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Abstract. A long-outstanding question has been the 
relation between Andean arc and backarc magmatic and 
tectonic processes and the formation of giant Andean Cu, 
Au, Ag, Zn and Sn deposits.  Integrating geochemical, 
geophysical and structural studies provides insights into 
some possible links in the Neogene Andes of Chile, 
Argentina and Bolivia.  The relation of Andean tectonic 
processes and ore deposits are explored in two 
examples. The first involves the role of shallowing 
subduction zones related to aseismic ridge collision, 
crustal thickening and forearc subduction erosion in 
setting the stage for generating the giant Miocene-
Pliocene Cu-Au porphyries in the largely igneous crust of 
the Chilean flatslab and surrounding region of Chile and 
Argentina.  The second involves the role of a steepening 
subduction zone, a peak in extreme crustal thickening 
related to compressional deformation and lower crustal 
flow, and the incorporation of crust and lithosphere 
removed by delamination into the mantle wedge in 
generating the giant Ag-Sn-Zn deposits in the more 
sediment-rich crust and older Precambrian basement of 
the Andean backarc in the Bolivian Altiplano 
 
1 Introduction 
 
A number of studies in the past 20 years have addressed 
the relation of subduction zone arc and continental 
magmatic and tectonic processes to the formation of 
giant Andean arc and backarc Cu, Au, Ag and Sn 
porphyry deposits. While general mechanisms for driving 
the related magmatism are relatively well-established, 
specific subduction-related parameters linking episodes 
of ore formation to particular tectonic environments are 
less clear. Virtually all proposals link the formation of the 
large and giant Andean ore deposits to arc subduction 
processes. A number of papers have suggested a 
relationship of giant Cu, Au and Ag  deposits to  episodes 
of shallowing or steepening subduction zones and crustal 
thickening associated with contractional deformation 
(e.g. Kay et al. 1999; Kay and Mpodozis 2001, 2002; 
Cooke et al. 2005).  More recently in a general analyses 
of the settings of giant Andean porphyry Cu deposits, 
Butterworth et al. (2016) have pointed to a coincidence of 
rapid convergence rates (~100 km/Myr), a subduction 
zone obliquity of ~15°, a subducting plate age of ~25–70 
Myr, and a location along a trench more than 2000 km 
from the edge of the plate boundary as common features 
in the formation of giant Andean porphyries. 

On a more local magmatic scale, the general 
mechanisms of porphyry formation seem to be relatively 

well established.  As summarized in recent papers such 
as those of Richards (2018) and Gilmer et al. (2018), 
porphyry deposits are concentrated in the shallow upper 
crustal parts of arc magmatic systems whose ultimate 
roots are in the mantle wedge above the subducting slab.  
In detail, these porphyries reflect the end products of 
mantle magmas that intrude and evolve in lower crustal 
MASH (melting, assimilation, storage & homogenization) 
zones. The melts extracted from this zone are then 
further processed as they rise through the lower to middle 
crust and accumulate in the mid-crust from where they 
are periodically transferred into upper crustal batholiths at 
depths of 5 to 10 km.  The formation of the large 
porphyries is rare and takes place rapidly (≤ 0.1 Myr) as 
hydrous volatiles are exsolved from the underlying 
batholiths and channeled into structurally controlled 
cupolas at depths of 2–5 km. Richards (2018) speculates 
on specific mechanisms that could explain their sporadic 
emplacement and suggests that sudden volatile release 
could be triggered by large sector volcanic collapses or 
earthquakes. 

Outstanding questions are how arc magmatic and 
tectonic processes like shallowing and steepening 
subduction zones, crustal thickening, lower crustal flow, 
delamination of dense overthickened lower crust with the 
underlying lithospheric mantle, forearc subduction 
erosion and the composition of the crust and mantle 
lithosphere factor into the character and formation of 
giant Andean Cu, Au and Ag arc and backarc porphyries.  

Two regional examples are explored below.  The first 
involves the relation of aseismic ridge subduction and the 
shallowing of the subducting oceanic plate, crustal 
thickening, and forearc subduction erosion in creating the 
giant Miocene-Pliocene Cu and Au porphyries in and on 
the margins of the modern Chilean flatslab region.  The 
second addresses the role of a steepening subduction 
zone, crustal thickening and lower crustal flow that 
includes incorporating continental sediments into the 
lower crust and delamination of crustal and mantle 
lithosphere in the generation of giant Ag-Sn-Zn deposits 
in the Cerro Rico region of the Bolivian Altiplano.   
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2 Discussion 

2.1 Case study 1. Maricunga-El Indio/Pascua-El 
Teniente region Cu-Au porphyries: Ridge 
subduction, crustal thickening and forearc 
subduction erosion 

The evolving magmatic history of the Central Andean 
Chilean margin reflects the motion of the South America 
plate relative to the Nazca plate and the overriding 
mantle, and the subduction of anomalies on the Nazca 
plate.  Below, we examine the Neogene magmatic history 
of the arc and near backarc region in and surrounding the 
Chilean-Pampean flatslab region from 26°S to 35°S as 
the Juan Fernandez Ridge arrives and subducts on the 
Nazca plate.  This history can be viewed in terms of the 
evolution of the crustal and mantle lithosphere beneath 
the arc (e.g. Kay and Mpodozis, 2002), the relative rate 
of westward drift (hinge motion) of the South American 
plate relative to the Nazca plate, the collision of the Juan 
Fernandez ridge (e.g. Yáñez et al. 2001) and the possible 
effects of forearc subduction erosion. 

The region of interest includes the late Oligocene to 
Miocene Maricunga magmatic arc (26°-28°S) and the 
southernmost late Pliocene to Recent Central Volcanic 
Zone (CVZ) arc that terminates with the Bonete Complex 
near 28°S, the region of the current Chilean-Pampean 
flatslab from 28° to 33°S and region of the northernmost 
Southern Volcanic Zone (SVZ)  at 33° to 35°S (Figs. 1 
and 2).  The period coincides with the approach and 
arrival of the Juan Fernandez Ridge on the subducting 
Nazca plate, the shallowing of the subducting plate under 
the flatslab region that is accompanied by the expansion 
of the volcanic arc and deformation front far to the east, 
the thickening of the crust and the cessation of flatslab 
magmatism as the frontal arc moves into the foreland to 
the north (Goss et al. 2013) and south (Kay et al. 2005). 
The magmatic history of the region can further be broken 
into temporal stages in which common times of change 
can be traced from north to south (e.g. Kay and 
Mpodozis, 2002).  These periods appear related to 
variable convergence rates caused by increases and 
decreases in the westward hinge motion of South 
America leading to events such as the Andes going from 
extension into compression around 18 Ma (see 
discussion in Kay and Coira 2009). 

The history of the subduction of the Juan Fernandez 
Ridge is an important part of the evolution of the region 
and appears associated with porphyry mineralization. 
Following the ridge reconstruction of Yáñez et al. (2001), 
the northern end of a ~45-50° NE-oriented Juan 
Fernandez Ridge segment that formed after a N-S 
oriented segment was intersecting the Andean margin at 
21°-22°S in the early Miocene. At this time, the southern 
end of this segment was still far to the east of the margin 
near 26-28°S and any relation with the ~23-19 Ma 
Maricunga gold belt is tenuous.  However, this picture 
had changed by ~14 Ma as the southern end of the NE-
trending Juan Fernandez Ridge segment approached 
the margin at this latitude and was crossing below the 
region by 13-10 Ma (Fig. 1a) as gold porphyry 

mineralization was occurring in the Maricunga belt (e.g. 
Mpodozis et al. 1995).  At the same time, the next 
younger Juan Fernandez Ridge segment with a nearly E-
W orientation was approaching to the south and arriving 
beneath the El Indio-Pascua region (Figs. 1b & c) as gold 
mineralization occurred from ~9.4 to 6.2 Ma (see Holly et 
al. 2016).  In the larger picture, the timing of this 
mineralization coincides with shallowing of the 
subducting slab under the foreland in the Chilean-
Pampean flatslab region to the east. This flattening was 
accompanied by minor mineralization as late Miocene 
compressional deformation drove crustal thicknesses up 
to 55-60 km as far as 450-500 km east of the trench and 
subduction-related magmatism reached the Pocho 
volcanic field ~700 km east of the trench at ~7.8-4.6 Ma. 
What just preceded and coincided with mineralization 
under the arc region was the crustal thickening that is 
reflected in the trace element chemistry, which was 
driven by crustal shortening to the east (e.g. Kay and 
Mpodozis, 2002).  The continued southward advance of 
the E-W trending segment of the Juan Fernandez Ridge 
as the intersection migrated more slowly to the south 
shut-off magmatism across the flatslab region, while 
beginning to play a larger role in the region of the giant El 
Teniente Cu deposit to the south (Figs. 1c & d). 

Figure 1.  Maps showing subducting Juan Fernandez ridge (thick 
line) relative to evolving continental margin in purple based on 
reconstructions in Yáñez et al. (2001) and discussion in Kay and 
Mpodozis (2002).  Regions of Ag, Au and Cu mineralization 
(ellipses) are schematically shown along with selected coeval active 
volcanic centers (red and black circles).  Purple wedge highlights 
events at 27°-29°S at intersection of the Central Volcanic Zone arc 
and Chilean flatslab.  See discussion in text. 

The arrival of the E-W segment of the Juan Fernandez 
Ridge at ~11-10 Ma also set the stage for the possible 
removal of up to ~40-50 km of the Chilean forearc margin 
from ~27° to 34°S by forearc subduction erosion at 9-8 to 
4-3 Ma. The argument for forearc subduction erosion
comes from the ~40-50 km eastward displacement of the
volcanic arc in the southernmost CVZ (Goss et al. 2013)
and the northernmost SVZ (Kay et al. 2005) as the arc
disappeared in the connecting region through the
Uspallata-Calingasta Valley across the flatslab (Fig. 2).
The calculated removal rate below further assumes that
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the late Miocene arc front (blue line) was ~ 300 km from 
the trench as it is now for the modern CVZ and SVZ arc 
front (red line).  Based on this arc migration, the implied 
forearc subduction erosion rate across the region is > 190 
km3/my/km for 5-6 Ma from ~ 8 to 3 Ma (see Goss et al. 
2013).  This requires forearc crust and lithosphere to be 
entering the magma source as magmatism slowed in the 
migrating arc front and Au and Cu mineralization 
occurred in the Indio-Pascua and Rio Blanco-El Teniente 
belts.  Such a setting would also generate extensive 
earthquakes, possibly facilitating an earthquake trigger 
for porphyry formation as suggested by Richards (2018). 

Figure 2. Google Earth image showing forearc removal and arc 
migration during suspected episode of forearc subduction erosion at 
8 to 3 Ma from 27° to 34°S.  Includes the emplacement era of the 
late Miocene Copiapó and El Indio-Pascua arc region Au porphyries 
and the backarc Bajo de la Alumbrera and Pliocene Rio Blanco-
Teniente Cu deposits. 

2.2 Case study 2. Puna-Altiplano and Cerro Rico 
de Potosi Ag-Pb-Sn deposits: Delamination 
and lower crustal flow 

The eruption history and evolving major and trace 
element and O-Sr-Nd isotopic characteristics of Neogene 
Cerro Rico–Los Frailes region magmatic rocks record the 
crustal thickening and delamination events under the 
southern Altiplano as a formerly shallow subduction zone 
steepened after the passing of the Juan Fernandez ridge 
(Fig. 1a). The temporal changes in these mafic to 
rhyodacitic magmas complement a crustal shortening 
and uplift history inferred from balanced cross-sections, 
surface uplift indicators and seismic studies by Garzione 
et al. (2017).  Together, these factors provide a context in 
which to view the origin of the Cerro Rico de Potosi and 
Porco Ag-Zn-Sn porphyries.   

Importantly, the strongly peraluminous chemistry 
(Al/Ca+K+Na = 0.05-1.35), high δ18O values (+9.73-
11.09‰ in quartz), changing initial 87Sr/86Sr (0.707-
0.7125) and 144Nd/143Nd (0.51231-0.51215) ratios and 
variably steep REE patterns (La/Yb up to 100) in the 
erupted magmas implicate a role for metapelitic 
contaminants that facilitate Ag-Pb-Sn mineralization. 
Support for deep crustal or mantle incorporation of these 
metapelitic components comes from steep to extremely 
steep “adakitic” HREE patterns (Sm/Yb = 3-14, Fig. 3) 
and high Sr contents (400-650 ppm) in the erupted 
magmas.  A deep crustal source for the peraluminous 

components is in line with seismic data supporting a 
relatively silicic middle to lower crust.  The transfer of 
upper crust components to depth is best explained by a 
contractional structural regime facilitated by crustal flow. 
Assimilation-fractional crystallization (AFC) modelling of 
O-Sr-Nd isotopes and trace element in Kato et al. (2014)
further suggest the erupted magmas being ~50:50
mixtures of enriched mantle basalt (87Sr/86Sr = 0.7055,
500-950 ppm; 144Nd/143Nd = 0.51260, 25-30 ppm; δ18O =
+5.8‰) and variably peraluminous crustal melts (δ18O =
+13-16‰, 87Sr/86Sr = 0.730-0.750, 95-160 ppm;
144Nd/143Nd = 0.51190, 25-40 ppm). Negative Eu/Eu*
(0.6-0.9) anomalies in the erupted rocks require magma
storage and feldspar fractionation in the middle to upper
crust, and low pressure crystal cargos (± cordierite)
indicate pre-eruption crystallization in the upper crust.

Figure 3. Plot of whole rock REE La/Sm versus Sm/Yb ratios for 
Cerro Rico de Potosi/Los Frailes region early Miocene to Quaternary 
volcanic rocks in relation to major tectonic events and uplift 
constraints summarized in Garzione et al. (2017) and inferred 
changes in crustal thickness and times of delamination (Kato et al. 
2014). The Ag-Pb-Zn mineralization at Cerro Rico and Porco 
(Zartman and Cunningham 1995; Rice et al 2005) follow the peak of 
crustal thickening and correspond with probable subsequent 
thinning of the crust by delamination. 

The plot of temporal trends in REE ratios in the 
volcanic rocks of the region in Figure 3 shows that Sm/Yb 
ratios increased from ~4 at ~19 Ma to >11 at ~12 Ma 
requiring increasing amounts of garnet in a thickening 
crust in line with concurrent uplift and thrusting in the 
Eastern Cordillera.  Subsequently, Sm/Yb ratios drop to 
~5-6 in the 8-7 Ma ignimbrites as brittle deformation shifts 
into the Subandean belt and a major surface uplift event 
is in accord with a crustal delamination event between 12 
and 8 Ma.  A post 12 Ma shift to higher 87Sr/86Sr ratios 
supports exposure of mantle melts to more isotopically 
evolved silicic crust in the lower crust as the lowermost 
crust is delaminated in the mantle wedge. A decreasing 
in 144Nd/143Nd (0.5123-0.5122) at nearly constant 
87Sr/86Sr (~0.710) ratios in the mafic lavas at the same 
time supports incorporation of Brazilian lithosphere into 
the site of magma evolution. Significantly, the giant Ag-
Zn-Sn mineralization event in the Potosi region occurs at 
~14-12 Ma at the peak of crustal thickening and the 
beginning of the inferred delamination event. Lower 
crustal flow of the hot crust can explain a subsequent 
increase in crustal thickness and the return to higher 
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Sm/Yb at ~4-2 Ma. The voluminous ~1.5 Ma Los Frailes 
Ignimbrites erupted as the crust thickened above a 
thinned lithosphere. 
 
2.3 Giant Neogene Andean porphyries and the 

angles of subducted aseismic ridges 
 
Another tectonic regional factor to possibly consider in 
the formation of ore deposits is the obliquity of linear 
aseismic ridges with the trench as they are subducted 
beneath the margin.  In this regard, Butterworth et al. 
(2016) considered the obliquity of the subduction angle to 
the trench and showed that giant Andean porphyry 
deposits tended to occur where the obliquity was ~15°, 
but did not consider the obliquity of ridge intersections.  
Approximately 15° is also the angle at which the Juan 
Fernandez Ridge has been subducting beneath the 
Nazca plate since the emplacement of the Maricunga belt 
gold porphyries at 13-10 Ma.  Given, the Yáñez et al. 
(2001) reconstruction, the ~14 Ma Cerro Rico de Potosi 
Ag deposit north was emplaced at a time that the Juan 
Fernandez ridge was subducting more parallel to the 
trench at 22°S (Fig. 1a).  What is notable is that late 
Miocene giant porphyries are unknown between ~21°S 
and 26°S where the Juan Fernandez ridge was 
subducting at an angle near 45° to the margin between 
these times.  Instead, this is where the large Altiplano-
Puna ignimbrites occur (e.g. Kay et al. 2010, de Silva and 
Kay, 2018) which are unknown to be related to giant ore 
deposits, although this might reflect their erosion level. 

 
3 Conclusions 
 
Giant Andean Neogene porphyry deposits appear to 
variously correlate in time with shallowing and steepening 
of subducting oceanic slabs related to subduction of 
aseismic ridges on the incoming oceanic plate, peaks in 
crustal thickening and crustal flow related to contraction 
influenced by the relative rate of westward drift of South 
America over the Nazca plate and delamination of the 
lower crust and lithosphere.  A potentially important 
source of metals is associated with forearc subduction 
erosion, which removes and subducts continental crust 
and lithosphere into the mantle wedge where it becomes 
a potential source for recycling metals into porphyries and 
other ore deposits. 
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Abstract. Cretaceous-Paleocene porphyry Cu(±Mo±Au) 
occurrences are scattered throughout the Yukon-Tanana 
upland in eastern Alaska. Known occurrences in eastern 
Alaska are poorly characterized, despite a resurgence in 
exploration. Porphyry deposits in the upland are 
emplaced into structurally complex metamorphic rocks 
representing a variety of tectonic environments, resulting 
in diverse alteration and mineralization assemblages.  
New mapping, drill core logging, petrography, 
geochemistry, geochronology, and structural analysis 
allow improved characterization of the parameters of 
porphyry systems and identify key linkages to regional 
tectonic and magmatic events. New sericite 40Ar/39Ar and 
zircon U/Pb dates constrain porphyry systems to the Late 
Cretaceous-earliest Paleocene (ca. 71-63 Ma).  Zircon 
Hf-isotope ratios and Ce and Eu concentrations indicate 
that Late Cretaceous-Paleocene intrusions emplaced 
into basement dominated by Triassic and Jurassic 
plutons are more isotopically juvenile and more 
oxidizedreflecting wallrock controls. In contrast, 
intrusions emplaced into basement dominated by mid-
Cretaceous plutons are more reduced with crustal 
geochemical-affinity.  

Diversity in mineral assemblages in contrasting 
systems may reflect emplacement into crustal domains of 
varying compositions and oxidation states. Porphyries 
formed within a domain containing more-oxidized Triassic 
and Jurassic plutons are molybdenite-rich and apparently 
lack gold. In contrast, systems formed within domains 
dominated by more reduced mid-Cretaceous plutons 
contain lower-sulfidation state mineral assemblages with 
reported gold. 
 
1 Regional Geology 
 
Eastern Alaska represents the boundary between 
allochthonous terranes and rift-modified ancestral North 
American basement, geographically coinciding with the 
Alaska-Yukon border (Fig. 1).  The geometry of the 
boundary is complicated by extensive polyphase, 
amphibolite facies metamorphism associated with 
multiple contractional and extensional deformation 
events and a protracted igneous evolution in the region. 

The Yukon-Tanana terrane (YTT) rifted off the western 

margin of North America in the Late Devonian, resulting 
in the formation of an ocean basin (Nelson et al. 2013).  
Multiple magmatic events occurred during the Paleozoic 
in the YTT, whereas magmatism along the rifted 
continental margin ceased around 360 Ma (Dusel-Bacon 
et al. 2006).  During the Permian, closing of the ocean 
basin occurred as the allochthonous terrane was 
accreted back to the rift-modified North American margin. 

Post-accretion magmatism active from the Triassic 
through Eocene is expressed as multiple pulses within 
assemblages of the allochthonous YTT and ancestral 
North America. Triassic and Jurassic magmatism is more 
mafic on average and spatially restricted compared to 
Cretaceous magmatism (Fig. 1; Dusel-Bacon et al. 2006).  
Mid Cretaceous magmatism is volumetrically substantial, 
whereas the Late Cretaceous to earliest Paleocene 
magmatism is volumetrically minor and more diffuse (Fig. 
1). 

Mesozoic plutons were emplaced into siliciclastic 
schists, paragneisses, and orthogneisses of the 
allochthonous and parautochthonous (e.g., ancestral 
North America) assemblages across eastern Alaska (Fig. 
1).  Jurassic and Triassic plutons are predominantly 
emplaced into the allochthonous terrane, whereas 
volumetrically extensive mid Cretaceous plutons are 
primarily emplaced into the parautochthonous 
assemblages (Fig. 1). Late Cretaceous plutonism is 
widely distributed, yet volumetrically minor, and 
manifested as small stocks, dike swarms, and caldera-
associated tuffs (Fig. 1).  The presence of the tuffs 
suggests preservation of the Late Cretaceous 
paleosurface, and consequently the uppermost crust, 
across eastern Alaska (Dusel-Bacon et al. 2006). 
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Figure 1.  Regional geologic map of eastern Alaska and western 
Yukon, Canada (after Jones et al. 2017) showing locations of 
Kechumstuck (cyan oval) and Sixtymile-Pika (red oval). Gray units 
are parautochthonous North American rocks, dark purple, greens 
and dark blue are allochthonous Yukon-Tanana terrane. Orange 
and maroon are Jurassic-Triassic plutons, pink is the mid 
Cretaceous plutonic suite, bright purple is the Late Cretaceous 
magmatic suite. Inset map in upper right after Nelson et al. (2013). 
 
2 Late Cretaceous porphyry systems 

 
Porphyry systems in the eastern Yukon-Tanana upland 
exhibit diverse mineral assemblages and alteration 
styles.  This paper will focus primarily on systems located 
in the Kechumstuck and Sixtymile-Pika areas (Fig. 1). 
 
2.1 Kechumstuk area porphyry occurrences 

 
Kechumstuk area porphyry occurrences, including Oscar 
and Mitchell, are associated with porphyritic igneous 
stocks and dikes of granodiorite to granite composition 
emplaced into oxidized granitic Jurassic and Triassic 
plutons, siliciclastic and carbonate rocks of the 
allochthonous Yukon-Tanana terrane (Dusel-Bacon et al. 
2006).  Resulting mineral occurrences are characterized 
by skarn and manto-style base-metal mineralization in 
wall rocks, roof pendants, and stoped blocks.  
Additionally, porphyry Mo, and porphyry Cu-Mo systems 
associated with more alkaline monzonite and granite (e.g. 
Little Enchilada and Mosquito occurrences) are located in 
the Kechumstuk region.  

The Oscar occurrence is poorly characterized but 
recent work indicates skarn mineralization assemblages 
are hosted in inter-layered marble lenses and reduced 
Paleozoic siliciclastic rocks and weakly foliated and 
altered Jurassic (ca. 190.5 Ma, U/Pb) diorite.  Calcic-

potassic alteration characterized by calcite-epidote-
biotite (-sericite-magnetite) cuts K-feldspar-biotite, 
porphyritic Late Cretaceous (68.4-69.0 Ma, U/Pb) dikes.  
Mineralization is characterized by multiple generations of 
garnet, calcic amphiboles, pyroxene, biotite, epidote and 
chlorite.  Sulfide assemblages consist of more reduced 
pyrrhotite-magnetite-chalcopyrite mineral assemblages 
as a function of the reduced nature of the host rocks. 

The Mitchell occurrence is characterized by calc-
silicate dominated skarn and endoskarn associated with 
plagioclase-hornblende porphyritic dikes emplaced into a 
Jurassic (ca. 199 Ma, U/Pb) diorite pluton and associated 
carbonate-dominant roof pendants or stoped blocks of 
Paleozoic Fortymile River assemblage rocks.  Alteration 
is characterized by epidote-garnet-calcite-quartz(-
magnetite) associations.  Mineralization is manifested as 
bornite with later chalcopyrite replacement associated 
with garnet.  This mineral assemblage is commonly 
indicative of intermediate- to high-sulfidation states 
(Einaudi et al., 2003). 

 
2.2 Sixtymile-Pika area porphyry occurrences 
 
Porphyry occurrences in the Sixtymile area are 
associated with Late Cretaceous alkaline to calc-alkaline 
porphyry stocks and dike swarms emplaced into upper 
crustal, moderately reduced mid Cretaceous granite to 
monzogranite.  Mineralized systems in the Taurus district 
and further south at the Road Metal prospect are 
characterized by porphyry Cu-Mo(-Au) styles of 
mineralization, and are commonly weakly to highly 
anomalous in As.   

The Taurus district (Fig. 2) consists of a series of 
prospects such as, West Taurus, East Taurus, Bluff, 
Dennison and Pushbush.  East and West Taurus, Bluff, 
and Dennison are all porphyry occurrences whereas 
Pushbush appears to be epithermal.  The district is 
characterized by at least three discrete, mappable, 
porphyry systems (Fig. 2) representative of multiple 
pulses of mineralization spanning approximately 6 million 
years.  Bluff and Taurus are the oldest, with Taurus 
emplaced between ca. 69.8-71.5 Ma (U/Pb zircon LA-
ICP-MS), and Bluff at ca. 71.4-71.6 Ma (Allan et al. 2013).  
Dennison is younger with altered quartz porphyry dikes 
emplaced at 67.8±0.5 Ma (U/Pb zircon LA-ICP-MS) with 
overprinting hydrothermal sericite-tourmaline-pyrite at ca. 
65.8±0.8 Ma (40Ar/39Ar, sericite).  Mineralization is 
associated with porphyritic quartz-monzonite, 
equigranular quartz-monzonite, and quartz-eye granite 
porphyry dike swarms.  Tourmaline-quartz breccias are 
present across the prospects (Fig. 2).  Alteration 
associations in these systems are dominated by 
hydrolytic assemblages, local proximal potassic zones, 
and abundant magnetite-chlorite-albite and chlorite-
epidote dominant assemblages (Fig. 2). Mineralization 
assemblages are characterized by pyrite-dominant, 
pyrrhotite-bearing, and chalcopyrite-molybdenite with 
weak Au. Distally, galena±sphalerite is present, with 
associated epidote-chlorite-sericite(-magnetite) 
assemblages.   

Pushbush is located about 14 km south of the Taurus, 
Bluff, and Dennison occurrences.  The prospect is 
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characterized by molybdenum-base metal mineralization 
hosted in sericitically altered volcanic rocks.  Nearby, the 
volcanic rocks have been dated at ~57 Ma (U/Pb, zircon). 

The Road Metal prospect, to the south of the greater 
Taurus district, is characterized by overlapping, but 
distinct mineralization assemblages. To the east, Au-As-
Bi assemblages with coarse, muscovite-tourmaline-pyrite 
alteration are associated with Au- and As-rich quartz 
veins. Classic porphyry-style Cu-Mo(-Au) mineralization 
is located to the west.  Porphyry assemblages are 
characterized by quartz-pyrite-chalcopyrite(-pyrrhotite) 
veins with K-feldspar and biotite selvages.  Both 
mineralization styles are hosted within the mid 
Cretaceous monzonite, sparse Late Cretaceous(?) 
biotite-hornblende granodiorite, and granite porphyry 
dikes.  Hydrothermal sericite in both porphyry Cu, and 
Au-rich alteration assemblages has yielded overlapping 
dates ranging from ca. 64.4-66.8 Ma (ca. 59.8-66.5 from 
illite-rich vein alteration halos) (40Ar/39Ar). 

Some Au-rich quartz veins distal to the main zones of 
mineralization at Road Metal show evidence for syn- to 
post-vein emplacement brittle strain.  Strain is marked by 
polished and striated slip surfaces along the vein margins 
and within the associated hydrothermal alteration halos 
consisting of clay minerals (e.g. illite).  The veins are 
steeply dipping north-south and northeast-southwest 
striking with dextral and sinistral subhorizontal 
slickenlines.  Such kinematic indicators are consistent 
with a regional, subhorizontal northeast directed 
shortening direction that links stress, strain, Au 
mineralization, and permeability creation in the latest Late 
Cretaceous or earliest Paleocene.   

 

 
Figure 2. Geologic and alteration sketch map of the greater Taurus-
Bluff porphyry district. Three mappable edges of decreasing 
alteration highlight the presence of at least three mineralizing 
systems. 
 
3 Links between tectonics, magmatism and 

mineralization 
 
Porphyry occurrences, such as Oscar, Mosquito, and 
Little Enchilada (not discussed here) formed in the 
Triassic-Jurassic pluton-dominated upper crust that 

 
Figure 3. Average Ce/Ce* (a) and Eu/Eu* (b) zircon data for eastern 
Alaska igneous rocks. Averages calculated from all data points 
analyzed on zircons from each sample. Late Cretaceous samples 
highlighted by magenta ovals are emplaced into mid-Cretaceous 
plutons and those highlighted in green are emplaced into Jurassic-
Triassic plutons. 
 
exhibit Mo-rich, As-poor signatures and intermediate to 
high sulfidation state mineral assemblages.  In contrast, 
Late Cretaceous porphyry systems emplaced into mid- 
Cretaceous, pluton-dominated basement are Au-bearing, 
commonly Mo poor, anomalous in As, and exhibit 
intermediate to low sulfidation states. Igneous zircon rare 
earth element (REE) geochemistry differs for Late 
Cretaceous plutons depending on the tectonic history of 
the basement. Because the magnitude of concentration 
anomalies of multivalent REEs (e.g. Ce, Eu) negatively 
correlates with relative oxygen fugacity, zircon REE 
concentration anomalies may be used to approximate 
relative redox conditions (Burnham and Berry 2012) 
Plutons emplaced into Triassic-Jurassic upper crust (Fig. 
3) within the allochthonous YTT crystallized under more 
oxidizing magams whereas plutons emplaced into upper 
crust dominated by mid Cretaceous plutons within 
parautochthonous North American assemblages, 
crystallized under more less oxidized magmas.  These 
patterns are indicated by the distinct relative oxidation 
states recorded by igneous zircons in mid Cretaceous 
and Triassic-Jurassic plutons (Fig. 3); mid Cretaceous 
plutons tend to be more reduced than Triassic-Jurassic 
plutons. Moreover, zircon trace element systematics 
(U/Yb vs Nb/Yb; Fig. 4) differentiate between more 
juvenile (Triassic-Jurassic) and more continental (mid 
Cretaceous) affinity of basement plutons. Mineralization 
styles seem to depend on these basement regimes; 
porphyry-style mineralization is strongly associated with 
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the crust characterized by more juvenile plutons in the 
Late Cretaceous, whereas no known mineralization is 
associated with crust dominated by mid Cretaceous 
(least-juvenile) host plutons in eastern Alaska. In short,  
the precursor tectonic and magmatic events impart a 
strong signature on the superimposed porphyry systems 
which correlates to the mineral assemblages observed in 
the systems in eastern Alaska. 
 

 
Figure 4. Tectonic discrimination diagram for zircon trace element 
compositions from plutons in eastern Alaska.  Mid Cretaceous 
plutons exhibit a more enriched (relative to mantle), “crustal” tectonic 
signature whereas Triassic-Jurassic plutons exhibit a more 
“juvenile” signature. Late Cretaceous pluton tectonic affinity 
correlates to dominant basement types, and porphyry-style 
mineralization is only present with the more juvenile plutons. (after 
Barth et al., 2017). 

 
4 Summary 

 
Eastern Alaska is a geologically complex region with 
multiple superimposed tectonic, magmatic and 
metallogenic events.  A shift in the tectonic setting 
occurred between ~90 and 75 Ma from a more crustal 
collisional-granite setting to a more juvenile arc 
environment.  Porphyry systems formed in the Late 
Cretaceous and are associated with calc-alkaline arc 
plutons that exhibit juvenile, chemistries.  Across eastern 
Alaska, porphyry systems exhibit varying mineralization 
assemblages which record different evolutionary trends.  
Porphyry systems formed in upper crust dominated by 
Triassic-Jurassic plutonic units exhibit As-poor, Mo-rich, 
intermediate- to high-sulfidation state assemblages.  In 
contrast, those emplaced into upper crust dominated by 
mid Cretaceous plutons exhibit intermediate- to low-
sulfidation states with Au-bearing, As-rich assemblages.  
Zircon geochemistry in Late Cretaceous plutons mimics 
that of the upper crustal plutons, with a more reduced 
signature exhibited by those plutons emplaced into mid 
Cretaceous upper crust and more oxidized signatures 
recorded in Late Cretaceous plutons emplaced into 
Triassic-Jurassic upper crust. 
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Abstract. In this contribution, we focus on the Oligocene 
to Miocene structural evolution of the giant Kadjaran 
porphyry Cu-Mo deposit and its epithermal overprint. This 
evolution was controlled by long-lived regional faults 
during the Cenozoic tectonic and magmatic evolution of 
the Meghri-Ordubad composite pluton located in the 
southernmost Lesser Caucasus. We discuss the ore-
bearing fracture network characteristics related with the 
deposit-scale ore-controlling structures in the frame of 
regional strike-slip faults. Stereonets summarizing the 
orientations of different generations of mineralized veins 
allow us to constrain the favorable fracture network 
environment for ore-formation at the giant Kadjaran 
deposit. During the middle - late Oligocene, NNE-oriented 
shortening created the major ~N-S- and NE-oriented 
steeply dipping ore-controlling deposit-scale faults under 
dextral strike-slip tectonics. The gently to moderately 
dipping NE-, ~N-S- and ~E-W-oriented fracture networks 
along the steeply dipping deposit-scale faults were the 
most important structural control for the emplacement of 
the main porphyry stockwork mineralization. These 
deposit-scale ore-controlling faults were reactivated 
during the early Miocene under WNW-oriented 
shortening and NNE-oriented extension. The progressive 
anticlockwise rotation of paleostress orientations from 
middle - late Oligocene to early Miocene was linked to re-
organization of tectonic plates during Arabia-Eurasia 
collision.  

  
1 Introduction 
 
The giant Kadjaran porphyry Cu-Mo deposit and its 
epithermal overprint (2244 Mt @ 0.23% Cu, 0.033% Mo,  
0.02 g/t Au) is located in southern Armenia, in the 
southernmost Lesser Caucasus and belongs to the 
Central segment of the Tethyan metallogenic belt. The 
Kadjaran deposit is hosted by the Cenozoic Meghri-
Ordubad composite pluton (Karamyan and Faramazyan 
1960; Mkrtchyan et al. 1969; Tayan 1984; Hovakimyan et 
al. 2015; Moritz et al. 2016; Rezeau et al. 2016). 

Recent structural investigations of the southernmost 
Lesser Caucasus emphasize the fundamental role of 
regional dextral strike-slip tectonics controlling the 

emplacement of porphyry Cu-Mo and epithermal deposits 
and prospects and the associated magmatism of the 
Meghri-Ordubad pluton (Hovakimyan at al. in press). This 
contribution is focused on the local fracture network 
characteristics of the Kadjaran deposit. Our aim is to 
understand the favorable structural conditions leading to 
the emplacement of this giant porphyry deposit and its 
epithermal overprint. This study is based on detailed 
district and deposit-scale structural mapping and data 
collected during the past 30 years, during the progressive 
development and mining of the deposit. The data set 
consists in thousands of measurements of different 
mineralized veins and fractures, crosscutting 
relationships of dikes and mineralized veins, and the 
kinematic analysis of the main ore-controlling structures. 
This data set allows us to constrain the Oligocene to 
Miocene structural evolution of the Kadjaran deposit, 
controlled by long-lived regional faults, which were active 
during the Cenozoic tectonic and magmatic evolution of 
the Meghri-Ordubad composite pluton.  

 
2 Geological setting 

 
The Kadjaran deposit formed at the intersection of the 
regional NNW-oriented Tashtun oblique-slip fault and the 
E-W-oriented Voghji sinistral strike-slip fault. It is hosted 
by monzonite and quartz-monzonite belonging to the 
composite Cenozoic Meghri-Ordubad pluton dated at 
28.3 - 28.1 Ma (Rezeau et al. 2016). 

The Kadjaran deposit is the result of two successive 
magmatic-hydrothermal events dated at 27.3 - 26.4 Ma 
and 22.2 - 20.5 Ma (Rezeau et al. in press), which can be 
associated with two distinct tectonic environments 
(Hovakimyan et al. in press). The structural framework of 
the deposit consists of an orthogonal system of steeply 
dipping (65-850) ~E-W-, ~N-S- and NE-oriented sub-
parallel deposit-scale ore controlling faults (Tayan 1984). 
They were formed during an early Oligocene dextral 
strike-slip tectonic environment, under a NE-oriented 
compressive regime, in a collisional setting, and were 
reactivated in a sinistral strike-slip tectonic regime during 
the early Miocene (Hovakimyan et al. in press). 
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Figure 1. Lower-hemisphere, equal-area stereographic projections (Schmidt net) of the orientations of mineralized veinlets and veins in 
different parts of the Kadjaran open pit. The numbers on the picture represent the locations of the field measurements reported by the 
stereonets, which include data from the present-day open pit and data collected from the same area on historical mining levels. The porphyry 
deposit occupies the predominant and central part of the open pit, and the epithermal overprint consists of the 6th vein zone and Schlorkut in 
the eastern part of the open pit.   
 
3 Geometry of veinlets and veins  
 
The main porphyry Cu-Mo ore consists of a ~N-S- 
elongated stockwork confined to a more than 3.5 km-long 
and about 2 km-wide corridor, and subsidiary isolated 
veins (Tayan 1984) 

The majority of the porphyry ore-bearing stockwork 
zones contain gently dipping (25-400), sub-parallel sets of 
mm- up to 5 cm-thick mineralized veins (Tayan 1984; 
Hovakimyan et al. in press). The relatively larger 
subsidiary, isolated porphyry Cu-Mo veins are hosted by 
~N-S- and ~E-W-oriented structures. The main porphyry 
stockwork consists of gently dipping thin, veinlet systems. 
Crosscutting and displacement relationships of the 
mineralized fractures and detailed studies of the age 
relationship between different paragenetic mineral 
associations were the criteria for distinction of ten stages 
of mineralization at the Kadjaran deposit (Karamyan and 
Faramazyan 1960). 

The stereonets summarizing the data of the different 
mineralized veins and veinlets show significant variations 
in orientations at the different historical mining levels of 
the open pit (Fig. 1). 

In the central part of the open pit, the majority of the 
ore-bearing fractures are NE-oriented with a moderate 

dip to the NW. The porphyry ore consists of quartz-
molybdenite, quartz-molybdenite-chalcopyrite and 
quartz-chalcopyrite veinlets hosted by NE-oriented 
extension fractures dipping gently to moderately to the 
SE and ~E-W-oriented extension fractures dipping 15-250 

to the south, and 600 to the north (Fig. 1: stereonets 3, 5, 
6 and 7). The other dominant orientation of quartz-
molybdenite veinlets in the central part of the open pit 
consists of ~N-S-oriented subparallel extension fractures 
gently dipping to the W (20-35º) (Fig. 1: stereonets 2 and 
3), and ~N-S-oriented ore-bearing fractures, steeply 
dipping to the W (75-80º). This structure also hosts 
isolated thick veins having the same ~N-S-strike.   

In the central part of the open pit, at the historical 
mining level 1965m (not shown in Fig. 1), ~N-S-oriented 
fractures hosting quartz-polymetallic veinlets overprint 
thick quartz-molybdenite veins within the gently dipping 
fracture systems, dipping 20-400 to the W (Tayan 1984). 
They also host late carbonate and chalcedony veins. 

In the northwestern part of the open pit, next to the 
Tashtun fault, abundant NE-oriented quartz-molybdenite 
veins dip 25-300 to the NW and NW-oriented quartz-
molybdenite veins dip 25-350 to NE. Quartz-pyrite veins 
are hosted by N-S-oriented fractures, and dip 60-700 to 
the W (Fig. 1: stereonet 1).  

In the northeastern part of the deposit, the ore type is 
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significantly different from the central part of the open pit. 
The ore-controlling structures of this part are mainly NE-
oriented, strike-slip deposit-scale faults dipping 55-700 to 
NW. The ore is mainly composed of quartz- chalcopyrite 
veins (Fig. 1: stereonet 4). Single, isolated quartz-
molybdenite veins are scarce. Late mineralization stages, 
consisting of quartz-pyrite, quartz-sphalerite-galena, 
quartz-carbonate and chalcedony veins are abundant 
(Tayan 1984). They are hosted by NE-oriented fracture 
systems, steeply dipping to the NW and SE. The thick, 
isolated veins are confined within the NE-oriented 
structures. In the NE part of the deposit (Fig. 1: stereonet 
4), there are also NE-oriented reverse structures, steeply 
dipping to the NW (75-850). Quartz-molybdenite and 
quartz-pyrite veinlets moderately dipping to the NW have 
the same strike. E-W-oriented thrusts steeply dip (800) to 
the south. Epithermal veins in the 6th vein zone are 
emplaced along ~E-W-oriented fractures zones (Fig. 1; 
Rezeau et al. in press). 

The southeastern part of the open pit in the Schlorkut 
area mainly contains quartz-chalcopyrite veins, and only 
subsidiary quartz-molybdenite and quartz-pyrite veins. 
The epithermal overprint is controlled by subvertical N-S-
oriented structures (Hovakimyan et al. 2015). 

 
4 Kinematic analyses of the ore-controlling 

structures 
 
Kinematics along the deposit-scale ore-controlling faults 
varies consistently with orientation: ~N-S- and NE- 
oriented structures record dextral strike-slip kinematics 
during the late Oligocene. The displacement pattern is 
kinematically coherent, and consistent with NNE-oriented 
shortening (Fig. 2). The geometry and dominant NE- and 
~N-S-orientation of porphyry veinlets and veins are 
consistent with dextral strike-slip kinematics along the 
~N-S and NE-oriented steeply dipping structures in the 
central and northern parts of the open pit, formed under 
a NNE-oriented shortening (Peacock and Sanderson 
2018) (Fig. 2a).  

Many of the steeply dipping ore-controlling structures 
in Kadjaran record reverse kinematics, favorable for the 
opening of gently dipping extension fractures (Fig.3a).   

The major ~E-W-oriented deposit-scale faults in the 
central and northeastern part of the open pit are dipping 
to the north (75-800) and record sinistral strike-slip 
kinematics and repeated reactivation. We recognize 
different mineralization events along the same structures. 
Younger ~E-W- to WNW-oriented porphyritic granodiorite 
dikes (22.2 Ma; Moritz et al. 2016; Rezeau et al. 2016) 
are also related with the early Miocene sinistral 
reactivation of ~E-W-oriented strike-slip structures, which 
is consistent with the re-orientation of the tectonic plate 
kinematics and re-organization of the Arabia-Eurasia 
collision during the early Miocene. 

 
5 Paleostress reconstructions and evolution 

in time 
 
Paleostress orientation analysis in middle to late 
Oligocene host monzonite and monzodiorite indicates 

NNE-oriented shortening direction and WNW-oriented 
extension (Fig. 2a) during Arabia-Eurasia collision 
(Hovakimyan et al. in press). The same shortening 
direction is indicated by the kinematics analyses of 
quartz-molybdenite porphyry veins (Fig. 2b). 

In late Oligocene rocks dated at 24.5 Ma (Rezeau et 
al. 2016), paleostress reconstructions document N-S-
oriented shortening and E-W-oriented extension (Fig. 2c). 
In early Miocene porphyritic granite dated at 22.6 Ma 
(Moritz et al. 2016; Rezeau et al. 2016), paleostress 
reconstructions indicate WNW-ESE-oriented shortening 
and NNE-oriented extension (Fig. 2d).   

   

 
Figure 2. Paleostress reconstructions of the Kadjaran mining 
district, based on the geometry of conjugate fracture systems in 
magmatic rocks (a, c, d), and the slickensides along the quartz-
molybdenite porphyry veins (b). 
 
6 Discussion and conclusions 
 
6.1 Middle to late Oligocene ore controls and 

tectonic regime   
 
Paleostress reconstructions indicate two main tectonic 
events in the Kadjaran mining district. They are 
consistent with progressive anticlockwise rotation of 
paleostress orientations from the middle - late Oligocene 
to the early Miocene (Fig. 2), which was linked to the re-
organization of the tectonic plates during Arabia-Eurasia 
collision (Hovakimyan et al. in press). During the middle 
to late Oligocene, NNE-oriented shortening and WNW-
oriented extension initiated the major N-S- and NE-
oriented ore-controlling structures under dextral strike-
slip tectonics. This regime is compatible with the 
emplacement of N- to NE-oriented fine-grained 
porphyritic granodioritic and lamprophyre dikes (Tayan et 
al. 1984; Harutunyan et al. 2002) dated between 26.6 and 
24.5 Ma (Rezeau et al. 2016) and dominantly NE- and N-
S-oriented porphyry veinlets and veins dated at 27.3 to 
26.4 Ma (Moritz et al. 2016; Rezeau et al. 2016). During 
the NNE-oriented shortening regime (Fig. 2c), many E-
W-oriented deposit-scale faults behaved as thrust faults, 
which was favorable for the opening of gently dipping 
extension fractures (Fig. 3a). This fracture network 
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resulted in high permeability around the steeply dipping 
deposit-scale faults and was the most important structural 
control for the emplacement of stockwork mineralization, 
which consists predominantly of gently to moderately 
dipping veinlets (Fig. 1). 

 
Figure 3. Models for the relationship among extension fractures, 
faults and principal stresses: (a) reverse (thrust) faulting, (b) normal 
dip-slip faulting (Mikhailov 1984; Blenkinsop 2008). 

 
6.2 Early Miocene reactivation of preexisting ore-

controlling structures 
 
During the early Miocene event, WNW-oriented 
shortening and NNE-oriented extension resulted in 
reactivation of pre-existing structures in a sinistral strike-
slip tectonic regime (Hovakimyan et al. in press). This 
setting played an important role in controlling the 
emplacement of the early Miocene ~E-W-oriented 
coarse-grained porphyritic granodioritic dikes dated at 
22.2 to 21.2 Ma (Rezeau et al. 2016), which represent the 
youngest dike generation in the district (Tayan et al. 
1984; Harutunyan et al. 2002). This paleostress setting 
controlled the emplacement of an epithermal overprint at 
22.2-20.5 Ma (Rezeau et al. 2016; in press). Epithermal 
veins were mainly emplaced along ~E-W-oriented 
fractures zones, steeply dipping to the north and south, 
but also along ~N-S-oriented structures, as a result of 
repeated reactivation during the entire ore forming life of 
the deposit. In the southeastern part of the open pit, the 
epithermal mineralization consists of gently dipping Cu-
rich veins merging with the major steeply dipping 
structure (Fig. 3a). The early Miocene epithermal 
overprint at the Kadjaran porphyry deposit and the 
sinistral fault reactivation are linked to late Neogene 
tectonic plate reorganization.    

The long tectonic history of the Meghri-Ordubad 
district preceding ore-formation explains the favorable 
geological and structural settings for the emplacement of 
the Kadjaran deposit. The available structural data allow 
us to conclude that the fracture and plumbing systems 
were formed continuously during the entire life span of 
the formation of the Kadjaran deposit. N-S-, NE and E-W-
oriented deposit-scale faults, characterized by different 
kinematics, controlled ore formation under a regional 
dextral strike-slip tectonic regime.  
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Abstract. The South Armenian Block (SAB) of the Lesser 
Caucasus is characterized by abundant Cenozoic 
magmatism and hosts important Au, Cu and Mo ore 
deposits. Their emplacement was controlled by dextral 
strike-slip tectonics initiated during the collision between 
the Arabian and Eurasian plates. This regional study 
focuses on the Meghradzor and Amulsar mining districts, 
hosting epithermal Au deposits, located in the northern 
and central parts of the SAB, respectively. New 
geochemical and geochronological results for these sites 
combined with previous data published for the 
southernmost Lesser Caucasus aim at providing regional 
petrogenetic constraints. Based on Hf, Sr and Nd isotope 
systematics, the magmatism in the Lesser Caucasus is 
predominantly juvenile with limited crustal contamination. 
Zircon U-Pb ages range from 48.9 to 21.2 Ma in 
southernmost Armenia, and from 43.2 to 28.4 Ma in the 
central to northern part of Armenia. The magmatic rocks 
exposed in the different mining districts display variable 
geochemical compositions reflecting various magmatic 
differentiation and source processes. However, each 
magmatic series is temporally and spatially associated 
with an ore deposit. The ultimate goal is to characterize 
the source and crustal differentiation processes to 
provide new understanding regarding the regional 
relationship of the diverse magmatic rocks and the 
associated ore deposits. 
 
1 Introduction 
 
The South Armenian block (SAB) of the Lesser Caucasus 
orogenic belt is characterized by a long-lived Cenozoic 
magmatism and associated porphyry Cu-Mo and 
epithermal Au deposits (Moritz et al. 2016b). The 
Cenozoic intrusions and related ore deposits are 
controlled by dextral strike-slip tectonics triggered by the 
oblique convergence and subsequent collision of the 
Arabian plate with the Eurasian margin (Agard et al. 

2011; Moritz, et al. 2016b; Rezeau et al. 2016, 2017; 
Hovakimyan et al. in press). In previous studies, Rezeau 
et al. (2016, 2017, 2018, in press) have documented a 30 
m.y.-long incremental assembly of nested intrusions 
forming the Cenozoic Meghri-Ordubad pluton (MOP) in 
the southernmost Lesser Caucasus. The magmatic 
evolution in the MOP is associated with episodic porphyry 
Cu-Mo events (e.g. the giant Kadjaran deposit; Fig. 1) 
and subsidiary epithermal systems emplaced during a 
subduction to post-collisional tectonic evolution.  

This follow-up study examines the relationship of 
Cenozoic magmatism, strike-slip tectonics and ore 
deposits formation at the scale of the metallogenic belt. 
Our aim is to characterize the timing of magma 
crystallization and ore deposit formation, and magma 
geochemistry, which are key to constrain petrological 
processes of the Cenozoic magmatic flare-up recognized 
throughout the SAB. Here we focus on two major 
Cenozoic mineral districts and associated magmatic 
rocks, including: (1) the magmatic complex associated 
with the Meghradzor epithermal Au deposit located in the 
northern part of the SAB, and (2) the Amulsar intrusion 
cluster spatially associated with the Amulsar epithermal 
Au deposit in the central part of the SAB (Fig. 1).  

 
2 Geodynamic context 
 
The Lesser Caucasus is located along the central 
segment of the Tethyan orogenic belt and encompasses 
Georgia, Armenia and Azerbaijan. It is subdivided into 
three main tectonic zones, from NE to SW (Sosson et al. 
2010): 1) the magmatic and sedimentary Somkheto-
Karabagh belt and the Kapan zone belonging to the 
southern Eurasian margin, 2) the ophiolitic Amasia-
Sevan-Akera suture zone, and 3) the Gondwana-derived 
SAB. The Lesser Caucasus formed as the result of the 
successive subduction and closure of the northern and 
southern branches of the Neothethys ocean during 
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Mesozoic and Cenozoic times (Rolland et al. 2011). This 
is characterized by two major collision stages: a Late 
Cretaceous accretion between the Gondwana-derived 
SAB and the southern Eurasian margin (Rolland et al. 
2009a, b), followed by oblique convergence and final 
continental collision between the Arabian and the 
Eurasian plates during the Cenozoic (Agard et al. 2011). 
The latter initiated regional dextral strike-slip tectonics 
throughout the Lesser Caucasus as illustrated by the 
Pambak-Sevan-Sunik and Garni regional faults (Fig. 1; 
Philip et al. 2001) These faults controlled the 
emplacement of Cenozoic magmatism and ore deposits 
(Sosson et al. 2010; Rolland et al. 2011; Moritz et al. 
2016a, b).  
 
3 Meghradzor district 
 
3.1 Meghradzor epithermal deposit 
 
Located in the northern part of the SAB, the Meghradzor 
deposit is defined as an epithermal Au deposit with 
proven-probable reserves of 0.38 Mt and an Au grade of 
12.4 g/t.  

The ore field is located at the transition between a 
southern anticlinorium and a northern synclinorium 
separated by the Ankavan-Zangezur fault (Kovalenker et 
al. 1990). Sitting astride on this fault, the Au deposit is 
largely developed in the synclinorium. The Au ore is 
associated with sulfide and telluride minerals. The 
mineralization is hosted in middle Eocene volcanogenic 
sedimentary rock sequences intruded by syenite, 
syenogranite and monzonite, and subsidiary syenite 
porphyry, monzonite porphyry and lamprophyre dikes 
(Kovalenker et al. 1990). According to this author, the ore 
minerals are contained in a fracture network connected 
to the main northwest-oriented Ankavan-Zangezur 
regional fault zone. Five stages of mineralization have 
been described: (i) a pre-ore stage characterized by a 
quartz-sericite alteration assemblage, ankerite, and 
pyrite, (ii) an early chalcopyrite-pyrite stage, (iii) a gold-
galena-sphalerite stage, (iv) a gold-silver-telluride stage, 
and (v) post-ore quartz-carbonate veins. The 
mineralization has been dated by K-Ar on sericite from 
the hydrothermally altered wall rock at 41.5 ± 1.0 Ma 
(Bagdasaryan et al. 1969).  
 
3.2 Magmatism of the Meghradzor district 
 
The Meghradzor district is characterized by a wide variety 
of mafic to differentiated nested intrusions and lavas. 
Zircons crystallized in these intrusions have been dated 
by U-Pb LA-ICP-MS geochronology and reveal two 
distinct magmatic pulses.  

The first magmatic pulse spans ~5 m.y. from 43.2 ± 0.4 
to 38.8 ± 0.5 Ma (Fig. 1). It is characterized by a large 
variety of calc-alkaline to alkaline magmatic rocks 
displaying contrasting mineralogy and geochemistry. The 
oldest intrusion is a hydrothermally altered granodiorite 
with a calc-alkaline affinity. It was followed by the 
emplacement of syenite and monzonite with shoshonitic 
affinity at 41.2. ± 0.4 Ma and 40.9 ± 0.3 Ma, respectively. 

They are crosscut by a large alkaline ring complex, 
composed of nepheline syenite and phonolite (Sokół et 
al. 2018) dated in this study at 40.2 ± 1.5 Ma. Finally, a 
porphyritic syenogranitic intrusion was emplaced at the 
end of this magmatic series at 38.8 ± 0.5 Ma. This first 
pulse is temporarily and spatially associated with the 
Meghradzor epithermal Au deposit. 

The second magmatic pulse occurred after a ~10 m.y. 
gap, with adakitic, porphyritic granodioritic intruding into 
a Jurassic tonalite at 28.4 ± 0.2 Ma. Both the Jurassic and 
Cenozoic magmatic rocks are crosscut by quartz-bearing 
molybdenite veins. 

Although the different magmatic rocks are 
characterized by contrasting mineral assemblage and 
geochemistry, they have similar whole rock isotopic 
composition, with 87Sr/86Sr and 143Nd/144Nd ratios ranging 
from 0.70384 to 0.70434 and from 0.51280 to 0.51284, 
respectively. In addition, zircon crystallized from the 
different intrusions display median initial εHf values 
between +8.6 and +9.7. All together, isotope systematics 
reveal a homogeneous juvenile, mantle-derived 
signature with minor crustal contamination. 
 
4 Amulsar district 
 
4.1 Amulsar epithermal deposit 
 
The Amulsar epithermal Au-Ag deposit was discovered in 
2006. Located in the central part of the SAB, it is a large 
tonnage and low grade deposit, with 103 Mt and grades 
of 0.79 g/t Au and 3.85 g/t Ag (Lydian 2019).  

The ore is hosted in an upper, silicified volcanic unit, 
which is underlain by a lower andesitic unit affected by 
argillic alteration. Gold-enriched ore bodies contain 
abundant hematite and are mainly controlled by 
hydrothermal quartz veinlets and fractures. A subsidiary 
ore type consists of disseminated gold in the host rocks 
(Lydian 2019). 

Pyrite-alunite assemblages are encountered in drill 
cores intercepting the mineralized horizons. This study 
presents new δ34S values of alunite that range between 
22 and 26 ‰, whereas pyrite yields low δ34S values of –
2.40 ± 0.16 ‰, which is consistent with disproportionation 
of sulfur in high-sulfidation systems and implying an 
alunite derived from a magmatic fluid (Rye et al. 1992). 
40Ar/39Ar dating was performed on the alunite that yielded 
a plateau age of 30.5 ± 0.1 Ma.  

A complex network of NW-trending faults 
characterized by fold thrust geometry crosscuts the 
volcanic host rock units. There is a clear spatial link 
between these tectonic structures and the location of Au 
ore bodies (Lydian 2019). 
 
4.2 Magmatism of the Amulsar district 
 
The volcanic host rock sequence is intruded by several 
shoshonitic intrusions. They range from an alkali-
gabbroic to a quartz-monzonitic composition. Zircon U-Pb 
dating yield a crystallization age between 34.2 ± 0.5 Ma 
and 34.8 ± 0.5 Ma for the monzonitic–monzodioritic 
intrusions (Fig.1).  
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Figure 1: Geological map of the Lesser Caucasus (modified after Mederer et al. 2014). This study focuses on the Cenozoic intrusions (in red 
on the map). Intrusive bodies are classified according to their whole-rock geochemical affinities. Numbers with errors (e.g. 48.9±0.6 Ma) are 
U-Pb ages of zircons dated by LA-ICP-MS (1: this study, 2: Rezeau et al. 2016). Deposits have been dated by different methods (1: Ar/Ar in 
this study, 2: Re-Os by Rezeau et al. (2016), 3: Re-Os by Moritz et al. (2016b), 4: K-Ar by Bagdasaryan et al. (1969). A=Amulsar deposit, 
BP=Bargushat pluton, DP=Dalidag pluton, K=Kadjaran deposit, M=Meghradzor deposit, MOP=Meghri Ordubad pluton, TP=Tejsar pluton.
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The magmatic intrusion U-Pb zircon ages are older than 
the alunite plateau age of the neighboring Amulsar 
epithermal deposit. This indicates that the nested 
intrusions predate the formation of the epithermal 
deposit. In-situ Hf analyses of magmatic zircons yielded 
a narrow range of εHf values from +8.1 to +8.5, which 
overlap with those of the Meghradzor magmatic complex. 
Thus, we conclude that the Amular district is 
characterized by juvenile mantle-derived shoshonitic 
intrusions without any evidence for assimilation of an 
older crustal. 
 
6 Conclusions 
 
Together with the results acquired in the MOP, our new 
dataset provides new insights about the origin and the 
evolution of the Cenozoic magmatism in the SAB and its 
temporal and spatial relationship with episodic ore 
forming pulses, and the regional tectonic evolution.  

The SAB displays a wide variety of different magmatic 
rocks with distinct mineral assemblage and 
geochemistry, but with a dominantly mantle source.  

The shoshonitic magmatism appears to be dominant 
in the SAB and is roughly coeval with epithermal Au and 
porphyry Cu-Mo deposits. This is consistent with previous 
studies concluding that alkaline magmas tend to have a 
high potential to form magmatic-hydrothermal Au 
deposits (Richards, 2015).  

Upcoming investigations will allow us to improve our 
understanding about magmatic source and crustal 
differentiation processes in the SAB. These studies will 
provide new constraints about the relationship of magma 
evolution and episodic ore formation in the SAB, and will 
be aimed at providing new decision-making tools for 
future mineral exploration programs in the region. 
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Abstract. The East Sunda arc extends from western 
Java to Sumbawa in Indonesia and contains at least four 
world-class porphyry Cu-Au deposits (Batu Hijau, Elang, 
Tumpangpitu and Sori Onto), along with several porphyry 
and epithermal prospects. Late Miocene to Pliocene 
porphyry mineralization was associated with the 
emplacement of composite tonalite intrusive complexes 
emplaced into andesitic volcanic and volcaniclastic rocks. 
The geodynamic setting involved the subduction of the 
Roo Rise beneath the Sunda arc, with the porphyry 
deposits forming along the arc segment where the 
basement transitions from the Sundaland craton beneath 
eastern Java to oceanic crust beneath Sumbawa. The 
deposits have mineralized central domains associated 
with potassic alteration that has been extensively 
overprinted by intermediate argillic alteration (e.g., Batu 
Hijau and Elang), and/or advanced argillic alteration (e.g., 
Tumpangpitu and Sori Onto). High sulfidation epithermal 
gold mineralization has overprinted the Tumpangpitu 
porphyry in the Tujuh Bukit district, where an extensive 
lithocap is well-developed and has overprinted several 
porphyry deposits and prospects. Lithocaps also define 
the upper parts of Sori Onto and Elang, where they are 
superimposed over porphyry mineralization. Only the 
structural root zones of the Batu Hijau lithocap are 
preserved due to the greater degree of uplift and 
exhumation in SW Lombok.  
 
1 Introduction 
 
This paper gives a brief overview of the key 
characteristics of the porphyry deposits of the east Sunda 
arc, an emerging major metallogenic belt that is richly 
endowed with porphyry Cu-Au and high sulfidation 
epithermal Au-Ag deposits. Indonesia is a collage of 
oceanic island arc and continental fragments that are 
caught up between several opposing subduction zones 
that accommodate oblique convergence of the Indian-
Australian, Pacific and Eurasian plates (Fig. 1). There are 
also several microplates caught up between the larger 

plates, some of which have undergone significant rotation 
during oblique convergence (e.g., Borneo). The diversity 
and complexity of convergent tectonic settings means 
that the islands of Indonesia have been well-endowed 
with porphyry and epithermal deposits, providing 
excellent opportunities for exploration (Fig. 1).  

On-going exploration in the east Sunda arc is gradually 
revealing a spectacularly endowed Late Miocene to 
Pliocene arc segment associated with northwards-
directed subduction of the Australian plate beneath 
Indonesia (Fig. 2) that has been highly productive in 
terms of porphyry and epithermal gold mineralization. 
The discovery of Batu Hijau on the island of Sumbawa by 
Newmont in 1990 (1.64 Gt @ 0.44% Cu, 0.35 g/t Au) was 
proof of concept for a greenfields targeting campaign 
conducted in 1984 that highlighted the region’s potential 
for porphyry deposits (Maula and Levet 1996). Following 
the discovery of Batu Hijau, a giant porphyry resource at 
Elang was delineated 15 years after the prospect was 
initially discovered (2.267 Gt @ 0.36% Cu, 0.46 g/t Au; 
Maryono et al. 2018). While exploration continued apace 
in Sumbawa and the adjacent island of Lombok, Placer 
commenced exploration of the Tujuh Bukit district in East 
Java in the late 1990s. Placer’s drilling identified high 
sulfidation mineralization but failed to intercept the high-
grade giant porphyry Cu-Au resource beneath the high 
sulfidation ore zones, even though one of Placer’s drill 
holes terminated within 100 m of the ore body (Harrison 
2017). Intrepid Mining commenced exploration of the 
Tujuh Bukit district in 2007, and their discovery of 
Tumpangpitu in 2008 added a third giant Cu-Au deposit 
to the mineral endowment of the east Sunda arc. As of 
December 2017, Tumpangpitu has a porphyry mineral 
resource of 1.9 Gt @ 0.45% Cu and 0.45 g/t Au and an 
oxide HS epithermal Au-Ag resource of 106 Mt at 0.73 g/t 
Au and 24 g/t Ag (http://www. 
Merdekacoppergold .com/en/operation). Exploration is 
on-going in the belt, with Vale currently drilling out the 
Sori Onto porphyry Cu-Au prospect in the Hu’u district of 
Sumbawa (1.7 Gt  
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Figure 1. Distribution of the major porphyry and epithermal deposits, prospects, and tectonic elements of Indonesia. Abbreviations: IFZ = 
Investigator Fracture zone, WOSR = Wharton oceanic spreading ridge. Figure modified from Maryono et al. (2018). 
 
@ 0.90 % Cu and 0.52 g/t Au; Sadikin 2018), and several 
porphyry and epithermal prospects discovered along the 
southern side of Lombok during the past two decades 
(e.g., Sundancer, Brambang, Maryono et al. 2018, Fig. 
1). The region has a thick canopy of tropical rainforest 
and high rainfall, providing on-going challenges to 
exploration. 
 
2 Porphyry deposits 

 
Porphyry deposits of the east Sunda arc share several 
common features, including composite tonalite intrusive 
complexes, and potassic-altered cores overprinted by 
late-stage intermediate argillic and/or advanced argillic 
and silicic alteration, which in most of the systems defines 
extensive lithocaps that have obscured the porphyry 
deposits. There is a common pattern of veins in the 
mineralized core of each deposit, which have been 
classified by Maryono et al. (2018) as A, B, AB, C and D 
veins using a version of the classic El Salvador vein 
nomenclature of Gustafson and Hunt (1975) that has 
been modified to the local conditions of the east Sunda 
arc. The following subsections document key aspects of 
the major deposits. 
 
2.1 Batu Hijau 

 
The geology of Batu Hijau has been documented 
extensively by Garwin (2000), Garwin et al. (2005) and 
Maryono et al. (2018). The host rocks are an upwards-

fining sequence of volcaniclastic breccias, sandstones 
and mudstones of basaltic andesite compositions 
(Wilkinson et al. 2015; Maryono et al. 2015). Cu-Au 
mineralization was associated with the emplacement of a 
tonalite intrusive complex from 3.55 ± 0.13 to 3.52 ± 0.14 
Ma (Maryono et al. 2018). The highest grades are 
associated with the early tonalite and its associated 
quartz vein stockwork. Moderate grade mineralization 
was added by the intermediate tonalite, and low grades 
were produced by the young tonalite. The deposit shows 
a classic sulfide zonation pattern from a bornite-rich core 
to a medial chalcopyrite-dominant domain and an outer 
pyrite halo. Alteration is zoned from intense biotite-
magnetite alteration in the core, passing outwards to 
propylitic alteration with subdomains of inner actinolite, 
medial epidote, and outer chlorite-dominant domains 
(Garwin et al. 2005). The distal propylitic footprint extends 
out to 5 km as detected by propylitic mineral chemistry 
(Wilkinson et al. 2015). Because Batu Hijau is the most 
deeply eroded of the east Sunda arc porphyry deposits, 
overprinting phyllic and advanced argillic alteration is 
restricted mostly to district-scale NW- and NE-trending 
structures, with only the remnants of a lithocap preserved 
on a ridgeline to the east of Batu Hijau (Fig. 2a). A late 
mineralization diatreme crops out NW of Batu Hijau.  

The deep erosion level, abundance of magnetite, 
chalcopyrite and bornite in the core of the deposit, and 
the well-developed pyrite halo means that Batu Hijau has 
a discrete magnetic anomaly of about 1000nT within a 
broad zone of high chargeability (Hoschke 2011).  
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Figure 2. Lithocap surface alteration footprints at (A) Batu Hijau, (B) Elang, (C) Selodong, (D) Tumpangpitu, and (E) Brambang that show 
different erosion levels, from deeply eroded at Batu Hijau, partially eroded at Elang and Tumpangpitu, to fully preserved at Brambang (From 
Maryono et al. 2018). 

 
2.2 Elang 

 
Elang is located on the island of Sumbawa, to the east of 
Batu Hijau (Fig. 1). PT Amman Minerals are planning to 
commence mining at Elang in 2024. The mineralizing 
tonalite intrusive complex at Elang was emplaced into 
andesitic host rocks between 2.51 ± 0.13 to 2.38 ± 0.18 
Ma and a post-mineralization dacite dike intruded at 2.1 
± 0.11 Ma (Maryono et al. 2018). Like Batu Hijau, there 
are three major mineralizing tonalitic intrusive phases, 
with the earliest (Charlie tonalite) adding the bulk of the 
grade and the later intrusions (Delta and Echo) adding 
progressively less grade. Elang is dominated by 
chalcopyrite in the core of the deposit. 

Early actinolite – biotite – magnetite alteration defines 
the core of Elang, with actinolite more abundant than 
biotite. Intermediate argillic alteration has overprinted the 
early potassic assemblage (Maryono et al. 2018). A late-
mineralization diatreme crops out to the east of Elang 
(Fig, 2b). A lithocap is extensively developed at high 
elevations around Elang and includes high sulfidation 
state epithermal mineralization at the Ladam prospect 
(Maryono et al. 2018).  

Magnetite associated with the potassic alteration zone 

produces a discrete magnetic high of about 700nT. This 
is within argillic alteration that is magnetite destructive, 
relatively conductive and highly chargeable. 
 
2.3 Tumpangpitu 

 
The Tumpangpitu porphyry Cu-Au deposit in east Java is 
the oldest of the major porphyry deposits, with syn-to late-
mineralization intrusions that range in age from 5.40 ± 
0.46 to 3.94 ± 0.69 Ma (Harrison et al. 2018). The 
porphyry resource at Tumpanpitu has been extensively 
overprinted by advanced argillic and phyllic alteration 
associated with the extensive Tujuh Bukit lithocap(Fig. 
2D), which hosts several weathered high sulfidation 
epithermal ore zones Additional complications include 
two diatreme breccia complexes , one with a pre-
mineralization timing that crops out to the south of the 
district (Tanjung Jahe - 8.52 ± 0.21 Ma) and a large, late-
mineralisation diatreme that disrupted porphyry and 
epithermal mineralization at Tumpangpitu (Tumpangpitu 
diatreme - 2.7 ± 1.0 Ma; Harrison et al. 2018). Extensive 
superposition of the high sulfidation environment over the 
porphyry deposit at Tumpangpitu has created more 
complex sulfide mineralogies with late covellite and 
chalcocite after early bornite and chalcopyrite. Early 
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biotite-magnetite alteration is only preserved in the 
deepest drill holes, with widespread late stage muscovite-
illite, dickite-pyrophyllite and shallow level alunite 
alteration overprinting the porphyry system (Maryono et 
al. 2018). 

 
2.4 Sori Onto 

 
The Hu’u porphyry Cu-Au district is located to the east of 
Elang on Sumbawa (Fig. 1). Only limited information is 
available on Hu’u as it is still being assessed by Vale. An 
extensive lithocap is exposed at higher elevations in the 
Hu’u district. Several mineralized porphyry centers 
(Humpaleu, Humpaleu East and Sori Onto) have been 
discovered in a cluster in the Hu’u district. A large Cu-Au 
resource has been recently delineated at Sori Onto (1.7 
Gt @ 0.90 % Cu and 0.52 g/t Au; Sadikin 2018). The 
lithocap obscured the location of the deep-seated 
porphyry deposit, which has early biotite-magnetite 
alteration and intermediate stage intermediate argillic 
alteration (Maryono et al. 2018).  

 
2.5 Other prospects 
 
The Brambang porphyry deposit in SW Lombok (Fig. 1) 
is associated with a late Miocene multiphase intrusive 
complex (6.65 ± 0.31 Ma; Maryono et al. 2018). The 
highest grades are associated with an early 
mineralization tonalite, but only limited intercepts of the 
early intrusion have been intersected by the limited 
drilling completed to date. Early potassic alteration is 
associated with chalcopyrite-bearing quartz veins. These 
have been overprinted by A small diatreme breccia 
overprinted by advanced argillic alteration associated 
with the Brambang lithocap crops out to the north of 
Brambang (Fig. 2E).  

The Selodong prospect in SW Lombok was discovered 
by Southern Arc Resources. It is a late Miocene porphyry 
system (7.28 ± 0.31 to 7.04 ± 0.25 Ma) that contains 
66.75 Mt @ 0.27 % Cu and 0.43 g/t Au. (Maryono et al. 
2018). It was disrupted extensively by a large late-stage 
diatreme and numerous low grade late-stage intrusions 
(Fig. 2C; Maryono et al. 2018). High grade high 
sulfidation and intermediate sulfidation state vein 
systems crop out to the NW at Pelangan and, Mencangga 
– they contain 11.78 Mt @ 1.52 g/t Au and 4.58 g/t Ag 
and are hosted in an extensive lithocap. In recent times, 
artisanal miners have been exploiting the epithermal 
veins near Selodong. 
 
3 Conclusions 
 
The east Sunda arc contains several examples of giant 
porphyry Cu-Au deposits along with several prospects 
that warrant more detailed exploration. The ore deposits 
are associated with tonalite intrusive complexes, central 
domains of quartz stockworks associated with biotite-
magnetite alteration, overprinting intermediate argillic 
alteration, structurally controlled late stage phyllic 
alteration and in some cases lithocaps are extensively 
developed and partially overprint and obscure the 

porphyry deposits (Fig. 2). Diatremes are a common 
feature of each of the major porphyry systems in the arc. 
Further exploration success is anticipated. 
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Revised model of porphyry-Cu formation: ore forms at the 
porphyry to epithermal transition, overprinting barren 
stockwork veining and potassic alteration 
Thomas Driesner and Christoph A. Heinrich 
Institute of Geochemistry and Petrology, ETH Zürich, Switzerland 
 
 
Abstract. Mounting evidence from numerous porphyry-
Cu deposits implies that no copper ore minerals 
precipitated during high temperature stockwork veining 
and potassic alteration. Rather, the main ore formed at 
moderate temperatures <400°C, with no or minor quartz, 
coeval with chloritic to sericitic alteration and sulfide-only 
("paint" and C-type) veins, transitional to epithermal 
conditions. When observed in detail, all textural positions 
of Cu-sulfides adhere to this scheme: grains and 
centerlines in A and B stockwork veins are post-quartz 
infills; disseminated grains in rock are mostly patchy 
precipitates on thin cracks; and "paint" and C-type veins 
themselves, which possibly represent thermal 
contraction-induced jointing. The resulting conundrum of 
a frequent correlation of stockwork quartz veins / potassic 
alteration and highest grades can be reconciled by a 
dynamic process in which the former form inside a hot 
magmatic fluid plume that is centered on the porphyry 
stock. The plume top is cooled by a downward migrating 
magmatic/meteoric fluid interface. Ore minerals 
precipitate where the magmatic fluid is most strongly 
cooled, likely prior to the ingression of meteoric water, 
and progressively deeper with time, overprinting 
stockwork veining and potassic alteration. The model is 
consistent with field observations, petrography, fluid 
inclusions, oxygen stable isotopes, and heat and mass 
balance constraints. 
 
1 Introduction 
 
The general idea of how porphyry-Cu deposits are 
formed from magmatic-hydrothermal systems is well-
established (e.g., Dilles 1987; Sillitoe 2010). Metals and 
fluids are sourced from a deeper, batholithic body of 
hydrous magma, from which smaller porphyry intrusions 
emerge on which the deposit is centered. The latter 
represent sites of failure of country rock overlying the 
batholith, forming zones of weakness that can act as 
"overpressure valves" (Sillitoe 2010) focusing magmatic 
fluid released from the crystallizing batholith. Hydraulic 
fracturing in response to fluid overpressure and fluid 
cooling/decompression cause vein formation and ore 
precipitation.  

For many years it seemed clear that the ore-forming 
Cu-sulfides are linked to early, high-temperature 
stockwork veining and potassic alteration (see summary 
in Sillitoe 2010). Deposit-scale correlations as well as 
macroscopic cross-cutting relations of different vein types 
and alteration halos hosting the ore minerals seemed to 
be unambiguous indicators for that. Contrasting 

observations such as the association of mineralization 
with phylllic alteration or the occurrence of late, sulfide-
only veinlets ("C" and "paint" veins) have often been 
interpreted as re-mobilization of primary, high-
temperature, potassic ore. Examples of associations 
between the main ore mineralization and sericitic to 
chloritic alteration (e.g., Hedenquist et al. 1998) have 
mostly not been considered as typical. 

This view was strongly challenged with the first 
applications of combined cathodoluminescence 
microscopy and detailed fluid inclusion petrography to 
porphyry-Cu deposits (Redmond et al. 2004; Rusk and 
Reed, 2002). At Bingham, this approach demonstrated 
that Cu-sulfides are interstitial in the early stockwork 
veinlets and precipitated from a relatively low-
temperature fluid (+/-330-380°C) after the main mass of 
vein quartz had formed at substantially higher (>500°C) 
temperatures (Redmond et al. 2004). To the best of our 
knowledge, this and very similar relations have been 
confirmed for essentially all deposits subsequently 
studied with this method and unequivocal evidence for 
significant amounts of Cu-sulfides precipitated during 
early stockwork veining and potassic alteration has not 
been reported. Similarly, quite a few studies state that 
late, sulfide-dominant and quartz-poor to -absent veins 
may carry a large part or even the main mass of the metal 
in the respective deposit but almost never have they been 
the subject of detailed study (e.g., in Grasberg, Pollard et 
al. 2002 and I. Kavalieris, pers. comm. 2017; at Bingham, 
Porter et al. 2012) and these observations have received 
only minor attention in reviews (e.g., Sillitoe 2010). An 
exception are the studies of Vry et al. (2010) and Spender 
et al. (2015) who provide a detailed characterization of 
how main stage mineralization at El Teniente postdates 
barren veins and commences in veins with only minor 
associated potassic alteration and/or as infills in pre-
existing re-opened veins, then grading into sulfide-
dominated veins with phyllic/chloritic alteration that carry 
the main mass of copper and molybdenum.  

The implication of these observations is that Cu ore 
precipitation and quartz stockwork veining / potassic 
alteration are genetically decoupled in the process of 
porphyry-Cu formation. We hypothesize that this may be 
the rule rather than the exception. However, the deposit-
scale spatial correlations between potassic alteration, 
stockwork veining and high ore grades have remained a 
major and successful exploration criterion. This 
conundrum calls for a re-assessment of the existing field 
criteria and a revision of current models of porphyry-Cu 
formation. 
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2 Re-visiting field evidence for the timing of 

ore precipitation 
 
Re-opening and mineral deposition from successive 
stages in a single vein is a well-known phenomenon in 
porphyry-Cu deposits. A single vein can record all stages 
from early, very high-temperature (>600°C) quartz 
precipitation to late zeolite and minor quartz precipitation 
from fluids as cool as 140°C (e.g., Stefanova et al. 2014). 
In other words, occurrence of Cu-sulfides in a vein or its 
alteration halo does not imply they formed with the event 
that formed the main mass of the vein minerals. 
Therefore, vein cross-cutting relationships alone do not 
tell the timing of ore mineral formation and different 
generations of a given mineral derived from macroscopic 
criteria may in fact belong to a single generation in 
different textural positions. Re-interpreting the timing of 
ore mineral precipitation by taking this into account 
resolves the apparent conundrum. 

Sulfides in A-family veins have been demonstrated to 
postdate the main mass of vein quartz (e.g., Redmond 
2004 et al.; Landtwing et al. 2005; Vry et al. 2010). Those 
in earlier vein types, such as biotite veinlets, may 
represent an equivalent of this; for example, chalcopyrite 
overprinting biotite(-actinolite) veinlets was reported by 
Vry et al. (2010) at El Teniente.. 

Sulfides as center-lines in B veins, by definition, 
postdate the quartz. Occurrence of chlorite (e.g., at Batu 
Hijau, Schirra et al., this conference) that is apparently 
coeval with the sulfides suggests that the latter postdate 
potassic alteration.  

“Paint-type” / C veins are dominantly filled with 
sulfides, typically with little or no quartz and with thin 
chloritic to sericitic alteration haloes, and cross-cut A and 
B veins. At least in Elatsite, Bulgaria, we have seen that 
paint veins penetrate into B-family veins and then 
continue as their centerline. From Escondida, El 
Salvador, and Erdenet we have samples that show paint 
veins of chalcopyrite +/- pyrite + chlorite cross-cutting 
hydrothermal anhydrite in vugs in earlier vein types. Paint 
veins often appear to be joints, i.e., thin tensile cracks. 
Occasionally, one can find elliptical boundaries of the 
mineral coating on the crack, suggesting that these are 
indeed simple tensile cracks or joints with several stages 
of opening.  

Disseminated Cu sulfides in the rock, upon close 
inspection, can often be demonstrated to sit on very thin 
cracks with patchy, sparse sulfide precipitation. These 
appear to belong to the same stage as paint veins - as 
they can cut through minerals belonging to the potassic 
stage - and may just be their smallest, poorly mineralized 
expression. 

Large Cu-sulfide grains or blobs in early quartz veins 
seem to be constrained to open spaces in these veins, 
post-date anhydrite in them (Erdenet) and pre-date 
calcite and zeolites (Elatsite). 

D veins typically postdate all the above and only rarely 
appear to be host to significant Cu mineralization (e.g., 
Erdenet). 

We interpret these findings to indicate that - at least for 

the deposits that we have studied or visited - the Cu 
sulfides in these very different textural positions represent 
the same, single stage during which the main mass of the 
Cu ore minerals were precipitated. At any given point of 
the orebody, this event postdates and overprints quartz 
stockwork veining and potassic alteration but adds 
chlorite/sericite as new alteration minerals in sometimes 
only minor amounts and no or only subordinate quartz. 

 
3 Published constraints on the ore-forming 

process 
 
Oxygen and hydrogen stable isotope data of alteration 
minerals seem to indicate that the potassic to phyllic 
alteration stages - and possibly parts of the argillic 
alteration stage - can be linked to a cooling magmatic 
fluid. Thermodynamic and reaction progress modelling by 
Reed et al. (2013) suggests that indeed the sequence of 
reactions and mass balance of subsequent alteration 
stages can be explained with a single magmatic fluid 
reacting with host rock. Meteoric overprint as a cause for 
phyllic alteration was suggested for a number of deposits 
(see review by Taylor 1979) but is now generally 
considered unlikely. 

A few fluid inclusion studies sampled the distribution of 
dominant fluid inclusion types across a deposit 
(Redmond 2004; Zwyer 2010) and/or the evolution of the 
fluid at a given point in the system (Landtwing et al. 2005; 
Stefanova et al. 2014). At Bingham, Batu Hijau and 
Elatsite, high-temperature, intermediate density and low-
salinity fluid represents a lithostatically pressured 
magmatic fluid that is released at depth and is also 
sampled in the first stages of quartz growth in A family 
stockwork veins inside the ore body. Entrapment 
temperatures vary from very high (>640°C) to somewhat 
lower (<500°C) and this range likely reflects distance from 
the releasing magma as well as the thermal state of the 
magmatic fluid plume during entrapment. Inside the ore 
body in these deposits, the dominant fluid inclusion 
assemblages are brine+vapor, post-date the intermediate 
density inclusions, and pre-date the ore minerals. The 
brine+vapor assemblages record progressive cooling 
from >600 to <400°C and decompression from lithostatic 
to hot hydrostatic, sometimes down to pressures of 
halite+liquid+vapor coexistence and with anhydrite 
precipitation during the cooler phase. During this process, 
the dominant vapor phase condenses out a highly saline 
brine. Ore precipitation happens during a phase in which 
quartz dissolves or precipitates in only subordinate 
amounts. Accordingly, associated fluid inclusions are rare 
and, where present, record temperatures typically in the 
range of 350-300°C. Ore precipitation is post-dated by 
aqueous, low-temperature (<200°C) fluid inclusions with 
a meteoric signature. 

  
4 A revised model of porphyry ore formation 

 
Accepting the overprinting, late character and moderate 
temperature of porphyry Cu ore precipitation, all of the 
above cited, field-based observations smoothly fit into a 
self-consistent process model. The numerical simulations 
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of Weis et al. (2012) provide a framework with heat and 
mass balance as well as physically rigorous temperature-
pressure-compositional evolution of the fluid phase, 
within the limits imposed by representing the fluids as 
H2O-NaCl. Fekete (2017) added quartz precipitation and 
dissolution as well as oxygen stable isotope fractionation 
to the simulations. 

Following Weis et al. (2012) and the numerous studies 
that inspired their work, we assume that the process 
starts with accumulation of magmatic fluids, produced by 
second boiling due to progressive crystallization of 
magma, at elevations ("cupolas") in the top of a 
batholithic magma chamber. Once sufficient fluid 
pressure has been built up, the overlying host rock fails 
and a mixture of melt, crystals and overpressured fluid is 
injected. Melt and crystals consolidate to form a porphyry 
intrusion while the fluid induces hydrofracturing in both 
the solidifying porphyry intrusion and host rock. 

Within a few hundred to thousand years the released 
hot fluid establishes a magmatic fluid plume, centered on 
the porphyry intrusion. This spatial correlation likely 
reflects that the initial breaching defines this as a zone of 
weakness, ideally located at a point where fluids in the 
batholith tend to collect, and through which they can 
preferentially be released upon further fluid production. 
The shape of the plume is governed by a dynamic 
dependence of permeability on temperature, stress, fluid 
pressure, and depth (Weis et al. 2012). 

A key element now is that, in the uppermost crust, 
permeability is high enough to allow groundwater 
convection. The convection is driven by heat from the 
magmatic fluid plume but at the same time provides a 
negative feedback mechanism and limits further ascent 
of the plume by providing an efficient cooling mechanism 
(Fig. 1A). At this boundary, magmatic fluid is entrained 
into the overlying convecting system and may provide 
metals for epithermal metal deposit formation. Variations 

in permeability, rates of meteoric water recharge etc. 
provide factors that likely influence if and which style of 
epithermal mineralization may develop. Numerical 
modeling by Weis et al. (2012) indicates temperatures 
around 300-350°C just below the magmatic/meteoric fluid 
interface. 

Both the oxygen stable isotope microanalysis of 
Fekete et al. (2016) and the numerical modeling of Weis 
et al. (2012) could not resolve if Cu-sulfide precipitation 
happens from purely magmatic fluid that has been cooled 
to below 400°C underneath the magmatic/meteoric 
interface or if actual mixing with meteoric water triggers 
precipitation. Schirra et al. (this conference) demonstrate 
that at Batu Hijau a cooled magmatic fluid most likely 
precipitated the Cu-sulfides. This would agree with the 
chemical modeling conclusions of Reed et al. (2013). 
Interestingly, if one accepts temperature of significantly 
over 500°C for the quartz stockwork veining and potassic 
stage with subsequent cooling to <350°C, it is a 
straightforward exercise to demonstrate that thermal 
stresses are high enough to allow tensile cracking of the 
rock, in agreement with the field observations on the 
nature of paint veins. 

As the batholith progressively crystallizes, less fluid is 
produced per successive time increment and the rate of 
magmatic fluid supply decreases. As a consequence, the 
magmatic fluid plume will decrease in size and the 
magmatic/meteoric fluid interface as well as the cooling 
zone will progressively shift downward (Fig. 1B). Our 
model therefore predicts that ore formation and different 
alteration styles are diachronous: the ore body grows 
incrementally from top to bottom, under chemical 
conditions favorable for chloritic-sericitic alteration and 
quartz dissolution with subsequent barren overprint by 
meteoric water. Simultaneously, but deeper and at higher 
temperatures, barren potassic alteration and quartz 
stockwork veining are likely still ongoing until, under 

 
 
Figure 1. Two stages in the evolution of a porphyry Cu system, showing the diachronous nature of ore precipitation and different alteration 
styles (peripheral propylitic alteration and advanced argillic in the top part not shown for clarity). A. Stockwork quartz veining and potassic 
alteration happens inside the lower and main parts of a magmatic fluid plume while cooling by meteoric water at the top of the plume induces 
sericitic/chloritic alteration and ore precipitation that overprint the previous potassic alteration. B. Magmatic fluid plume has retracted downward 
in response to gradually decreasing fluid production; accordingly the cooling front as well as ore precipitation and sericitic/chloritic alteration 
have moved downwards, overprinting more, previously potassically-altered parts. No active ore precipitation happens anymore in the zone 
that was active in A. The semi-quantitative temperature-depth curves are along the center and have been adapted and modified from Weis et 
al. (2012). Light grey color in the cartoons represents magma, medium gray crystallized magma. 
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cooling, they become first overprinted by the ore-forming 
process and then possible meteoric influence. The 
bottom of the ore body will represent the youngest ore 
and will cease to grow once the magmatic fluid input 
diminishes. 

 
5 Discussion and Conclusions 
 
We feel that our model explains numerous observations 
that have been independently reported from a fast 
growing number of different deposits and that seem to 
attest to a recurring theme, namely the "late" nature of 
Cu-sulfide precipitation. It should, however, be 
emphasized that "late" refers to textural position and not 
absolute time during the process of ore formation. 
Namely, Cu-sulfides would precipitate at early times in 
the uppermost part of the later ore body and this part 
would already be under meteoric, non-ore producing 
influence when the highest grades are accumulating later 
and further down. The correlation between grade and 
early stockwork veins / potassic alteration would simply 
reflect that the early vein types and alteration had more 
time to accumulate in these deeper, higher grade parts 
prior to ore deposition. 

Many details remain to be investigated, namely if the 
seemingly broad spectrum of macroscopic evidence for 
different timing of ore deposition in different styles of 
porphyry Cu deposits (Sillitoe, 2010) is real or an artifact 
of relying on macroscopic observations. Furthermore, the 
actual physico-chemical causes of Cu-sulfide 
precipitation are still unclear: is it a range of temperature-
pressure conditions? Is cooling the main factor or does 
chemical fluid-rock reaction play a key role, or both (e.g., 
progressive increase in acidity upon cooling)? When ore 
formation was considered a high-temperature process 
these questions could not rigorously be answered by 
reaction modeling for the lack of adequate 
thermodynamic models of solutes in supercritical fluids. 
However, for the inferred conditions, below 350°C, 
adequate thermodynamic models are available and this 
may allow refined assessment of different elements of the 
model suggested here. 
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Abstract. The ‘fertility’ of arc magmas to form porphyry 
Cu-Au deposits in the upper crust is dependant on a 
number of processes occurring within the source-
pathway-sink framework of the evolution of any particular 
magmatic system. One of the first barriers to fertility is the 
so-called ‘sulfide trap’ whereby sulfides in lower crustal 
cumulates will sequester metals such as Cu and Au, thus 
rendering any subsequent upper crustal melts infertile. 
Textural evidence from the Ivrea zone in Italy, alongside 
numerical modelling for lower crustal cumulate 
complexes, shows that although sulfides may be present 
in these rocks, they are not necessarily a ‘trap’ as such. 
Instead, the typical temperatures of these systems allows 
for incongruent melting and potentially mobilization of Cu-
Au sulfide associated with melt networks within these 
cumulate intrusions. This allows for a mechanism 
whereby partially molten Cu-Au-rich sulfide can be 
fractionated from solid Ni-Fe-rich sulfide, which could 
potentially be mobilized into the upper crust and 
ultimately supply metals to form porphyry-fertile 
intrusions. 
 
1 Introduction 
 
Porphyry Cu(-Au-Mo) deposits are amongst the most 
significant ore deposits on Earth, and are a product of a 
complex series of processes related to volcanic arc 
activity (e.g. Wilkinson 2013). These include (1) 
generation of hydrous basaltic melts from metsomatised 
mantle wedge above the subducting slab; (2) the 
accumulation of these basalts in lower crustal amphibole-
rich cumulates; (3) the ascent of bouyant, hydrous 
magmas to upper crustal depths where they pond, 
differentiate and release magmatic volatile phases 
leading to (4) porphyry ore formation by precipitation of 
Cu (and other metal) sulfides from the flow of volatiles 
triggered by cooling, phase separation, mixing, and/or 
reaction with wall rocks. For any system to be considered 
‘fertile’ it must have experienced, or avoided, a number of 
key processes along this source-transport-sink pathway. 

 
 

2 The lower crustal ‘sulfide trap’ 
 

The accumulation of basaltic melts at the base of the 
crust is the earliest staging point in the porphyry system. 
As such, the processes that occur at this stage represent 
a fundamental control on the subsequent fertility of any 
ascending magmas. Long term residence in this zone 
allows metal- and water-rich melt to accumulate and, 
depending on magmatic S contents and redox state, 
sulfide liquids to exsolve and crystallise. Should sulfide 
saturation occur in these lower crustal magmas, 
chalcophile metals such as Cu and Au should partition 
strongly into sulfide melt. As such, sulfides in lower 
crustal cumulates will sequester much of the metal 
budget of the magmatic system. Thus, sulfides in lower 
crustal amphibole-rich cumulates can act as a ‘trap’, and 
as a first order control on the relative fertility of ascending 
arc magmas. 

Here we outline evidence from lower crustal cumulates 
that would imply that although these rocks can trap some 
sulfides, there may also be a mechanism to mobilse 
sulfides that are preferentially enriched in Cu and Au; 
thus fundamentally ‘fertilising’ magmas magmas in the 
precise budget of metals required for subsequently 
forming fertile upper crustal porphyry intrusions. 

 
3 Lower crustal cumulates in the Ivrea zone, 

Italian Alps 
 
We utilize samples from the lower crustal mafic complex 
that forms the lowermost part of the exposed crustal 
section of the Ivrea zone in the Italian Alps. The Ivrea 
zone consists of a complete, though partially 
dismembered section from the upper mantle to upper 
crustal volcanics exposed following near 90° tiliting. 

We use samples from the Isola Sill – one of the 
lowermost ultramafic sills in the Ivrea zone that contains 
disseminated, low grade Ni-Cu sulfides; and the Sella 
Bassa deposit, which is in the mafic series, 
stratigraphically higher in the mafic complex, which 
contains patchy and disseminated Cu-Ni-sulfides. 
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4 The Jackson et al. (2019) model for mush 
reservoirs as ‘magma chambers’ 

 
Jackson et al (2019) put forward a model for the 
development of large mafic complexes that are not 
‘magmas chambers’, as such, but instead are made up of 
series of rapidly cooling sill injections and mush 
reservoirs. However, through evolution of this setting, the 
temperature of the ever increasing body of igneous rocks 
will rise until it intersects the solidus at ~850°C, at which 
point, melt can mobilise within a permeable melt network 
along grain boundaries. This upward movement of 
buoyant melt, or ‘’reactive flow’ allows fractionated melt 
to migrate to the upper parts of the sill complex and form 
a significant body of melt. Over time this accumulating 
volume of liquid has the potential to be injected further up 
in to the crust. Their modelling was based on the lower 
crustal intrusions of the Ivrea zone, but is applicable to 
intrusions at any level of the crust. 

Early intrusions, like Isola, would cool quickly, thus, 
any sulfide would be expected to remain trapped as 
interstitial blebs within the cumulus silicate mineralogy. 
Later intrusions, further up the magmatic stratigraphy, like 
Sella Bassa, would be subject to an increase in 
temperature over time, according to the model. In this 
zone, initially crystallised cumulates may experience 
partial remelting when the temperature reaches the 
solidus. Sulfides would remelt incongruently at this 
temperature, with the intermediate solid solution (iss; Cu-
Fe sulfide) melting, and the monosulfide solid solution 
(mss) portion (Ni-Fe sulfide) remaining crystalline. 

 
5 Textural evidence of mobile Cu-Au rich 

sulfides 
 
Textural evidence from the Isola Sill shows an interstitial 
sulfide assemblage of pyrrhotite>>pentlandite> 
chalcopyrite within orthopyroxene-clinopyroxene-
amphibole-(olivine) cumulates. These record a simple 
cooling history of an Fe-Ni-Cu sulfide liquid with no 
remelting. 

In contrast, samples from Sella Bassa, higher up the 
sequence, contain an interstitial assemblage of 
exclusively pyrrhotite and pentlandite within 
orthopyroxene-clinopyroxene-amphibole cumulates. 
Chalcopyrite (along with some minor pyrrhotite +/- 
pentlandite) is present as veins and stringers formed 
along grain boundary networks that cross cut the silicate 
mineralogy (Fig. 1). These Cu-rich veins also contain Au-
minerals such as electrum and Ni-Pd-tellurides. 
 
6 Implications for porphyry magma fertility 
 
This work provides clear evidence that Cu-Au-bearing 
sulfide liquid can be mobilised away from crystalline mss 
within lower crustal amphibole-bearing cumulates. This 
demonstrates the ability of lower crustal magmatic 
processes to not only concentrate metals into sulfide, but, 
crucially, to fractionate Cu and Au (the most common 
metals enriched in porphyry deposits) from Ni, Co and the 
IPGE (which are never found enriched in porphyry 

systems). As such, the evolution of lower crustal 
cumulate complexes in the model proposed by Jackson 
et al. (2019) allows for the presence of potentially mobile 
Cu-Au sulfide liquid in mush zones during ongoing 
magmatic activity, which could then be mobilized into 
upper crustal systems to form porphyry deposits. The 
operation, or not, of such deep processes may be a 
primary control on porphyry fertility. 
 

 
 

Figure 1. ZEISS Mineralogic mineral map of chalcopyrite and gold 
rich veins in a sample of amphibole-bearing cumulates from Sella 
Bassa. 
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Abstract. Although studies argue that subduction-
modified and fertilized lithosphere controls the formation 
of porphyry Cu deposits in orogenic belts, it is unclear if 
and how this fertilization process operates at cratonic 
edges, where numerous, large, non-arc Au-rich deposits 
form. Here, we report work on lower-crustal amphibolite 
and garnet-amphibolite xenoliths, hosted by Cenozoic 
stocks, that are genetically related to the Beiya Au-rich 
porphyry-skarn deposits along the western margin of the 
Yangtze Craton, China. These xenoliths represent 
cumulates or residuals of Neo-Proterozoic arc magmas 
that ponded at the base of the arc at the edge of the 
craton and subsequently underwent high-pressure 
metamorphism at ca. 740 Ma. The amphibolite xenoliths 
are enriched in Cu and Au, and a few garnet-amphibolite 
xenoliths contain higher Au with higher Au/Cu ratios than 
normal continental crust, suggesting that metal 
fertilization of the base of an old arc at the edge of the 
craton occurred in the Neo-Proterozoic via subduction-
modification, and has since been preserved. The whole 
rock geochemical and zircon Hf isotopic data indicate that 
melting of the Neo-Proterozoic Cu (Au)-fertilized low-
crustal cumulates at 40–30 Ma provided the metal 
endowment for the Au-rich porphyry system at the 
cratonic edge. 
 
1 Introduction 
 
Unlike orogenic belts, most cratons have been stable 
since their formation in the Archean-Proterozoic eon 
(Griffin et al. 2013). The initial cratonic crust and 
subcontinental lithospheric mantle (SCLM) are strongly 
depleted in magmaphile elements, especially Au and Cu 
(Rudnick and Gao 2003), largely due to the liberation of 
metamorphic fluids from the deep crust (Cameron 1989) 
and high-degrees of mantle partial melting (Griffin et al. 
2013). These domains have been preserved as durable, 
rigid, and buoyant rafts. Therefore, the cratons that have 
not experienced metal fertilization and later activation 
would be unlikely to host Phanerozoic Cu-Au ore deposits 
(Groves and Bierlein 2007). However, recent studies 
have recognized a suite of large, Mesozoic-Cenozoic, 
Au-rich porphyry Cu deposits (Richards 2009; Griffin et 
al. 2013; Hou et al. 2015) that have formed at cratonic 
margins or in the cratonic interior. They are postulated to 
be genetically related to non-arc potassic magmas 

derived from the Proterozoic lithosphere (Lu et al. 2013), 
metasomatized lower crust (Richards 2009), SCLM 
(Griffin et al. 2013), and/or crustal fluids from deep 
reservoirs (Goldfarb et al. 2007), released during later 
reactivation. All these non-arc Au-rich deposits fall in the 
category of post-collisional deposits. The occurrence of 
these Au-rich deposits implies the existence of metal 
fertilization in cratons during later tectonic episodes 
(Griffin et al. 2013). However, it is unclear when and how 
this fertilization process operated, and the factors which 
ultimately control the formation of Au-rich porphyry 
copper deposits (Richards 2009). 

Here we report the occurrence of Cu-Au-rich lower-
crustal amphibolite and garnet-amphibolite xenoliths, 
hosted by Cenozoic potassic stocks that are genetically 
related to the Beiya Au-rich porphyry in the western 
Yangtze Craton, China. We suggest that these xenoliths 
represent direct samples of the Neo-Proterozoic, 
fertilized cratonic lower continental crust, which played an 
important role in the genesis of Au-rich PCDs at cratonic 
edges. 
 
2 Geological background 
 
The Yangtze Craton, SW China, underwent Neo-
Proterozoic lithospheric accretion and Cenozoic tectonic 
reactivation with Au-Cu mineralization forming at its 
margin (Fig. 1). It is therefore an ideal place to study Au-
rich systems at cratonic edges. The remnants of 
voluminous 1000–740 Ma arc plutons and volcanic rocks 
in the western part of the craton (Fig. 1b) suggest that 
oceanic subduction beneath the craton occurred in the 
Neo-Proterozoic (Sun et al. 2009). A ~1000-km long, 
potassic magmatic belt of Eocene-Oligocene intrusive 
and associated volcanic rocks (40–30 Ma) along the 
cratonic edge (Fig. 1b) records significant reworking by 
the Indo-Asia collision which started at ca. 65 Ma (Lu et 
al. 2013). 

The Beiya Au-rich porphyry deposit (304 t Au @ 2.4 g/t 
Au; 0.6 Mt Cu @0.48% Cu) is the largest among several 
systems associated with the Eocene-Oligocene collision-
related intrusive stocks (~37 Ma, He et al. 2015). The 
Beiya porphyries are thought to have formed by remelting 
of thickened mafic lower crust, whereas the Liuhe syenite 
stocks formed by remelting of the metasomatized SCLM 
during collision (Lu et al. 2013). Geophysical data reveal 
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that asthenospheric upwelling appears along the cratonic 
edge with 42–45 km thick crust, which is thought to have 
triggered melting of the cratonic lithosphere during 
collision (Lu et al. 2013). 
 

 
Figure 1. A: Significant orogenic Au deposits (black dots) in the 
North China craton (NCC, 130–120 Ma; Goldfarb et al. 2007) and 
Yangtze craton (YC, 38–32 Ma; X. Sun et al. 2009). CAO—Central 
Asia orogen; TM—Tarim block; CCO—Central China orogen; 
AHO—Alpine-Himalaya orogen; SGO—Songpan Ganzi orogen; 
CC—Cathaysia craton. B: Locations of the lower crustal xenoliths 
(six stars) are shown; xenoliths at Beiya and Liuhe were sampled for 
this study. The tectonic framework and distribution of Cenozoic 
porphyry Cu-Au and orogenic Au deposits in the western Yangtze 
craton are shown. 
 
3 Lower-crustal xenoliths and their origin 
 
Abundant xenoliths have been found within Eocene 
stocks and associated volcanic rocks at six locations 
exposed along the cratonic edge (Fig. 1b). Amphibolites 
and garnet-amphibolites are the primary types, the former 
hosted by Liuhe syenites and Beiya monzogranite 
porphyries (Fig. 2a), and the latter widely occurring in the 
Liuhe stock (Fig. 2b).  

Sulfide phases (<0.3 vol. %) in the garnet-amphibolites 
are dominated by pyrrhotite with chalcopyrite rims and 
pyrite. The pyrrhotite occurs as globules, enveloped by 
garnet grains that lack any fissures and hydrothermal 
alteration (Fig. 2c). Their globular shape, sharp 
boundaries, and coexistence of pyrrhotite with 
chalcopyrite suggest original entrapment as a magmatic 
sulfide melt (Nadeau et al. 2010). Magnetite occurs inside 
and outside of amphibole crystals as globules, 
suggesting dissolution of the sulfide melt by a volatile 
phase, which was likely oxidized (Nadeau et al. 2010). 
Pyrite occurs as an interstitial phase within biotite-
orthoclase assemblages in the amphibolites and garnet-
amphibolites, and is irregular in shape, suggesting a 
secondary or metamorphic origin. Microprobe analyses of 
some pyrites show Au enrichment of 170–580 ppm (just 
above the detection limit of 140 ppm). 

 

 
Figure 2. A, B: The xenoliths and their mineral assemblages. C: 
Electron probe–scanned element distribution of the globular sulfide 
phases in garnet. Cp—chalcopyrite; Gt—garnet; Po—pyrrhotite. D: 
Garnet amphibolite (sample LH14–53) consisting of two stages of 
amphibole (Am), garnet, and minor plagioclase (Pl), pargasite, and 
biotite. Ap—apatite; Rt—rutile; Di—diopside. 
 

The lack of quenched margins (Fig. 2a, b) and the 
occurrence of metamorphic mineral assemblages in all of 
these xenoliths indicate that they are unlikely to be 
autoliths formed during magma crystallization or enclaves 
formed by injection of mafic melts into the felsic magma 
chamber. The garnet-amphibolite xenoliths show typical 
retrograde textures, including: (1) symplectite composed 
of fine-grained diopside, pargasite, and magnetite, 
formed by the decompressional breakdown of garnet 
(Zhao et al. 2003); and (2) fine-grained assemblages of 
anhedral albite, pargasite and magnetite around coarse 
diopside grains, likely formed by the breakdown of the Ca 
Tschermaks’ components in pyroxene (Core et al. 2006). 
These observations indicate that the xenoliths 
experienced high-pressure metamorphism and later 
retrograde metamorphism during exhumation. The 
clinopyroxene geothermobarometer (Ravna 2000) and 
garnet-clinopyroxene Fe-Mg geothermometer (Mercier 
1980) yield temperature-pressure estimations from 
642 °C to 675 °C and 1354 MPa to 1560 MPa for the 
garnet-amphibolites, which suggests high-pressure 
eclogitic facies metamorphism at the crustal base (ca. 
41–52 km, based on amphibolite density of 3.0 g/cm3). In 
contrast, the amphibolite xenoliths show massive and 
gneissic structures and formation at 832 MPa (Al-in-
amphibole barometer), corresponding to a metamorphic 
depth of ~27 km. We therefore argue that the garnet-
amphibolite and amphibolite xenoliths were derived from 
the bottom (ca. 45 km) and upper parts (ca. 27 km) of the 
lower continental crust, respectively. 

Whole-rock analyses indicate that these xenoliths 
show a close geochemical affinity with the Neo-
Proterozoic arc plutons. They have relatively high Y (>15 
ppm) and low Sr/Y (< 30) and show enrichment in LILE 
and depletion in HFSE, which are typical characteristics 
of arc magmas derived from the metasomatized mantle 
wedge. The inherited zircons from the garnet-
amphibolites yield ƐHf values of +0.7 to +14.8, 
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overlapping with those of the Neo-Proterozoic arc rocks 
(Zhao and Zhou 2007). Identical zircon Hf isotopic arrays 
for the xenoliths and arc plutons at ~794 Ma suggest 
binary mixing between asthenospheric melts and crustal 
materials during their generation. The least-assimilated 
xenoliths and arc plutons have high ƐHf values, similar to 
primitive arc magmas. These data indicate that both the 
garnet-amphibolite and amphibolite xenoliths are co-
magmatic in origin and that their protoliths are likely 
lower-crustal cumulates and residue of the Neo-
Proterozoic arc magmas, respectively (Fig. 3), which, as 
juvenile components, led to the crustal growth of the 
western Yangtze Craton. 
 
4 Au-Cu enrichment/depletion in the 

xenoliths 
 
The Liuhe xenoliths show variable concentrations of Au, 
Cu, and S. There is no correlation between Cu-Au 
contents with the proportions of sulfides. Most garnet-
amphibolite xenoliths have lower metal contents (Au<3 
ppb; Cu<10 ppm) than normal continental crust (Rudnick 
and Gao 2003), and only a few show moderate 
enrichments of Au (6–16 ppb) and Cu (up to 82 ppm). The 
amphibolite xenoliths have slightly higher Au (5–6 ppb), 
but remarkably lower Cu (15–18 ppm) contents than calc-
alkaline arc magmas (1–2 ppb Au, 50–90 ppm Cu; Lee et 
al. 2012). 

The Au-poor garnet-amphibolites have high modal 
garnet (>10 vol.%) and diopside (>15 vol.%; Fig. 2d). 
Accordingly, these xenoliths yield lower contents of 
mobile elements and LREE than their Au-rich 
counterparts. This suggests that Au and Cu in the lower-
crustal cumulates have been in part extracted by fluids 
liberated during high-grade metamorphism (Cameron 
1989). 

By contrast, the Au-rich (6–16 ppb) garnet-
amphibolites contain low modal garnet and diopside (<10 
vol.%), and have high Au/Cu ratios (up to 7.8 × 104), 
coupled with relatively high contents of Cu (7.6–82.4 
ppm) and Ni (143–318 ppm). Such Au enrichment cannot 
originate by mass exchange between the xenolith and 
enclosing magma because the Liuhe syenites have very 
low Au contents (~1 ppb). Metasomatism by volatiles 
escaping from hydrous lamprophyres is also unlikely to 
explain this Au enrichment, because the Eocene 
lamprophyres exposed along the western margin of the 
Yangtze Craton contain low Au concentrations (1–3 ppb) 
and lamprophyre melts have a low Au-carrying capacity 
(Huang et al. 1999). Alternatively, the remnants of 
globular sulfides shielded by garnet grains in the garnet-
amphibolite xenoliths demonstrate Au enrichment in the 
lower-crustal cumulates before high-grade 
metamorphism (Fig. 2c). This is consistent with the 
expectation that small amounts of sulfide (as melt or 
crystalline phases) can be present, due to the high sulfur 
contents in arc magmas, which tends to settle out in 
cumulate zones due to density differences (Richards 
2009). As a consequence, the residual cumulates after 
high grade metamorphism would be depleted in Au (Cu), 
as demonstrated by the low Cu contents of the Liuhe 

xenoliths. 
We therefore argue that ponding of the Neo-

Proterozoic arc magmas with sulfide accumulation at the 
crustal base had progressively replenished the cratonic 
lower crust in metal components. The remnants of 
magmatic sulfides in garnet-amphibolite xenoliths and 
metasomatic refertilization in amphibolite xenoliths 
indicate that the fluids, released from the lower-crustal 
cumulates during later prograde metamorphism, 
transported Cu (Au) and metasomatized the overlying 
crust, before or during cratonic reactivation at 730 Ma 
(Fig. 3). The refertilized juvenile lower crust contains >16 
ppb Au and >205 ppm Cu, prior to its dehydration and 
later remelting, based on the Au and Cu contents of the 
Liuhe Au-rich xenoliths, and considering remobilization of 
sulfides during later metamorphism. 

 
5 The formation of Au porphyries by 

remelting of fertilized Neo-Proterozoic 
deep crust 

 
Previous studies indicate that the Beiya porphyries are 
characterized by high Sr/Y and La/Yb ratios coupled with 
low Y and Yb (He et al. 2015), showing geochemical 
affinity with adakites (Defant and Drummond 1990). The 
Beiya porphyries are thought to have been generated by 
remelting of the Neo-Proterozoic lower-crustal cumulates 
such as are represented by the xenoliths studied here 
(He et al. 2015). The breakdown of minor sulfides in the 
lower-crustal cumulates during later remelting would be 
expected to produce a S-poor magma (Richards 2009). 
This is consistent with two facts observed at Beiya: (1) 
the lack of high-sulfidation alteration; and (2) the small 
mass ratios of sulfides to magnetite (1:10) in the Au 
orebodies (He et al. 2015). As low sulfur contents only 
caused minimal sulfide saturation and consequent Cu 
(Au) sequestration from the magma (Chiaradia et al. 
2012), we therefore presume that the ore-forming magma 
had a Au/Cu ratio similar to the resultant porphyries at 
Beiya. The least-altered monzogranite porphyries at 
Beiya have Au contents of 8–39 ppb and Cu contents of 
4–83 ppm (He et al. 2015) with an average Au/Cu ratio of 
1.4 × 104, which is an order of magnitude higher than that 
of normal arc magmas (0.4 × 105; Gill 1981), but almost 
identical to that (average = 1.5 × 104) of the Liuhe-Beiya 
xenoliths. Ulrich et al. (2009) found that the Au/Cu ratios 
of two giant porphyry deposits were identical to the bulk 
Au/Cu ratios of primary high-temperature ore-forming 
fluids, which, in turn, likely depends on the ratio in the 
magma source for a S-poor magmatic-hydrothermal 
system. If this is the case, then the consistency of Au/Cu 
ratios in the Beiya porphyries and Liuhe Au-rich xenoliths 
indicates that remelting of the Au-enriched lower-crustal 
cumulates could produce the S-poor porphyry Au-Cu 
system at Beiya. 
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Figure 3. Illustrations of the refertilization process and its 
relationship to the porphyry Cu-Au system at the cratonic edge.  
 
6 Implications for exploration 
 
Our results demonstrate that arc magmas derived from 
metasomatized mantle most likely ponded at the crustal 
base, leading to crustal growth and metal fertilization in 
the Neo-Proterozoic. The initial Au (Cu) contents and 
Au/Cu ratios in the fertilized juvenile lower crust likely 
depend on the amount of accumulated sulfide in the 
magma ponding at its base (Richards 2009). These ore-
forming components (Au, Cu), though locally remobilized 
during later metamorphism, could be preserved in the 
lower continental crust, largely due to the secular stability 
of the craton. The incubation time between crustal base 
metal enrichment and reactivation can be short in a 
successive process from subduction to collision, such as 
in the Gangdese porphyry deposits (Hou et al. 2015; 
Wang et al. 2018), or it can be delayed until later 
reactivation of the cratonic margin. The metals could be 
entrained by later magmas or fluids ascending upwards 
through cratonic boundaries or strike-slip faults (Lee et al. 
2012; Griffin et al. 2013). 
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Abstract. Enhancing our understanding of the processes 
that lead to the formation of fertile magmas is key to the 
identification of robust new fertility proxies indicative of 
porphyry Cu deposits. Once the essential magmatic and 
hydrothermal processes have been identified, their 
resulting characteristic geochemical signatures can 
provide a fast and cost-efficient mean to distinguish 
between potentially fertile or barren igneous suites. We 
aim to utilise whole rock and mineral chemistry data from 
the spatially extensive intrusive suite that hosts the Rio 
Blanco-Los Bronces deposit cluster to reconstruct the 
magmatic evolution leading up to the formation of Earth’s 
largest known porphyry Cu system. The associated 
intrusive complex was emplaced over more than 10 My 
of barren and ultimately fertile magmatism, making it an 
ideal site to develop and test fertility indicators. 
Temporally resolved whole-rock data reveals the 
composite nature of the intrusive complex suggested 
incremental assembly from potentially different source 
magmas. Next steps include the application integrated 
accessory mineral petrochronology to reconstruct 
processes such as emplacement rates and the injection 
of mafic melts. The influence of these factors on the 
fertility of the system will be evaluated and potentially 
useful geochemical signatures in pristine magmatic 
accessory minerals will be identified.  
 
1 Introduction 
 
Porphyry Cu(±Au-Mo) deposits are the world’s main 
supplier of Cu and major mining companies have 
increased their efforts in exploring for these large tonnage 
deposits. However, remaining large deposits are likely to 
be buried under syn- or post-mineralisation cover, making 
them difficult and costly to discover; thus, new tools are 
required to help identify the most prospective areas. 
Developing new ‘fertility’ indicators for porphyry deposits 
on the regional scale requires an understanding of the 
genetic processes leading to their formation. We aim to 
reconstruct the magmatic evolution of the San Francisco 
Intrusive Complex culminating in the formation of the 
world’s largest cluster of porphyry Cu deposits, the Rio 
Blanco-Los Bronces district. The extensive magmatic 
activity that resulted in the emplacement of abundant 

‘barren’ and ore-related intrusive lithologies (Deckart et 
al. 2012; Toro et al. 2012) allows the identification of 
processes that are essential for the formation of porphyry 
deposits and enables stringent testing of potential fertility 
indicators. We applied conventional methods, such as 
whole-rock geochemistry and future work will integrate 
this data with mineral chemistry coupled with 
geochronology to provide insights into magmatic 
processes that are otherwise masked by alteration or the 
composite history recorded by plutonic rocks. Zircon 
petrochronology has already been demonstrated as a 
valuable recorder of magmatic processes (Buret et al. 
2016; Tapster et al. 2016; Large et al. 2018) and here we 
aim to add information from other juvenile accessory 
phases to further increase our understanding of them. 
This petrochronological approach has the potential to 
refine the genetic model for porphyry deposits and could 
result in the identification of so far undiscovered and 
robust ‘fertility discriminators’. 
 
2 The geology of the San Francisco Intrusive 

Complex 
 
The late Miocene Rio Blanco-Los Bronces porphyry 
cluster consists of several mineralized centres and is the 
world’s largest known concentration of Cu with >206 Mt 
contained Cu (Irarrazaval et al. 2010; Sillitoe 2010; Toro 
et al. 2012). It is situated in Central Chile, east of 
Santiago, in the Western Main Cordillera of the high 
Andes. The Western Main Cordillera comprises km-thick 
volcanic and volcano-sedimentary sequences of the 
Eocene to Early Miocene Abanico Formation and the 
Miocene Farellones Formation that are intruded by 
several plutons and sub-volcanic stocks of Miocene to 
Pliocene age (Piquer et al. 2015). The Central Chilean 
arc segment is geotectonically located on the margin of 
the Southern Volcanic Zone, at the transition between the 
steeper slab subduction system of southern Chile and the 
shallower slab subduction regime towards the north (Kay 
et al. 1999; Mpodozis and Ramos 1990). In addition to 
the Rio Blanco-Los Bronces cluster, Central Chile also 
hosts the giant El Teniente and Los Pelambres deposits 
and is therefore an ideal study site for understanding the 
processes that result in the generation of fertile arc 
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magmas. 

 
Figure 1. Geological map of the San Francisco Intrusive Complex 
hosted by volcanic rocks of the Abanico and Farellones Formations. 
The deposits of the Rio Blanco-Los Bronces (RB-LB) deposit cluster 
are located on the eastern margin of the complex. Map modified 
from Piquer et al. (2015). 
 

The San Francisco Intrusive Complex is the largest 
such complex in central Chile, stretching ~30 km N-S and 
~20 km E-W. It is constituted by numerous different 
intrusive phases (Piquer et al. 2015) that differ in texture, 
mineralogy, geochemistry and emplacement age. 
Published geochronological data suggest that the 
intrusive activity started at ~17 Ma concurrent with the 
deposition of the youngest exposed members of the 
Farellones Formation. This timing coincides with the 
change from an extensional setting during the deposition 
of the Abanico Formation to a compressional regime that 
started in the Early Miocene (Piquer et al. 2015). Intrusive 
activity continued for some 13 My, culminating in the 
emplacement of La Copa diatreme at ~4.7 Ma, the 
youngest igneous feature in the district. 

Several porphyry Cu prospects and deposits are 
hosted by the San Francisco Intrusive Complex. The 
super-giant Rio Blanco-Los Bronces deposit cluster 
comprises the Los Bronces and Andina mines and the 

Los Sulfatos deposit, and is located at the eastern margin 
of the intrusive complex. The Cu mineralization is 
considered to be genetically related to abundant 
tourmaline breccias and porphyry dikes (Irarrazaval et al. 
2010). Based on molybdenite Re-Os geochronology 
these deposits formed towards the end (7 – 4.9 Ma) of 
the magmatic activity of the intrusive complex, although 
smaller, sub-economic, porphyry-style hydrothermal 
centres occur throughout the district and vary in age (e.g. 
Los Piches, El Plomo).  

The large spatial extent of the igneous rocks 
associated with the San Francisco Intrusive Complex and 
long time period recorded by the exposed lithologies 
allow for a detailed reconstruction of the magmatic 
evolution in Central Chile that culminated in the formation 
of a world-class porphyry Cu cluster. We build on and add 
to abundant whole-rock geochemical and isotopic work in 
the district (e.g. Nyström et al. 2003; Piquer et al. 2017) 
and will combine this data with new mineral chemistry 
data of the different lithologies. Whole-rock samples can 
be affected by hydrothermal alteration that is abundant in 
the San Francisco Intrusive Complex and this can mask 
or modify the original geochemical signature. 
Furthermore, whole rock data record the composite 
history of plutonic rocks making the identification of 
specific processes difficult. Therefore, we aim to utilise 
careful mineral chemistry in order to see through such 
effects and to investigate the evolution of fertile magmas 
and the processes related to their generation (e.g. Buret 
et al. 2016; Loader et al. 2017; Large et al. 2018). This 
information will be put into a refined temporal context by 
new U-Pb zircon geochronology on all investigated 
samples. 

 
3 Petrographic observations 

 
The rocks of the San Francisco Intrusive Complex are 
hosted within the dominantly basaltic to basaltic-andesitic 
volcanic sequences of the Abanico and Farellones 
Formations. Individual volcanic units range from 
homogeneously fine-grained deposits to pyroclastic flow 
deposits with decimetre-sized clasts. Felsic sequences 
are rare but can be used as marker lithologies (Fig. 2a), 
especially within the strongly folded Abanico Formation. 

The km-thick volcanic sequences are intruded by 
massive intrusive bodies of variable chemical 
composition. Identifying contacts of large equigranular 
bodies requires detailed mapping and earlier studies 
suggested at least 14 individual intrusive facies (Piquer 
et al. 2015). Such contacts are sharp and suggest 
sufficient cooling of older phases before emplacement of 
the younger intrusions (Figs. 2c,d). Abundant mafic 
enclaves within the felsic intrusions suggest interaction of 
mafic and evolved melts during crystallisation (Figs. 2e,f).  

Numerous porphyritic dikes and stocks intrude the 
intrusive complex with some of them being directly 
associated with Cu-ore formation (Fig. 2g) and some 
being apparently barren. Typically, they show no direct 
relation to their immediate host rocks and are therefore 
considered to have been sourced from an underlying, 
unexposed magma reservoir. 
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Figure 2. Field photographs from the San Francisco Intrusive 
Complex. a) Felsic volcanic rocks marking the contact of the 
Abanico and Farellones Formations. b) Pyroclastic flow deposit with 
cm-sized clasts. c). Sharp contact of fine-grained felsic dike in a 
monzodioritic intrusion of the San Francisco Intrusive Complex. d) 
Sharp contact between porphyritic felsic intrusion and a monzonite. 
e) Mafic xenoliths in equigranular felsic intrusion near Riecillo. f) 
Mafic xenolith and monzonitic intrusion are cut by quartz-sulphide 
vein at San Manuel. g) Disseminated sulphide mineralization in a 
porphyry dike. h) Sulphide-rich tourmaline-quartz breccia cut by a 
late, barren, rock-flour matrix breccia. i) Tourmaline-quartz-sulphide 
pockets in equigranular intrusion. 

Most high-grade copper ores are dominated by 
hydrothermal tourmaline-quartz-sulphide breccias (Fig. 
2h) but classic quartz-sulphide stockwork veining and 
disseminated sulphide mineralization (Fig. 2g) can also 
occur. Pre-/syn-Cu intrusions and post-ore dikes have 
been identified in most prospects and deposits providing 
an opportunity to constrain the timing of mineralization in 
each system and their maximum durations.  

Tourmaline-quartz-sulphide pockets were identified 
within many of the equigranular host-intrusions (Fig. 2i). 
These suggest late stage exsolution of B- and metal-rich 
fluids similar to those that might have formed the giant Cu 
deposits. However, the intrusive rocks precede main ore 
formation by up to a few My based on current 
geochronological information, questioning the direct 
association.  

As strong hydrothermal alteration is characteristic for 
porphyry Cu deposits, it is not surprising that the San 
Francisco Intrusive Complex is extensively altered. The 
greatest potassic to argillic alteration intensities surround 
the largest deposits, completely modifying whole-rock 
geochemistry. However, even samples distal to the Rio 
Blanco-Los Bronces cluster show pervasive if weak 
propylitic alteration, potentially linked to the abundant 
smaller hydrothermal centres in the district. This further 
emphasises the need for detailed mineral chemistry. 

Key questions that arise from the petrographic 
observations relate to the source of the Cu ore-forming 
fluids, the degree and importance of mafic melt 
interaction in the magmatic system, and the timing and 
duration of individual hydrothermal pulses in the area.  
 
4 First geochemical constraints 

 
Samples collected for the study were taken during a field 
campaign in 2018. They cover the geographical extent of 
the San Francisco Intrusive Complex and all relevant 
igneous lithologies from the Rio Blanco-Los Bronces 
deposit cluster were sampled. Temporally, they cover the 
entire duration of magmatic activity in the intrusive 
complex. For comparison, a few samples were also 
collected from the volcanic sequences in the area. 

The igneous rocks in the district range from basaltic to 
quartz-monzonitic in composition with no systematic 
temporal trend in degree of differentiation. Major element 
chemistry also does not reveal a systematic difference 
between equigranular rocks and porphyritic rocks 
sampled from the deposits or prospects. The 
geochemical diversity within the district might be the 
result of variable magmatic sources over the duration of 
intrusive activity or variable degrees of fractionation 
before final emplacement. 

The fertility discriminator diagram by Loucks (2014) 
provides more insight into differences between ore-
related and host lithologies. The volcanic and 
distal/earlier equigranular intrusions fall along or straddle 
the ‘barren’ trend, whereas the porphyry intrusions and 
proximal host intrusions display elevated Sr/Y rations and 
fall into the ‘fertile’ field. Elevated Sr/Y is commonly 
inferred to be the result of deep amphibole or garnet 
fractionation, whereas the ‘barren’ trend is interpreted to 
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result from fractionation dominated by plagioclase. This 
would suggest that the porphyries and associated host 
intrusions were sourced from magmas that underwent a 
different fractionation history than the more distal and 
temporally detached intrusions.  

 
Figure 3. Geochemical whole-rock data from investigated igneous 
rock samples. Rock discrimination diagram after Middlemost (1994). 
Sr/Y fertility diagram after Loucks (2014). 
 
5 Conclusions 
 
Field observations and geochemical investigation of the 
San Francisco Intrusive Complex reveal a geochemically 
diverse magmatic body. This indicates that it was 
assembled incrementally by injection of chemically 
different magmas over an extended period with ore 
formation occurring in during the last stages of recorded 
magmatism. Understanding the processes, such as 
magma mixing, fluid exsolution and rates of emplacement 
acting during the magmatic assembly of the complex and 
potential changes that resulted in the formation of the 
porphyry Cu cluster is the main aim of ongoing work. To 
shed more light on the relationships between the different 
igneous rock types in the district, mineral chemistry will 
be used from key phases that can remain unaffected by 
hydrothermal alteration (e.g. zircon, apatite). These have 
been shown to allow discrimination between different 
magma sources and to reveal magmatic processes in 
underlying, unexposed magma reservoirs. 
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Abstract. Recent studies show that the platinum-group 
elements can provide new insights into felsic magma 
fertility by determining the onset of sulphide saturation. 
This study aims to test the hypothesis that timing of 
sulphide saturation, relative to volatile exsolution, 
controls magma fertility in the Andes of central Chile. To 
address this aim, samples from the Río Blanco porphyry 
Cu deposit are being studied. This deposit was formed in 
the Miocene-early Pliocene magmatic arc of central Chile 
and it represents the world’s biggest copper reservoir.  

The samples include different units from the San 
Francisco Batholith and porphyritic intrusions associated 
with the deposit. They were analysed for major elements 
by XRF, trace elements by LA-ICP-MS, and Re, Au and 
PGE by a Ni-sulphide fire assay, isotope dilution method. 
Preliminary results suggest that sulphide saturation in the 
fractionated series occurred at ca. 2.2-1.8 wt.% MgO, 
slightly before volatile saturation at ~1.2 wt.% MgO. This 
is similar to the El Abra porphyry Cu deposit (Cocker et 
al. 2015). It is suggested that the amount of sulphide that 
separated from the melt was small, enough to lower the 
PGE and Au contents, but not enough to have a 
significant effect on the ultimate Cu fertility of the magma 
due to its lower partition coefficient. 
 
1 Introduction 
 
Porphyry deposits are the world’s primary source of 
copper (Richards 2003). They are typically formed in 
magmatic arcs above subduction zones (Wilkinson 
2013). These deposits are usually associated with 
intermediate to felsic magmas (Sillitoe 2010) that appear 
to share similar geological characteristics with barren 
suites. As a consequence, exploration companies spend 
millions of dollars exploring non-mineralized systems. For 
this reason, it is highly desirable to improve our 
understanding of what controls magma fertility in 
porphyry systems in order to find a method that can 
distinguish between them. 

Recent studies (e.g. Park et al. 2012, 2013, 2015, 
2016, 2018; Cocker et al. 2015; Lowczak et al. 2017; Hao 
et al. 2017, 2019) have shown that the platinum-group 
elements (PGE) can provide new insights into felsic 
magma fertility by determining the timing of sulphide 
saturation relative to volatile saturation. These studies 
suggest that PGE geochemistry can be used to 
distinguish between mineralized and barren systems, as 
well as between Cu-only and Cu-Au porphyries. 

Almost half of the world’s copper production comes 
from the Central Andes (Sillitoe and Perelló 2005), 

particularly from Chile, which leads the world in copper 
resources and reserves (Mudd and Jowitt 2018). Until 
now, only two deposits in this region have been studied 
exploiting this approach, the El Abra (Cocker et al. 2015) 
and La Escondida (Hao et al. 2019) Cu-porphyries, both 
from the middle Eocene to early Oligocene metallogenic 
belt of Northern Chile. Therefore, it is desirable to expand 
our understanding of what controls magma fertility in the 
world’s most prolific copper region. 

The aim of this study is to test the hypothesis that 
timing of sulphide saturation, relative to volatile 
exsolution, controls magma fertility in the Andes of central 
Chile. The initial hypothesis is that if sulphide saturation 
is reached at early stages of magmatic evolution, 
chalcophile elements, as Cu and Au, will be trapped in 
sulphides in the magmatic chamber and, therefore, they 
will not be available to enter the fluid phase when volatile 
exsolution occurs (Hamlyn et al. 1985, Spooner 1993, 
Park et al. 2013). Alternatively, if the magma becomes 
volatile saturated before sulphide saturation, or sulphide 
saturation does not occur, these elements will be 
available to enter the fluid phase, be transported by the 
hydrothermal fluids and, eventually, form an ore deposit. 
The Rio Blanco porphyry copper deposit is being studied 
to address this aim. 
 
2 Geological setting 
 
The Rio Blanco porphyry Cu deposit (Fig. 1) is the largest 
known concentration of copper in the world, containing 
133.9 Mt (Sillitoe 2010, Mudd and Jowitt 2018). The 
deposit is located in a transition zone between the 
Chilean flat-slab zone to the north and the Southern 
Volcanic Zone (Stern et al. 2011; Mpodozis & Cornejo 
2012). The flat slab subduction has been generally 
attributed to the subduction of the Juan Fernandez Ridge 
during the late Miocene, and linked to the generation of 
the appropriate compressional conditions for the 
formation of giant porphyry Cu-Mo deposits (Mpodozis & 
Cornejo 2012; Piquer et al. 2015, and references therein). 

In general terms, the geology of the district comprises 
volcanic and volcaniclastic rocks of the Abanico and 
Farellones Formations, with U-Pb (zircon) ages between 
22.7 ± 0.4 and 16.8 ± 0.3 Ma (Toro et al. 2012, and 
references therein). This was followed by the 
emplacement of a large intrusive complex, dominated by 
granodiorite plutons, known as the San Francisco 
Batholith with U-Pb (zircon) ages between 16.4 ± 0.2 and 
8.4 ± 0.2 Ma (Toro et al. 2012, and references therein). 
The main part of the Cu-Mo endowment is linked to the 
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evolution of this batholith and is hosted in porphyry stocks 
and breccia bodies formed by magmatic-hydrothermal 
activity at 8.2 ± 0.5 to 4.31 ± 0.05 Ma (Toro et al. 2012, 
and references therein). The magmatic activity ended 
with the emplacement of La Copa Volcanic Complex at 
4.9 to 4.1 Ma, which represents a late- to post-
mineralization event (Deckart et al. 2005). 
 

 
Figure 1. a. Location of the Rio Blanco Deposit in Central Chile.   b. 
Geology of the Rio Blanco Deposit, courtesy of CODELCO. 
 

The San Francisco Batholith has been divided into 
three main units in the Rio Blanco area (Andina Mine, Fig. 
1): Río Blanco Granodiorite (GDRB), Cascada 
Granodiorite (GDCC) and Diorite (DIOR), with U-Pb 
(zircon) ages of 11.96 ± 0.4 Ma to 8.16 ± 0.45 Ma 
(Deckart et al. 2005). At the deposit, three main inter- to 
late-mineralization porphyritic intrusions are recognized, 
which have been called: Quartz Monzonite Porphyry 
(PQM), Feldspathic Porphyry (PFELD) and Don Luis 
Porphyry (PDL), with U-Pb (zircon) ages of 7.6 to 6.1 Ma, 
5.8 to 5.3 Ma, and 5.2 to 5.0 Ma, respectively (Deckart et 
al. 2013; Deckart et al. 2014). 
 

3 Samples and methods 
 
Nineteen drill-core samples from the Río Blanco deposit 
were collected with the support of CODELCO. The 
samples were selected to cover a wide range of 
compositions and to avoid areas with strong 
hydrothermal alteration. These samples include the 
different lithologies recognized in the San Francisco 
Batholith and the porphyritic intrusions. 

The samples were initially cut using a diamond saw to 
remove hydrothermal veins in order to reduce the effect 
of hydrothermal processes in the geochemical results. 
About 1 kg of sample was crushed by jaw crusher and 
then about 200 g of sample was milled using a case-
hardened soft iron mill. The samples were analysed for 
major elements using X-ray fluorescence (XRF) by 
Intertek Laboratories (Perth, Australia). 

Polished thin-sections of selected samples were 
prepared by the Australian Petrographics Laboratory 
(NSW, Australia). These were used to better understand 
the petrography and mineral compositions of the 
samples, as well as the relationships between magmatic 
and hydrothermal processes.  

Crushed powders of samples were analysed for Re, 
Au and PGE using the Ni-sulphide fire assay, isotope 
dilution method described by Park et al. (2012), which 
allows the determination of PGE at very low 
concentrations. Additionally, the concentrations of a wide 
range of trace elements were determined by laser 
ablation-inductively coupled plasma mass spectrometry 
(LA-ICP-MS) analyses of glasses prepared by fusion of 
rock powders. All these analyses were performed at the 
Research School of Earth Sciences, Australian National 
University.  
 
4 Preliminary results and discussion 
 
4.1 Major and trace element geochemistry 
 
Preliminary results show that the samples exhibit a range 
of degrees of differentiation with MgO contents varying 
from 2.87 to 0.43 wt.% and SiO2 contents from 58.96 and 
72.02 wt.% consistent with dioritic to granitic 
compositions. This is as expected considering the 
geology of the area. 

The whole-rock major element geochemistry of the 
samples indicates that they can be classified as calc-
alkaline. They also show the typical trace element pattens 
of volcanic arc igneous rocks, with a depletion in heavy 
rare earth elements and high field strength elements 
compared with light rare earth elements and large-ion 
lithophile elements, respectively, as well as the Nb 
negative and Pb positive anomalies. 

The rare earth element plot (Fig. 2a) exhibits a listric 
shape with a depletion in middle rare earth elements that 
suggests that the magmatic evolution was controlled by 
amphibole fractionation (Richards and Kerrich, 2007). In 
addition to this, the absence of a Eu anomaly suggests 
that magmas were oxidized and hydrous. 

The samples also show high Sr/Y (Fig. 2b) and La/Yb, 
characteristic of the geochemical signature, which has 
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been interpreted to indicate fusion and/or crystallization 
of mafic rocks at high pressures (> 10Kb) and/or 
abundant hornblende crystallization in the upper to 
middle crust (Richards and Kerrich, 2007). 

 

 
 
Figure 2. a. Rare earth element plot and b. Sr/Y ratios plotted 
against Y (ppm) content for 19 igneous samples of the Rio Blanco 
Deposit. GDRB: Río Blanco Granodiorite; GDCC: Cascada 
Granodiorite; DIOR: Diorite; PQM: Quartz Monzonite Porphyry; 
PFELD: Feldspathic Porphyry; PDL: Don Luis Porphyry. 
 
4.2 PGE geochemistry 
 
PGE are the ideal indicator of sulphide saturation in 
silicate magmas due to their very high partition 
coefficients into sulphide melts (Mungall and Brenan 
2014) and low solubilities in hydrothermal fluids (Park et 
al. 2016). 

Preliminary results for the PGE (Fig. 3) show that for 
less differentiated samples, the Pd content increases with 
the decrease of wt.% MgO until ̃  2.2-1.8 wt.% MgO, when 
the Pd content decreases for the samples from the 
batholith, which can be interpreted to indicate the onset 
of sulphide saturation. If the ore associated porphyries 
are assumed to be emplaced at volatile saturation their 
MgO content, after taking into account their phenocryst 
content, gives the MgO content of the melt at volatile 

saturation (Burnham 1979, Cocker et al. 2015), in this 
case 1.24 to 0.42 wt.% MgO. Volatile saturation is 
therefore assumed to occur at ~1.24 wt.% MgO, slightly 
after sulphide saturation. 

 

 
 
Figure 3. Pd (ppb) against MgO (wt.%) for 14 igneous samples from 
the Rio Blanco Deposit. SS: sulphide saturation. The grey line 
represents the Pd trend for the samples from El Abra-Pajonal 
Intrusive suite (Cocker et al. 2015). GDRB: Río Blanco Granodiorite; 
GDCC: Cascada Granodiorite; DIOR: Diorite; PQM: Quartz 
Monzonite Porphyry; PFELD: Feldspathic Porphyry; PDL: Don Luis 
Porphyry. MDL: Method Detection Limit. Data from the older GDRB 
are not reported. 

 
However, the data from the porphyries samples are 
scattered as also observed by Hao et al. (2019) in La 
Escondida ore-related porphyries, which has been 
attributed to the formation of hydrothermal PGE nuggets. 
For this reason, samples will be run in duplicate to test 
this hypothesis. 
 
5 Conclusion 
 
The preliminary results suggest that sulphide saturation 
occurred ca. 2.2-1.8 wt.% MgO (Fig. 3), slightly before 
volatile saturation at ~1.2 wt.% MgO. This is similar to El 
Abra porphyry Cu deposit (Cocker et al. 2015), where it 
has been suggested that the amount of sulphide 
separated from the melt was small, enough to lower the 
PGE and Au contents, but not enough to have a 
significant effect on Cu due to its lower partition 
coefficient. This resulted in a Cu-dominated porphyry 
rather than a Cu–Au deposit. 

However, due to the narrow compositional range 
(2.87 to 0.43 wt.% MgO) of the samples analyzed from 
the batholith and the porphyries, it is necessary to expand 
this study to include a wider range of compositions to 
better understand the timing of sulphide saturation and 
magmatic evolution in the system. For this reason, 
samples from the older (Farellones Formation) and 
younger (La Copa Volcanic Complex) volcanic units 
identified in the deposit will be studied.  
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6 Further studies 
 
Further studies will include PGE analysis in duplicates 
and hydrothermal veins in order to evaluate the possible 
effect of PGE nuggets and hydrothermal alteration in the 
samples, respectively. A new batch of samples from the 
batholith and the porphyries will be analyzed for major 
elements, trace elements and PGE, as well as a group of 
samples from the Farellones Formation and La Copa 
Volcanic Complex. In addition, zircons will be separated 
to determine the emplacement age of the magmas 
involved by U-Pb dating using LA-ICP-MS, which can 
help to understand better the magmatic evolution of the 
area. Additionally, the ƒO2 of the melt, which controls 
sulphur solubility, will be determined by analysing 
Ce4+/Ce3+ ratios in zircons. Oxygen isotopes will be 
analysed by Sensitive High-Resolution Ion Microprobe 
(SHRIMP) to gain some insights into the source of the 
parent magma. 
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Abstract. Porphyry copper deposits provide most of the 
world’s copper and are an important source of gold and 
other metals. Although many aspects of these deposits 
are well understood, there remains uncertainty regarding 
the source and transport mechanisms of mineralising 
fluids. Due to tectonic tilting, the classic Yerington District, 
Nevada, offers the rare opportunity to study a well-
exposed section through the Yerington Batholith and a 
number of porphyry centers to a palaeo-depth of circa 8 
km, from the volcanic to plutonic environments. From 
detailed textural studies, we present evidence that, rather 
than exsolving from granite magmas in the upper region 
of the associated Luhr Hill granite pluton, as suggested in 
previous studies (e.g. Dilles 1987; Schöpa et al. 2017), 
mineralising fluids were derived from aplite dykes which 
themselves emanated from deeper (unobserved), and 
probably more evolved internal regions of the Luhr Hill 
granite. We propose that these fluids were upwardly 
transported and focused through the aplite dykes via 
inter-crystal spaces, in a ‘mush’ network, in sufficient 
quantities for porphyry ore formation. 
 

1 Context 
 
Porphyry copper deposits provide around 75% of the 
world's copper and are an important source of gold and 
other metals (Sillitoe 2010). One aspect of porphyry 
deposits that is poorly understood is whether the 
mineralising fluids from which they form are derived from: 
(i) high-level, Cu-rich, porphyry stocks; (ii) feeder 
chambers at mid-upper crustal levels; (iii) a lower crustal 
reservoir; or (iv) a combination of these in a transcrustal 
mush zone (e.g. Cashman et al. 2017). Despite 
magmatic-hydrothermal mineralisation often being 
spatially, temporally and texturally linked to high-level 
porphyry stocks, it is unlikely that enough fluid could be 
derived from such a limited volume of magma (Sillitoe 
2010). From mass-balance calculations and high-
precision CA-ID-TIMS U-Pb zircon studies (Buret et al. 
2016; Tapster et al. 2016), it is probable that mineralising 
fluids emanated from a more extensive, longer-lived, 
deeper, yet rarely observed magmatic source, possibly at 
5 to 15 km depth. How and when such fluids were 
transported from these depths is poorly understood. 

Figure 1. Reconstructed cross section through the Yerington District to a palaeo-depth of 8 km, modified from Schöpa et al. (2017). Resource 
estimates are from Bryan (2014), Henderson et al. (2014) and Kulla et al. (2017).
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2 The Yerington district, Nevada 
 
Due to tectonic tilting, the classic Yerington District, 
Nevada (Fig. 1), offers a well exposed, ca. 8 km deep, 
section through the Yerington Batholith, including 
volcanic rocks, plutons and a number of porphyry 
deposits (Dilles 1987). This provides a rare opportunity to 
study temporal relationships in the deeper magmatic 
parts of the system, important to porphyry formation, and 
the magmatic-hydrothermal transition. 

The Mid-Jurassic Yerington Batholith is composed of 
three major plutonic units which are, in order of 
decreasing age and volume, and increasing 
emplacement depth and silica content: 1) the McLeod Hill 
quartz monzodiorite; 2) Bear quartz monzonite; 3) Luhr 
Hill granite (Fig. 1). Swarms of granite-composition 
porphyry dykes are thought to have emanated from the 
upper and central portions of the Luhr Hill granite (Dilles 
1987). Their emplacement, and that of the apophyses of 
the Luhr Hill granite through which most are concentrated 
(Fig. 1), is likely to have been structurally controlled. 
Closely associated with the dykes are the District’s four 
known porphyry deposits: Ann Mason, Yerington, 
McArthur and Bear (listed in order of decreasing size; 
Bryan 2014; Henderson et al. 2014; Kulla et al. 2017). 

The aim of the current study is to determine whether 
porphyry-forming fluids in the Yerington District were 
derived from either: 1) the Luhr Hill granite; or 2) 
transported from a deeper source via the dykes. 

 
3 Fluid exsolution and mineralisation 
 
3.1 Granite cupola  

 
Existing conceptual models for the Yerington District (e.g. 
Dilles 1987; Schöpa et al. 2017), and porphyry formation 
in general (e.g. Seedorff et al. 2005; Corbett 2009), 
commonly suggest that cupola zones, or dykes 
emanating from cupolas, are the source of mineralising 
fluids. In contrast, from our field observations, there is no 
textural evidence (e.g. miarolitic cavities; Candela 1997) 
for fluid exsolution in the cupola of the Luhr Hill granite or 
large porphyry dykes. Quartz-feldspar orbicules within 
the granite cupola show well defined graphic texture at 

their margins (Fig. 2), which is generally thought to form 
in highly viscous, flux-poor, highly undercooled melts 
(Candela 1997; London and Morgan 2012). We suggest 
that their presence thus indicates that the Luhr Hill granite 
magmas, close to the roof of the pluton, were strongly 
undercooled, probably due to depressurization as a result 
of regional uplift, upward emplacement, fracturing and/or 
dyke propagation, and were fluid undersaturated. They 
are therefore unlikely to have been the source of the 
mineralising fluids. 

 
3.2 Aplite dykes 
 
Aplite dykes in the Yerington District are volumetrically 
minor yet occur pervasively from below to within the Ann 
Mason and Yerington deposits. They cross cut the upper 
parts of the Luhr Hill granite and therefore their source is 
likely to be greater than ~8 km. In previous work (e.g. 
Dilles 1987) these aplites were interpreted as late- or 
post-mineralisation. From our field observations, 
however, including mingling relations with larger 
porphyritic dykes, that they are often mineralised and 
host mineralised miarolitic cavities (Fig. 3), and that they 
are cross-cut by later mineralised veins, the aplite dykes 
were penecontemporaneous with, yet distinct from, 
porphyritic dyke intrusions, and were syn-mineralisation. 
In addition, we have observed textures that appear to 
indicate that the aplite dyke magmas were coeval with a 
separate hydrothermal fluid phase (Fig. 4).  
 

Figure 3. Photograph of drill core from the Ann Mason porphyry 
deposit showing an aplite dyke within Luhr Hill granite. The aplite 
dyke has quartz unidirectional solidification textures (USTs) growing 
inwards from its margins, hypogene chalcopyrite (Ccp) within its 
centre and molybdenite (Mo) along its margins. The USTs within the 
aplite dykes likely indicate rapid pressure fluctuations (Kirwin 2005) 
during dyke emplacement. 

 
Figure 2. Field photograph of quartz-feldspar orbicules in the Luhr 
Hill granite cupola. Inset is a photomicrograph in crossed nicols 
showing graphic texture at the margins of the orbicule. 

 

Mo 

Ccp 
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Cathodoluminescence (CL) imaging of quartz from the 
Luhr Hill granite, porphyry and aplite dykes, mineralised 
miarolitic cavities as well as A-, B- and D-type veins has 
revealed the presence of a number of generations 
ranging from clearly zoned varieties with an invariably 
bright CL signal, to later infilling or ‘healing’ quartz 
characterized by little to no CL response. Of note is that 
quartz with the same textural and CL character is 
observed within both miarolitic cavities and the 
groundmass of the aplite dykes (false coloured orange 
and purple in Fig. 5c). As the quartz in the miarolitic 
cavities contains inclusions of chalcopyrite (Fig. 5b), we 
also interpret the hypogene copper mineralisation 
(chalcopyrite-bornite) to be associated with the relatively 
late ‘healing’ quartz phase (false coloured purple in Fig. 
5c).  
 
 

4 MUSH transport mechanisms and the 
magmatic-hydrothermal transition 

  
From our detailed scanning electron microscopy (SEM) 
and CL imaging of the aplite dykes, they can be seen to 
contain a wormy, highly interconnected generation of 
quartz throughout their groundmass, false coloured 
purple, as well as discrete quartz grains, false coloured 
orange (Fig. 5c). The wormy texture can be continuously 
traced in 2D across entire thin sections. Akin to 
descriptions of interconnected miarolitic cavities by 
Candela and Blevin (1995), the fact that this quartz phase 
can be traced notable distances in 2D indicates that, 
without a doubt, it has very high orders of connectivity in 
3D. We interpret this wormy texture as marking an 
interconnected flow path for fluids through inter-crystal 
spaces in a mush framework of magmatic minerals, 
where we use the term mush to refer to a continuous 
crystal framework (Cashman et al. 2017). This is 
significant as it demonstrates how mineralising fluids 
could have continuously migrated upwards through the 
aplite dykes post their emplacement until hydrothermal 
quartz precipitated into and sealed the inter-crystal 
spaces. Consequently, through their crystallisation 
history, the volumetrically small but pervasive aplite dykes could have acted as conduits for the upward 

i 
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Figure 4. Field photograph of coeval relations between an aplite 
dyke (i), hosted within another aplite dyke (ii), and hydrothermal 
fluids which are now represented by quartz segregations (iii).  
 

Figure 5. (A) Photograph of hand sample from the root zone of the 
Ann Mason porphyry deposit showing Luhr Hill granite (i) being cut 
by an aplite dyke (ii) containing a miarolitic cavity (iii) hosting 
hypogene chalcopyrite (iv). (B) SEM-EDS elemental map of the 
contact between the aplite dyke and the miarolitic cavity. (C) False 
colour SEM-CL image (same field of view as (B)) showing the same 
CL response from quartz within the interconnected aplite 
groundmass and in the miarolitic cavity (Fsp = Feldspar). 
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transport of large volumes of hydrothermal fluids, 
potentially in sufficient volumes for porphyry ore 
formation and associated alteration.  

We have also observed the interconnected quartz 
texture within the aplite groundmass directly ‘feeding’ in 
to miarolitic cavities (e.g. Fig. 5). This appears to be 
indicated not only by their spatial relationships, but also 
by identical CL responses between interconnected quartz 
in the groundmass of the aplite dykes and mineralised 
miarolitic cavities. Given that miarolitic cavities are 
undoubted evidence for magmatic fluid exsolution 
(Candela 1997), we present this as evidence for the 
magmatic-hydrothermal transition being recorded in the 
aplite dykes. 

 
5 Concluding conceptual model 
 
We conclude that, within the Yerington District, the roof 
zone of the Luhr Hill granite and its apophyses was a 
carapace rather than a mineralising cupola. We suggest 
that the spatial distribution of the apophyses and 
subsequent dyke emplacement were structurally 
controlled and that the sharp, cross-cutting relations 
throughout the apophyses indicate that the aplite dykes 
were probably sourced from an unexposed, inner portion 
of the Luhr Hill granite pluton. Mineralising fluids were 
transported upwards and focused through the aplite 
dykes via a network of inter-crystal spaces within a 
partially crystallised magmatic-hydrothermal ‘mush’. This 
‘mush’ formed late in the crystallisation history of the 
aplite dykes and was maintained as a result of the 
continuous upward flow of fluids from depth. Increasing 
fluid pressures within these dykes resulted in brittle failure 
of the wall rocks and subsequent formation of A- and, in 
turn, B-type veins, with an associated pressure drop. As 
the veins were sealed, pressures consequently increased 
again in a cyclic pattern, as evidenced from the presence 
of USTs within the aplitic dykes (Fig. 3). 
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“Chlorimetry” of porphyry copper forming magmas, why 
does it matter? 
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Abstract. Chlorine is an essential element for the 
transport of ore metals making porphyry copper deposits. 
However, unlike Cu and S, Cl is not preserved in the rock 
record and is a largely overlooked element. In fact, it is 
commonly assumed that there is enough Cl in the system 
to transport all the available Cu as well as other metals 
(Fe, Zn, Pb, etc). Recent experimental, numerical 
modelling and mass balance studies have highlighted 
that Cl can be a limiting factor as well as a decisive 
element to make a giant porphyry copper deposit. As new 
tools are being made available to retrieve the magmatic 
Cl concentration of porphyry copper related magma, it is 
becoming possible to test the importance of Cl in 
controlling the size of porphyry copper deposits. Such 
“chlorimeters” rely on Cl-bearing minerals such as apatite 
or hornblende and could easily be implemented in 
exploration programs to help decision making and 
advance our understanding of magmatic-hydrothermal 
systems. 
 
1 Introduction 
 
Chlorine plays a fundamental role in the formation of 
magmatic-hydrothermal ore deposits such as porphyry 
copper systems, Sn deposits, IOCG deposits. By 
complexing with Cu, Zn, Pb, Sn, Fe, Ag (and potentially 
Mo and Au), chlorine ensures the transport of economic 
metals from their source to the site of mineralization 
where they may form economic deposit (e.g. Kouzmanov 
and Pokrovski 2012). Chlorine is also a commonly used 
element to study of magma degassing processes at 
volcanoes (e.g. Villemant et al. 2008; Aiuppa et al.  2009; 
Humphreys et al. 2009). In porphyry copper deposits, the 
chlorine required to form the deposit is dominantly 
sourced by the magma. Ultimately, magmatic chlorine in 
arcs is derived from the sea-water altered subducting 
oceanic plate (e.g. Kent et al. 2002). 

Geochemical studies of porphyry copper forming 
magmatic systems have mostly focused on the critical 
role of H2O, Cu and S, while only seldomly exploring the 
role of chlorine. In fact, it has often been assumed that 
unlike H2O, Cu and S, the abundance of Cl is not a limiting 
factor for the formation of porphyry copper deposits. 

Yet, recent experimental data, mass balance 
constraints, and numerical modelling highlight the critical 
role of Cl in the formation of porphyry copper deposit. 
Here, I summarize those new data and models, and 
explore the ways magmatic “chlorimetry” could be 
implemented in academic studies and exploration 
programs to help the search for the richest ore bodies.  
 

2 The overlooked role of magmatic chlorine 
in the formation of porphyry Cu deposit 

 
2.1 Evidence from new experimental data and 

numerical modelling 
 
Although the influence of fluid salinity on the fluid/melt 
partition coefficient of Cu was already documented in the 
1980’s (e.g. Candela and Holland 1984), it is not until the 
study of Tattitch et al. (2017), that the partitioning 
behavior of chlorine has been calibrated for the entire 
range of fluid salinity encountered in porphyry copper 
systems. This study quantifies the predominance of 
several Cl complexes in the partitioning behavior of Cu, 
with minimal additional impact from the presence H2S in 
the magmatic fluid. 

Available experiments highlight that pressure, melt 
composition and the total concentration of Cl in the 
system all impact on the partitioning behavior of Cl 
between fluid and melt (e.g. Shinohara et al. 1989; 
Signorelli and Carroll 2000; Botcharnikov et al. 2015). 
Yet, many of these studies used melt compositions 
distinct from typical subduction zone magmas, hampering 
their quantitative application to porphyry-related 
magmatism. 

New experiments on calc-alkaline andesite to rhyolite 
by Tattitch et al. (submitted) have made possible to 
calibrate an empirical fluid/melt partitioning function 
accounting for pressure, melt composition and Cl 
concentration in the system. Further, Tattitch et al. 
(submitted) implemented this relationship into a Monte 
Carlo numerical model accounting for the chemical 
feedbacks imposed by constantly changing melt H2O 
(pressure), Cl and major element concentrations during 
magma degassing. Their study reveals the primacy of 
magmatic chlorine concentration at the point of fluid 
saturation in promoting efficient copper extraction from 
intermediate to silicic magmas (Fig. 1). Indeed, while 
initial Cl concentration of 5000 ppm is able to extract 
about 100% of the Cu initially available in the melt, initial 
Cl concentration of 500 ppm could only extract 50% of the 
available copper (Fig. 1). This effect is even more 
pronounced if sulfides are able to crystallize and 
scavenge Cu during. Therefore, for any given magma 
volume, the amount of Cl available in the system can 
strongly modulate the Cu endowment of the subsequently 
forming porphyry copper system 
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Figure 1. Results of Monte Carlo simulations of magma degassing 
for a range of starting magma composition. Degassing begins at 
fluid saturation at a specified melt H2O concentration. This shows 
the copper extraction efficiency as a function of the melt Cl 
concentration at fluid saturation for 10000 simulations. Shades of 
blue indicate the point density. Modified after Tattitch et al. 
(submitted). 

 
2.2 Evidence from mass balance constraints 
 
A number of studies have been looking at the volume of 
magma that would be required to form a given porphyry 
copper deposit (e.g. Cline and Bodnar 1991, Steinberger 
et al. 2013, Chelle-Michou et al. 2017). These studies 
invariably used constraints from the mass of metals (Cu, 
Mo, Au), sulphur and/or quartz that have been deposited 
in the deposit. Yet, none of these questioned the amount 
of Cl necessary to transport these metals.  

One of the main challenges in approaching mass 
balance calculation from the angle of Cl, relies on our 
ability to estimate the minimum mass of Cl required to 
form a given deposit. The bulk of the fluid-transported Cl 
is not preserved in the rock record (with the exception of 
volumetrically insignificant fluid inclusions). 
Consequently, estimating the mass of Cl needed to form 
a deposit requires indirect approaches and some 
assumptions. 

In a recent study, Chelle-Michou and Chiaradia (2017) 
used core logging and grade-tonnage modelling 
information to estimate the total amount of hydrothermally 
sourced Fe at the Coroccohuayco Cu(-Au-Fe) porphyry-
skarn deposit, Peru. Unlike Cu, Fe is a major cation in 
magmatic fluids (Kouzmanov and Pokrovski 2012). 
Assuming that the relative proportions of Fe, Na and K in 
the magmatic fluid at Coroccohuayco closely resemble 
those of the world average intermediate-density fluid 
inclusions, they could estimate that the formation of 
Coroccohuayco required on the order of 366 Mt of Cl (Fig. 
2). Further, the initial melt Cl concentration of the ore-
forming intrusions could be estimated using apatite 

chemistry in conjunction with the partitioning model of Li 
and Hermann (2017). It resulted in an estimated Cl 
concentration of 2000–3000 ppm 

This exercise revealed that a minimum of 60–169 km3 
of magma was required to source the 366 Mt of Cl (Fig. 
2). A similar approach concluded that the 3 Mt of Cu and 
20 Mt of S deposited at Coroccohuayco were probably 
sourced by a magmatic system of 33–131 km3 and 43–
365 km3, respectively (Fig. 2). The similarity of these 
three minimum magma volume estimates suggests that 
the amount of Cl in the magma is at least as critical as the 
amount of S and Cu to form an economic porphyry copper 
deposit. 
 

 
 
Figure 2. Estimates of the minimum magma volumes based on S, 
Cu and Cl mass balance constrained from the Coroccohuayco 
deposit, Peru. The pie charts show the speciation (mineral or 
complex) of the elements that are constrained by drill core 
observations (S, Cu, Fe) and by assuming similar intercationic ratio 
(e.g., Na/Fe, K/Fe) as fluid-inclusion data from porphyry systems 
worldwide (for Cl). Arrows indicate that the masses of Cl complexes 
with Cu and Fe derived from the estimated masses of Cu and Fe in 
the mineral deposit. Cpy chalcopyrite, gt andradite garnet, mt 
magnetite, px hedenbergite pyroxene, py pyrite. From Chelle-
Michou and Chiaradia (2017). 

 
3 Magmatic “chlorimetry” in the search for 

porphyry copper deposits 
 
The theoretical conjectures and empirical evidence 
presented above both highlight that magmatic chlorine 
may be one of the most important chemical parameters 
for the formation of porphyry copper deposits. Global 
compilation of volcanic arc rock composition (Chiaradia 
2014) and sulphur speciation in the deep crust 
(Matjuschkin et al. 2016) suggest that sulphide saturation 
and accompanying Cu sequestration is unavoidable in 
the arc crust. It follows that Cu-rich intermediate to felsic 
calc-alkaline magmas typical to those forming porphyry 
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deposits are unlikely to exist in most arcs, providing 
limited leverage of the Cu concentration (10–60 ppm, 
inversely correlating with SiO2). Similarly, sulphur 
concentration in those magma typically range from 100–
1000 ppm (Wallace and Edmonds 2011), providing more 
than enough S in most cases to precipitate the observed 
amount of sulphides and sulphates at porphyry systems. 
In turn, the Cl concentration in intermediate to felsic arc 
magmas ranges from 500 ppm to ~1 wt% with no 
correlation to melt SiO2 (Webster et al. 2018). Such a high 
range of values virtually independent of melt composition, 
offers an equally large range of possibilities to extract the 
available copper from the melt. 

Thus, estimating magmatic Cl concentration from the 
rock record (“chlorimetry”) may be a useful new method 
for more efficient mineral exploration. Despite its huge 
potential, this conjecture still requires to be tested on a 
large number of mineralized and barren magmatic 
systems in order to confirm and refine its use in mineral 
exploration.  

Successful “chlorimetry” requires analyzing Cl-bearing 
magmatic minerals together with appropriate 
thermodynamic models describing the partitioning of Cl 
between these phases and the melt. Recent advances in 
the thermodynamic description of apatite (Li and 
Hermann (2017) and amphibole (Iveson et al. 2017) 
provide the necessary tools for accurate quantification of 
magmatic Cl concentrations. However, magmatic 
amphibole is commonly intensely altered at most 
porphyry deposits, making its use as a chlorimeter 
impractical. In turn, while apatite can suffer some 
(potentially indicative) hydrothermal alteration (Bouzari et 
al. 2016), fresh magmatic apatite can be found at most 
porphyry deposits. Its ability to survive erosion and to be 
preserved in sediments makes it the ideal tool for regional 
“chlorimetric” survey.  
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