±S contents of 
post-subduction porphyry Cu magmas. 
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