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Abstract
The MMH porphyry type copper–molybdenum deposit in northern Chile is the newest mine in the Chuquicamata District, 
one of largest copper concentrations on Earth. Mineralized Eocene–Oligocene porphyry intrusions are hosted by essentially 
barren Triassic granodiorites. Despite a century of exploitation, geologists still have problems in the mine distinguishing 
the Triassic granodiorite from the most important ore-carrying Eocene porphyries in the district. To resolve the problem, 
internally consistent high-quality geochemical analyses of the Triassic and Tertiary intrusives were carried out: explain-
ing the confusion, they show that the rock units in question are nearly identical in composition and thus respond equally to 
hydrothermal alteration. In detail, the only difference in terms of chemical composition is that the main Eocene–Oligocene 
porphyries carry relatively less Fe and Ni. Unexpectedly, the mineralized Eocene–Oligocene porphyries have consistently 
less U and Th than other Tertiary intrusions in the district, a characteristic that may be valuable in exploration. The supergiant 
copper–molybdenum deposits in the Central Andes were formed within a narrow interval between 45 and 31 Ma, close to 7% 
of the 200 My duration of “Andean” magmatism, which resulted from subduction of oceanic lithosphere under South America 
since the Jurassic. Although recent work has shown that subduction was active on the margin since Paleozoic times, pre-
Andean (pre-Jurassic) “Gondwanan” magmatism is often described as being very different, having involved crustal melting 
and the generation of massive peraluminous rhyolites and granites. This study shows that the indistinguishable Late Triassic 
and Eocene–Oligocene intrusions occupy the same narrow NS geographic belt in northern Chile. If it is accepted that magma 
character may determine the potential to generate economic Cu–Mo deposits, then Late Triassic volcano-plutonic centres 
in the same location in the South American margin could have contained valuable ore deposits, although their preservation 
will depend on the level attained by pre-mid Jurassic erosion. Both Late Triassic and Eocene–Oligocene magmatic events 
occurred during the waning stages of vigorous volcano-plutonic cycles, and both preceded apparent gaps in igneous activity 
(Rhaetian and post-Oligocene), abrupt lateral shifts of the volcanic front and radical changes in the character of the magmas 
generated. Both Late Triassic and Eocene–Oligocene intrusions were emplaced along the same narrow strip of crust; it is 
probable that they both exploited the same deep crustal structures. The Eocene–Oligocene magmatic front was controlled by 
an orogen-parallel shear system caused by oblique subduction; it is possible that Late Triassic magmatism along the same 
belt had a similar setting. The identified Rhaetian gap in subduction and magmatism may have widespread implications.

Keywords Porphyry type Cu–Mo · Northern Chilean Andes · Eocene–Oligocene · Late Triassic Rhaetian · Andean 
Subduction · Geochemistry · Chuquicamata District · MMH mine

Introduction

This paper summarizes geochemical data from the recently 
opened Ministro Hales Mine (Mina Ministro Hales; formerly 
Mansa Mina; subsequently referred to as MMH) exploiting 
a porphyry type Cu–Mo type deposit (henceforth PCD) in 
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the Chuquicamata District of northern Chile (Figs. 1, 2) one 
of the largest natural copper concentrations on Earth (e.g., 
Camus 2003). This study arose from a need to develop a 
practical method to help differentiate between relatively bar-
ren Triassic host intrusives from mineralized Eocene–Oli-
gocene porphyries; embarrassingly, despite one century of 
mining, these rock units are regularly misidentified during 
routine mapping and core logging (e.g., Ambrus 1979; 

Zentilli 2012), even by experienced geologists, to the point 
that Proffett (2008) suggested that “the ultimate criterion 
for distinction between these units may be U–Pb zircon dat-
ing”. The presence of intrusives of Triassic age as barren 
hosts to highly mineralized Eocene–Oligocene plutons in 
the Chuquicamata District has been recognized by extensive 
field mapping, textural and mineralogical studies and geo-
chronology (e.g., Ambrus 1979; Boric et al. 1990; Ossandón 

Fig. 1  Northern Chile showing the overlap of the Eocene–Oligo-
cene and the Triassic magmatic fronts within the Domeyko Cordil-
lera, separate from the Jurassic magmatic front along the coast. It also 
shows the location of giant Eocene–Oligocene porphyry type Cu–Mo 
deposits (PCD), and a few of the many known Permo-Triassic min-
eralized showings: a Characolla (201 Ma), b El Loa (284–239 Ma); 

c Lilian (290–260  Ma); d Tornasol (294–198  Ma); e Lila (213–
195 Ma); f El Jardín (216–203 Ma); and g Río Frío (298–285 Ma). 
Data from Camus (2003) and del Rey et  al. (2016). Both the Trias-
sic and Eocene magmatic arc coincide with the Domeyko Cordillera 
range and is affected by the orogen-parallel Domeyko Fault System
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et al. 2001; Wilson et al. 2011; Barra et al. 2013). However, 
the puzzle persists, and no high-quality analyses of the Late 

Triassic intrusives at Chuquicamata were available in the 
literature before this study.

Fig. 2  Generalized geological map of the Chuquicamata District (modified from Rivera et al. 2012). Coordinates are Provisional South Ameri-
can 1956 UTM datum. Line A–B indicates approximate location of section in Fig. 3
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Using a set of internally consistent analytical data for 
major, minor and trace elements, we find that the problem 
lies in that Late Triassic and Eocene–Oligocene intrusives 
within the MMH mine are geochemically nearly indistin-
guishable. Furthermore, the fact that they occupy the same 
narrow volcano-plutonic strip (Fig. 1) points to similar tec-
tonic configurations and conditions of magma genesis in 
the pre-Andean Triassic and the Eocene–Oligocene. Both 
the Late Triassic and Eocene–Oligocene magmatic rocks 
in Chuquicamata district were formed in an Andean-type 
subduction environment.

The Central Andes have been used as laboratory for met-
allogenic studies for more than half a century (e.g., Ruiz and 
Ericksen 1962), owing to its anomalous concentration of the 
Earth’s metal resources, especially Cu, and later because of 
the evident relation of magmatism to subduction of oceanic 
lithosphere under the South American continent (e.g., Far-
rar et al. 1970; James 1971; Sillitoe 1972, 2010; Levi 1973; 
Clark et al. 1976; Jordan et al. 1983; Maksaev 1990; Camus 
2003; Mpodozis and Cornejo 2012). Dostal et al. (1977) 
were the first to discuss changes in igneous rocks through 
time across the northern Chilean Andes, followed by Ishi-
hara et al. (1984), Mpodozis and Ramos (1990), Mpodozis 
and Kay (1992), Scheuber et al. (1994), and more recently 
Lucassen et al. (2006), Contreras et al. (2015), Spikings 
et al. (2016), del Rey et al. (2016) and Coloma et al. (2017).

The MMH deposit (Lat. 22°22′45″S; Long. 68°54′50″W; 
2400 m.a.s.l.), discovered concealed under thick Cenozoic 
gravels (Sillitoe et al. 1996; Boric et al. 2009), is the lat-
est mine to be developed within the Chuquicamata Cu–Mo 
District in the Atacama Desert (Fig. 1). Chuquicamata is 
one of largest copper concentrations on Earth (> 100 Mt of 
Cu metal resources; e.g., Barra et al. 2013) and one of the 
largest districts within the Eocene–Oligocene metallogenetic 
province along the Domeyko Cordillera of northern Chile 
(e.g., Ossandón and Zentilli 1997; Ossandón et al. 2001; 
Rivera et al. 2012). Porphyry type Cu–Mo deposits (PCD) 
are large, bulk-mineable, low-grade disseminated sulfide 
deposits formed at the roots of stratovolcanoes (e.g., Sil-
litoe 2010). In this region PCD are ascribed to calc-alkaline 
magmatism of the “Andean” cycle, generated during the last 
200 Ma, from the Early Jurassic to the present. In northern 
Chile, there are many hundreds of copper deposits ranging 
in age from Jurassic to Neogene, but supergiant PCDs were 
formed in only 7% of that time interval, the Eocene–Oligo-
cene (45–31 Ma; Maksaev et al. 1988; Sillitoe 1988; Lee 
et al. 2017).

Magmatism in the Early Paleozoic to Late Triassic along 
western South America is considered to have resulted 
from subduction processes during a “Gondwanan” cycle 
(e.g., Mpodozis and Ramos 1990), but this activity would 
have declined during the Middle Permian. to be followed 
by a period of rifting and extension in the Late Triassic 

(Rhaetian). In a geodynamic analysis of the Central Andes 
of Peru, Bolivia, northern Chile and Ecuador, Jaillard et al. 
(2000) wrote: “no clear evidence of Triassic volcanism 
related to subduction has been found in this region”; all mag-
matism of this age was interpreted as alkaline and related 
to rifting and the breakup of Pangea. More recently, in an 
isotopic study of zircon in igneous rocks south of latitude 
28°S, Hervé et al. (2014) conclude that whereas the earli-
est Permian rocks were generated in a subduction-related 
magmatic arc, it changed into an extension-related environ-
ment in the Late Triassic. González-Maurel et al. (2016) in a 
study within the Domeyko Cordillera, suggest uninterrupted 
subduction-related magmatism from Late Paleozoic to Late 
Triassic and development of an extensional magmatic arc 
from early Permian to Triassic times.

Nonetheless, several sub-economic PCD associated with 
Middle to Late Triassic intrusives ranging in age from 245 
to 223 Ma, assumed to be related to subduction have been 
recognized in northern Chile, (Fig. 1; e.g., Sillitoe 1977; 
Camus 2003; Sillitoe and Perelló 2005; Cornejo et al. 2006; 
Munizaga et al. 2008; Maksaev et al. 2014). In most cases, 
pre-Jurassic erosion of the associated volcano-plutonic cent-
ers and overprinting by later stratigraphic cover or hydro-
thermal processes have obscured their existence. Tomlin-
son and Blanco (2008) have discussed in detail the tectonic 
implications of Triassic intrusions and the coincidence in 
space with important Eocene–Oligocene Cu–Mo PCD.

It is debated whether there was an interruption of sub-
duction or merely a slab rollback during the Late Trias-
sic, but it is known that subduction was re-established in 
northern Chile during the Early Jurassic, when a magmatic 
arc (Fig. 1) formed along the present coast (e.g., Mpodozis 
and Kay 1992; Mpodozis and Cornejo 2012; Coloma et al. 
2017). Since the Jurassic the magmatic front in northern 
Chile migrated generally eastwards (e.g., Farrar et al. 1970; 
Boric et al. 1990), although in detail the Early Jurassic to 
mid Cretaceous progression was more complex, involving 
eastward and westward movements of the front by tens of 
kilometers (e.g., Buchelt and Tellez-Cancino 2006). In the 
Eocene–Oligocene the magmatic front had its axis at the 
longitude of the present Domeyko Cordillera (Fig. 1).

The first stages of the Andean cycle correspond to thick 
Jurassic porphyritic volcanic rocks and associated coastal 
plutons with mantle-derived magmas akin to those in island 
arcs, calc-alkaline to tholeiitic, with flat REE patterns (e.g., 
Dostal et al. 1977; Kramer et al. 2005; Parada et al. 2007). 
The tectonic regime involved southeast-directed oblique 
subduction, leading to the development of the sinistral, oro-
gen-parallel Atacama Fault System, that culminated in the 
Cretaceous (e.g., Åberg et al. 1984; Cembrano et al. 2005).

Magmatism changed to andesitic as the front shifted fur-
ther east in the Cretaceous and Paleocene. In the Eocene, 
stratovolcanoes formed during a compressive period that 
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coincided with north-easterly directed oblique subduction. 
This subduction led to the development of a dextral orogen-
parallel shear system, the Domeyko Fault System, a deep 
fracture that controlled the ascent of magmas and hydro-
thermal circulation (e.g., Boric et al. 1990; Lindsay et al. 
1995; Reutter et al. 1996; Tomlinson and Blanco 1997), 
closely overprinting the pre-existing Permian and Trias-
sic igneous front (Fig. 1). Intrusion of the porphyries in 
Eocene–Oligocene times coincided with rapid exhumation 
of the volcanic complexes and the basement (e.g., Maksaev 
and Zentilli 1988, 1999; McInnes et al. 1999) and the accu-
mulation of erosional debris of the Calama Basin (May et al. 
2010; Calama Fm.; Fig. 2). The last manifestation of igne-
ous/hydrothermal activity recorded in the Chuquicamata 
District was in the Oligocene (Reynolds et al. 1998), and 
after a period of apparent quiescence, the Neogene volcanic 
front developed more than 20 km to the east and extended 
far into Argentina (e.g., Maksaev and Zentilli 1999; Coira 
et al. 1982).

Judging from the recent literature (e.g., Spikings et al. 
2016; del Rey et al. 2016; González-Maurel et al. 2016; 
Coloma et al. 2017), there is renewed interest in the geology 
of the Gondwanan-Andean transition in the Central Andes. 
This study contributes to resolution of a practical problem, 
pointing out previously undocumented geochemical similari-
ties between Late Triassic and Eocene–Oligocene rocks, and 
suggests a new exploration tool. The results point toward 
a similar tectonic framework for the Central Andes in the 
Late Triassic (Norian) and the Eocene–Oligocene. However, 
it is out of the scope of this paper to discuss the detailed 
tectonic implications of this transition, for which the reader 

is directed to other specialized studies (e.g., Tomlinson and 
Blanco 2008; Coloma et al. 2017).

Geology

The geology of the Chuquicamata District and its mines, 
including MMH, have been described by Ossandón et al. 
(2001), Rivera et al. (2012) and Barra et al. (2013), and 
the detailed regional stratigraphic relationships, geology 
and tectonics were thoroughly analyzed by Tomlinson and 
Blanco (2008); therefore, only pertinent points are repeated 
here. A dominant structural feature in the district is the 
north–south, strike–slip Domeyko Fault System, which has 
had a complex history (e.g., Lindsay et al. 1995; Reutter 
et al. 1996; Dilles et al. 1997; Tomlinson and Blanco 2008). 
Right-lateral during ore genesis in Eocene and early Oligo-
cene, after the formation of the Chuquicamata ore deposits 
(35–31 Ma), the fault experienced a left-lateral displace-
ment of ca. 35 km that truncates the Chuquicamata ore 
deposit proper on its west side (accordingly West Fault—
Fig. 2); this fault bounds the MMH deposit on its east side 
(Fig. 3). East of the West Fault, the district includes the giant 
Chuquicamata deposit (locally referred to as “Chuqui”) and 
Radomiro Tomic (RT) deposits, as well as the exotic (dis-
placed supergene) copper deposit Mina Sur (South Mine; 
formerly Exótica). Located south of Chuquicamata and 
west of the fault are the Mina Ministro Hales mine (MMH) 
and mineral deposits of the Toki cluster (Toki, Genoveva, 
Quetena, Miranda, and Opache; Fig. 2). Zentilli et al. (2015), 
based on geochronology and mineralogy, have proposed that 

Fig. 3  Simplified geological cross-section of the MMH deposit. The MM Porphyry Complex includes bodies of Quartz Porphyry and dikes of 
Dacitic Porphyry (not identified in the figure). Modified from Rivera et al. (2012) and Pinget (2016)
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MMH is the “missing half” of Chuquicamata, wedged in 
a fault loop and spared the full 35 km displacement of the 
West Fault regional system.

The oldest rocks in the district are Paleozoic igneous and 
metamorphic rocks (amphibolite and mica schists) associ-
ated with the Cerros de Chuquicamata plutonic complex 
(Permian granite and diorite) exposed south and east of the 
main Chuquicamata workings (Fig. 2), and under Cenozoic 
gravels east of the West Fault in the MMH mine (Fig. 3). The 
Collahuasi Group is composed of andesite, dacite and sand-
stone of Permian to Triassic age (288–231 Ma; zircon U–Pb; 
Tomlinson and Blanco 2008). The Triassic MM Granodior-
ite and equivalent Elena and Este Granodiorite in Chuqui-
camata are intrusive phases of the Collahuasi pre-Jurassic 
volcano-plutonic complexes. Unconformably overlying the 
eroded remnants of the above complexes lie fossiliferous 
marine limestone strata of Middle Jurassic age (Caracoles 
Group, Bajocian; Tomlinson and Blanco 2008).

West of the West Fault (Fig. 2) there are extensive out-
crops of andesite and dacite lava and tuff of Early to Late 
Cretaceous age (Cuesta de Montecristo, Cerritos Bayos 
and Quebrada Mala Fms.). As described by Tomlinson 
and Blanco (2008), the intrusive rocks that outcrop west 
of the fault (Fig. 2) are the Los Picos Monzodiorite Com-
plex (41.5–43.7 Ma, U–Pb) and the Fortuna Granodiorite 
Complex with granodiorite, tonalite and aplite (37–40 Ma, 
U–Pb). Andesitic and dacitic volcanic breccias and con-
glomerates of the Icanche Fm. of early-middle Eocene age 
outcrop northwest of the district. South of the Chuquicamata 
mine and east of the West Fault (Fig. 3) there are polymic-
tic conglomerates (locally called “old gravels”) containing 
clasts of Eocene–Oligocene igneous rocks, known as the 
Calama Fm. (e.g. Tomlinson and Blanco 2008). Towards the 
top the gravels lie mud flow deposits made of coarse sand 
and small angular clasts derived from Chuquicamata grano-
diorite and from areas located to the North; these younger 
gravels have been approximately dated with an ignimbrite 
bed (Late Miocene, 8.4 ± 0.4 Ma, K–Ar; Mortimer et al. 
1978) located 5–10 m below the present surface. These grav-
els contain the exotic Cu deposits (Mina Sur, Fig. 2) derived 
from leaching of the supergene zone of Chuquicamata (e.g., 
Pinget 2016; Sillitoe et al. 1996). The upper beds may cor-
relate with the Late Miocene and Pliocene limestones and 
siltstones of El Loa Group (Tomlinson and Blanco 2008); 
in the map and section (Figs. 2, 3) they are not differentiated 
from Quaternary alluvial and colluvial deposits.

The hypogene hydrothermal mineralization of the PCD 
deposits in the Chuquicamata district is Eocene to Oligo-
cene in age (35–31 Ma; Reynolds et al. 1998; Ossandón 
et al. 2001; Campbell et al. 2006), and supergene processes 
that have altered and increased the economic value of the 
deposits were active until the Pliocene (e.g., Pinget 2016; 
Sillitoe et al. 1996). The main igneous units encountered in 

the Chuquicamata mine associated with potassic alteration 
and mineralization (Chuqui Porphyry Complex; Fig. 2) are 
the principal Este Porphyry, and other intramineral units, 
such as the dike-like Oeste Porphyry and Banco Porphyry 
(Ossandón et al. 2001; Faunes et al. 2005). At the MMH 
mine, located 7 km to the south, and recently interpreted as 
a fault-displaced fragment of Chuquicamata (Zentilli et al. 
2015), the mineralized MM Porphyry Complex (Fig. 3) con-
sists of the widespread MM Porphyry, relatively less volu-
minous units of Quartz Porphyry (QTZ-P) and small dikes 
of Dacitic Porphyry. The mineralization at MMH consists 
of disseminated porphyry type Cu and Mo sulfides, and 
younger Cu–Ag sulfide-rich hydrothermal breccia bodies 
(Fig. 3), comparable to the late enargite–chalcocite–sphaler-
ite assemblages in Chuquicamata (e.g. Ossandón et al. 2001; 
Boric et al. 2009; Pinget et al. 2015). The mineral-related 
porphyry intrusions are hosted by Permian and Triassic 
intrusions and volcanic or volcano-sedimentary units. Per-
tinent to this paper are the Triassic Elena and Este Grano-
diorites (Fig. 2) in the Chuquicamata and RT mines and the 
coeval Triassic MM Granodiorite at MMH. The Triassic 
age of these intrusives has been confirmed by various geo-
chronological methods (Tomlinson et al. 2001; Zentilli et al. 
2015). Post-ore, lenticular “pebble dikes” of breccia occur 
within the West Fault system in the MMH deposit; clasts are 
angular to rounded in a clastic matrix, and barren of min-
eralization; they are interpreted to be products of fluidized 
beds during venting of highly pressurized steam; their age 
has not been established (Boric et al. 2009).

Methods

Representative rock samples of the main porphyries were 
collected from drillcore and the mine workings. Additional 
samples were selected from previous doctoral theses super-
vised by the main author (Lindsay 1997; Arnott 2003) and 
compared with those available from the literature (e.g., Bal-
lard 2001; Ambrus 1979). It is practically impossible to find 
unaltered rocks within a PCD system, therefore veining or 
conspicuous alteration were removed as much as possible 
with a diamond saw, and any saw marks were abraded away. 
Analyses for major and trace elements were performed by 
ACTLABS of Ancaster, Ontario, Canada. Analyses were 
done using research-grade analytical procedures which 
include INAA, total digestion and ICP analysis, lithium 
metaborate/tetraborate fusion, and ICP. XRF was used for 
Ga, Pb, Sn, Nb y Rb. Sulfur was analyzed by TD-ICP and by 
infrared methods. One sample of MM Granodiorite (ZMMH 
15) that yielded anomalous results was reanalyzed, giving 
identical results. In Tables 2 and 3 and figures we use the 
average of the two analyses.
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After mineral separation, and due to time and budget con-
straints, only 7 out of 28 samples were considered worth 
dating by U–Pb TIMS; microscopy of zircon crystals reveals 
inherited cores, overgrowths and compositional zoning (e.g., 
Zentilli et al. 1994). Analyses were done by Larry Heaman 
at the University of Alberta, Edmonton, Canada following 
standard practices (e.g., Heaman et al. 2002). Some samples 
with complex zircons were reanalyzed using LA-ICP-MS 
(e.g., Simonetti et al. 2005), a method that seems more suit-
able for these rocks. A summary of U–Pb zircon dates (and 
Re–Os data on ores) is available in Zentilli et al. (2015), the 
detailed analytical data appear in Zentilli (2012) and are 
being published elsewhere (Zentilli et al. in prep).

Samples

Twenty-eight samples of representative host rocks selected 
from MMH core were analyzed at for major, minor, trace 
elements and volatiles. Representative samples from 
Chuquicamata and RT were analyzed using the same proce-
dures for consistency (Table 1). Symbolizing the problem 
of distinguishing the Triassic from Tertiary intrusives, five 
of the samples that were collected in the field to represent 
Eocene–Oligocene porphyry according to drillhole logs, 
geological maps and sections and expert advice from expe-
rienced staff, yielded Triassic U–Pb zircon dates, confirm-
ing the concern of Proffett (2008) that U–Pb dating may be 
required to differentiate the host rocks.

Triassic rocks

The most important rock bodies that have been dated as Tri-
assic (Ossandón et al. 2001; Tomlinson and Blanco 2008; 
Zentilli et al. 2015) consist of the MM Granodiorite at MMH 
mine and the Elena and Este Granodiorites at Chuquicamata 
(Figs. 2, 3).

MM Granodiorite This rock is not a porphyry, but a 
medium-grained hypidiomorphic-equigranular granodior-
ite assemblage of feldspar, quartz and chloritized biotite 
(Fig. 4a, b). Some phases of MM Granodiorite are quartz-
rich (> 35% by volume) and others quartz-poor (< 5% by 
volume); mafic mineral abundance can vary from 4 to 15% 
by volume; some dark phases are described as Hornblende 
Porphyry (ZMMH-04; Table 1). MM granodiorite is uni-
versally altered, and the feldspar crystals (1.5–3 mm) are 
sericitized. When affected by potassic alteration, potassium 
feldspar megacrysts can give the rock a porphyritic appear-
ance (Fig. 4c). The quartz is anhedral, and its abundance 
increases with alteration. Highly chloritized biotite occurs in 
irregular clusters (2–0.5 mm); remnant biotite is commonly 
poikiloblastic with inclusions of quartz, rutile, apatite and 
sulfides. However, as noted by Proffett (2008), in contrast 

with the younger porphyries, sphene (titanite) megacrysts 
are rare in the Triassic rocks. Five samples of MM Granodi-
orite yielded Triassic U–Pb dates (Table 1); notably, three 
of these five had been sampled to represent Eocene MM 
Porphyry. Due to the presence of inherited zircons and oscil-
latory zoning with varying U content, some TIMS dates 
have a large uncertainty; the U–Pb dates are 196.0 ± 17, 
207.4 ± 7.2, 207.6 ± 2.5, 214.6 ± 6 and 229.1 ± 1.8  Ma 
(Carnian) by U–Pb LA-MC-ICPMS (Table 1), suggesting 
an age not younger than 211 Ma (Norian). Within the uncer-
tainty the dates could have overlapped with the Rhaetian 
stage, previously thought to start at ~ 208.5 Ma (Cohen et al. 
2017), but precise zircon U–Pb work on bracketing ash units 
by Wotzlaw et al. (2014), indicates that the brief Rhaetian 
stage extended from 205.50 ± 0.35 to 201.36 ± 0.17 Ma. We 
interpret the age of the MM Granodiorite to be Carnian to 
Norian; it is possible that there are undifferentiated older and 
younger phases as is the case in Chuquicamata.

Elena and Este Granodiorite on the east side of the 
Chuquicamata open pit (Fig. 2) occupy a similar geologic 
position as the MM Granodiorite at MMH (Fig. 3). They 
intrude metasedimentary rocks (originally sandstone, shale, 
minor limestone), and it is probable that there is more than 
one phase of each. In some parts of the open pit Elena Gran-
odiorite is texturally and mineralogically indistinguishable 
from the Este Porphyry (e.g., Proffett 2008), and contacts are 
blurred, to the point that an earlier worker (Ambrus 1979) 
designated the unit in the contact zone “Transition Elena-
Chuqui Porphyry”. These intrusives are generally devoid 
of disseminated mineralization but show varying effects of 
alteration. Four analyses for major elements of Elena Grano-
diorite in Chuquicamata by Ambrus (1979) compared with 
this study indicate its chemical composition is indistin-
guishable from Granodiorita MM. The Este Granodiorite is 
equigranular, medium grained, with plagioclase, K-feldspar, 
quartz, biotite and hornblende and biotite. One sample of 
Este Granodiorite from the RT Mine (Z169-ME1; Table 1) 
was chemically analyzed here. Proffett and Dilles (2007) 
carried out a (SHRIMP-RG) U–Pb zircon dating study of 
Triassic intrusives in eastern Chuquicamata and based on 
weighted average dates of 231.4 ± 2.0 and 233.1 ± 2.2 Ma, 
concluded that both intrusive units are Late Triassic (Car-
nian) in age (Rivera et al. 2012).

Two unusual samples listed in Table 1 deserve notes: (A) 
ZMMH-04 is a dark green Hornblende Porphyry with rec-
tangular chloritized hornblende phenocrysts of up to 3 mm. 
It is probably a different phase of the MM Granodiorite. 
(B) ZMMH-160 is an equigranular diorite sampled beyond 
(east of) the intersection with the West Fault. It is the most 
mafic rock encountered in MMH (56%  SiO2; 2.6% MgO; 
Tables 2, 3), and the unit contains angular xenoliths of gran-
ite from the Chuquicamata Plutonic Complex of Permian 
age (Fig. 2). These samples were not dated.
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Table 1  Sample list and their location and assumed age

The range of the “Triassic” ages obtained in this work is from 229.1 ± 1.8 to 196 ± 17 Ma; a mean age of 211 Ma (Late Triassic—Norian) has 
been assigned here
Key: MM GRD: MM Granodiorite; MM-P: MM Porphyry; QTZ-P: Quartz-Porphyry; DAC-P: Dacitic Porphyry; HRNB-P: Hornblende Por-
phyry, GRD ESTE-RT: East Granodiorite, Radomiro Tomic (RT) Mine; E-P RT: East Porphyry, RT Mine; E-P CHU: East Porphyry, Chuqui-
camata Mine; B-P CHU: Banco Porphyry, Chuquicamata Mine
a Due to the presence of inherited zircons and oscillatory zoning, the U–Pb dates obtained have a large uncertainty
b Eocene and Oligocene ages are assigned by correlation with dated units. The presence of inherited zircons and oscillatory zoning lead to large 
uncertainty. The Eocene–Oligocene boundary of 33.9 Ma has been adopted (Intl. Chronostratigraphic Chart, ICS V 2017-2)
c Not dated; ages assigned by correlation. Dates for Este Granodiorite range from 231.4 ± 2.0 Ma to 233.1 ± 2.2 Ma (Barra et al. 2013)
d Eocene (ca. 35 Ma) age for Este Porphyry
e Oligocene (ca. 33.4 Ma) for Banco Porphyry in Chuquicamata from U–Pb studies (see text)

Field number Rock unit Notes DHH From To Age Ma
No m m Zircon date

U–Pb

ZMMH-15 MM GRD Diorite 4976 1286.47 1286.60 Triassica

ZMMH-05 MM GRD Granodiorite; hornblende remnants 3173 853.75 853.86 Triassica

ZMMH-50 MM GRD Granodiorite; gray-green sericite alteration 5245 1059.55 1059.65 Triassica

ZMMH-23 MM GRD Granodiorite—“typical”; low alteration 4976 1064.00 1064.15 196.0 ± 17
ZMMH-163 MM GRD Granodiorite—“typical”; low alteration 8561 520.90 521.10 207.6 ± 2.5
ZMMH 10 MM GRD Granodiorite—K alteration; chlorite, calcite veinlets 5014 161.00 161.20 Triassica

ZMMH-14 MM GRD Granodiorite—mapped as MM-P; altered, mineralized alt, min 4976 1241.00 1241.12 207.4 ± 7.2
ZMMH-20 MM GRD Granodiorite—low alteration, mineralized “ore” 4976 870.90 871.05 Triassica

ZMMH-17 MM GRD Granodiorite—quartz veinlets removed before analysis 4976 855.40 855.50 Triassica

ZMMH-18 MM GRD Granodiorite—sericite alteration, mineralized 4976 845.85 845.95 214.6 ± 6.0
ZMMH-91 MM GRD K-alteration, A and B quartz veinlets (mapped as MM-P) 8551 1098.43 1098.74 229.1 ± 1.8
ZMMH-88 MM-P K-alteration, A and B quartz veinlets 8551 1032.76 1033.12 Eoceneb

ZMMH-07 MM-P K-alteration; secondary biotite replacing hornblende 4903 1012.00 1012.25 Eoceneb

ZMMH-21 MM-P “Typical” MM porphyry 4976 883.20 883.24 Eoceneb

ZMMH-96 MM-P Mapped as feldspar porphyry within MM-P K alt. 8564 839.85 840.10 Eoceneb

ZMMH-81 MM-P K-alteration; Cu sulfides 8551 861.60 861.78 Eoceneb

ZMMH-89 MM-P K-alteration, A and B quartz veinlets; quartz “eyes” 8551 1069.64 1069.77 35.03 ± 0.34
ZMMH-97 QTZ-P Highly altered dike, by major fault; quartz “eyes” 8569 617.70 617.89 35.3 ± 3.5
ZMMH-164 QTZ-P Feldspar porphyry with fine matrix; recalls Banco P. 8806 990.30 990.50 Eoceneb

ZMMH-11 QTZ-P Quartz porphyry 4976 897.87 898.00 Eoceneb

ZMMH-162 QTZ-P Quartz porphyry; quartz “eyes” 8561 603.35 603.50 Eoceneb

ZMMH-13 QTZ-P “Typical” quartz porphyry 4976 1123.78 1123.90 Eoceneb

ZMMH-12 QTZ-P Quartz porphyry; brecciated; similar to Dac-P; Moly. 4976 1128.00 1128.12 Eoceneb

ZMMH-76 DAC-P Feldspar porphyry; large K-spar; argillic alteration overrgílica sobre K 8551 699.58 699.75 33.7 ± 0.8
ZMMH-09 DAC-P Dacite dike; similar to QTZ-P 4884 158.90 159.00 Oligoceneb

ZMMH-66 DAC-P Dacite porphyry; quart veinlets 8551 214.95 215.08 Oligoceneb

ZMMH-67 DAC-P Dacite porphyry; alunite, enargite present 8551 132.12 132.30 Oligoceneb

ZMMH-04 HRNB-P Hornblende porphyry—probably Hb-rich MM-GRD 3173 888.50 888.63 Triassic (?)
ZMMH-160 DIORITE Diorite with Pz granite inclusions—east of West Fault 8561 857.70 857.83 Pz or Tr (?)
Z169-ME1 GRD ESTE-RT East Granodiorite—Radomiro Tomic Mine 9394 264.60 265.00 232.35 ± 3c

Z170-ME2 E-P RT East Porphyry—Radomiro Tomic Mine 9394 329.56 329.85 ca.  35d

Cu-2022 E-P CHU Este P.—Chuquicamata pit [UTM N 7537.708/E 512,130–3053 m.a.s.l. (MZ 2006)] ca.  35d

Cu-1333 P-B CHU Banco P.—Chuquicamata pit; Bench G3 (2722 m.a.s.l.) N5300/E3950 Sample D. Lindsay (Oli-
gocene)

ca.  34e
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Eocene–Oligocene rocks

The MM Porphyry Complex includes the voluminous MM 
Porphyry, the Quartz Porphyry and dikes of Dacitic Por-
phyry. The Chuqui Porphyry Complex includes the volumi-
nous Este Porphyry, the minor Oeste Porphyry, and dike-
like Banco Porphyry. Due to their similarity in chemistry, 
fluid inclusions mineralogy and age, they are tentatively 
interpreted as two fragments of the same complex separated 
by the West Fault (Zentilli et al. 2015).

The MM Porphyry, a porphyritic granodiorite of vari-
able texture, is volumetrically the most important in 
the MMH deposit (Fig.  3). Phenocrysts of plagioclase 

(oligoclase–andesine, partially altered to albite), biotite and 
biotitized hornblende occur throughout the unit, within a 
matrix of anhedral interstitial quartz and K-feldspar. Sphene 
(titanite) megacrysts are conspicuous (Fig. 4d), commonly 
pseudomorphed by rutile or leucoxene. Some phases of the 
MM Porphyry are equigranular, and very similar in texture 
to the quartz-rich phases of the Triassic MM Granodiorite. 
Where potassic alteration has developed K-feldspar meg-
acrysts in the MM Granodiorite, the rocks are easily con-
fused (Fig. 4c, f). Only two samples were deemed adequate 
for dating. One zircon sample (ZMMH-89) yielded a U–Pb 
date of 35.03 ± 0.34 Ma by LA-ICP-MS. Zircons from the 
same sample yielded a non-concordant lower intercept date 

Fig. 4  Rock types within MMH. a Triassic MM granodiorite hand 
specimen; b Microphotograph of MM Granodiorite under crossed 
nicols; c Megacrysts of K-feldspar in MM granodiorite affected by 
potassic alteration; d Photograph of equigranular Eocene MM Por-
phyry in drillcore (from Proffett 2008); notice (near center) subhedral 
crystal of sphene (titanite) partially replaced by rutile and leucoxene; 

e MM Porphyry under crossed-polarized light; f MM Porphyry with 
potassic alteration and K-feldspar megacrysts; g Photograph of (wet-
ted) Eocene Quartz Porphyry; h Microphotograph under crossed-
polarized light of fine-grained Quartz Porphyry with distinctive 
quartz “eyes”; i Photograph of dacite dike (Dacitic Porphyry, Oligo-
cene) in drillcore
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of ca. 35 Ma by TIMS (Zentilli 2012). Therefore, the MM 
Porphyry is Eocene in age.

The MM Quartz Porphyry intrudes the MM Porphyry, 
and is relatively abundant deep in the deposit (~ 1400 m; 
Fig. 3); it is a very fine-grained rock with abundant quartz 
“eyes” (spheroidal quartz crystals) of more than 6 mm, in 
an aplitic groundmass of quartz and sericite (Fig. 4g, h). 
There are zoned feldspar phenocrysts (0.5–4 mm) which are 
completely sericitized (blue-green sericite); there are K-feld-
spar megacrysts that could be primary or due to alteration, 

as well as anhydrite. A mineralized sample of MM Quartz 
Porphyry (ZMMH-97, Table 1) was dated by TIMS on zir-
con at 35.3 ± 3.5 Ma (Zentilli et al. 2015), and Boric et al. 
(2009) reported a U–Pb date of 35.5 ± 0.6 Ma for a sample 
of the same unit. Therefore, based on available data, the MM 
Quartz Porphyry is considered Eocene in age.

Dacitic Porphyry at MMH. Narrow aphanitic dacite 
dikes, with light color, aphanitic texture (Fig. 4i) and con-
spicuous brittle fracture, are relatively abundant in the upper 
levels of the deposit; they are in general younger than the 

Table 3  Rare earth analyses

Key as in Table 1

Sample Rock unit La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tl Tm Yb Lu
Units ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

Detection limit 0.05 0.05 0.01 0.05 0.01 0.005 0.01 0.01 0.01 0.01 0.01 0.05 0.005 0.01 0.002

Method FUS-MS = Total Fusion followed by mass spectrometry

ZMMH-15 MM GRD 34.7 59 5.99 20.6 3.78 1.14 3.09 0.46 2.44 0.5 1.39 1 0.22 1.45 0.22
ZMMH-05 HRNB-P 24.5 45.6 4.34 15.1 2.44 0.8 1.56 0.21 1.12 0.21 0.63 1.94 0.1 0.64 0.11
ZMMH-50 MM GRD 24.6 41.7 4.48 15.2 2.49 0.79 1.82 0.24 1.21 0.23 0.66 1.6 0.1 0.64 0.09
ZMMH-23 MM GRD 17.4 33.3 3.22 11.8 2.09 0.4 1.72 0.28 1.57 0.31 0.91 1.22 0.15 1.04 0.18
ZMMH-163 MM GRD 31.9 60.3 6.5 22.5 3.65 0.99 2.71 0.35 1.79 0.33 0.9 0.4 0.13 0.83 0.13
ZMMH 10 MM GRD 17.3 32.2 3.15 11.5 1.88 0.58 1.36 0.2 1.1 0.22 0.63 0.58 0.1 0.65 0.11
ZMMH-14 MM GRD 17.1 32.4 3.16 11.9 2.14 0.62 1.64 0.26 1.45 0.29 0.85 0.37 0.13 0.91 0.16
ZMMH-20 MM GRD 19 35.4 3.35 11.6 2.01 0.5 1.66 0.24 1.46 0.28 0.83 0.75 0.13 0.9 0.15
ZMMH-17 MM GRD 12.6 24.9 2.47 8.94 1.48 0.33 1.24 0.2 1.21 0.25 0.76 0.97 0.12 0.81 0.14
ZMMH-18 MM GRD 20.7 40 3.9 14 2.56 0.63 1.75 0.23 1.3 0.27 0.89 0.36 0.15 1.06 0.19
ZMMH-91 MM GRD 8.38 16.4 1.86 6.8 1.29 0.42 1.13 0.17 0.93 0.19 0.55 1.7 0.09 0.56 0.09
ZMMH-88 MM-P 14.2 31.7 4 16.3 3.92 0.76 3.99 0.65 3.72 0.78 2.15 1 0.34 2.01 0.3
ZMMH-07 MM-P 25.7 47.7 4.69 16.5 2.65 0.67 1.76 0.24 1.27 0.24 0.7 0.95 0.11 0.79 0.13
ZMMH-21 MM-P 16.4 29.7 2.89 10.4 1.84 0.58 1.42 0.21 1.13 0.23 0.68 1.19 0.1 0.72 0.12
ZMMH-96 MM-P 34.7 68.1 7.05 22.3 3.36 0.66 2.2 0.29 1.62 0.35 1.08 1.1 0.18 1.12 0.17
ZMMH-81 MM-P 22 40.3 4.3 14.6 2.61 0.7 2.17 0.31 1.73 0.34 0.97 2 0.15 1.01 0.15
ZMMH-89 MM-P 7.85 14.9 1.67 6 1.12 0.28 0.88 0.13 0.67 0.13 0.38 2.2 0.07 0.43 0.06
ZMMH-97 QTZ-P 9.68 18.5 2.13 7.62 1.39 0.42 1.08 0.15 0.81 0.16 0.47 1.1 0.08 0.52 0.09
ZMMH-164 QTZ-P 20.3 36.8 3.87 13.3 1.99 0.56 1.44 0.18 0.87 0.16 0.46 2.6 0.07 0.48 0.07
ZMMH-11 QTZ-P 17.1 32.8 3.3 11.6 1.98 0.53 1.3 0.18 1 0.19 0.55 1.18 0.09 0.64 0.11
ZMMH-162 QTZ-P 23 42.7 4.66 16.3 2.8 0.76 1.92 0.2 0.83 0.15 0.47 < 0.05 0.08 0.62 0.11
ZMMH-13 QTZ-P 19 36.2 3.42 11.4 1.76 0.38 1.14 0.18 1.13 0.24 0.75 0.65 0.12 0.82 0.13
ZMMH-12 QTZ-P 15.6 28.6 2.69 9.37 1.59 0.44 1.34 0.21 1.19 0.24 0.74 0.49 0.12 0.84 0.14
ZMMH-76 DAC-P 23.2 41.8 4.38 14.5 2.28 0.53 1.88 0.28 1.6 0.33 0.98 1.5 0.16 1.1 0.16
ZMMH-09 DAC-P 18.4 35.4 3.49 12.3 2.17 0.73 1.65 0.25 1.47 0.29 0.87 3.12 0.14 0.95 0.16
ZMMH-66 DAC-P 18.2 35 3.82 13.8 2.82 1.02 2.62 0.3 1.06 0.2 0.68 1.5 0.12 0.94 0.15
ZMMH-67 DAC-P 9.05 15.4 1.6 5.5 1.15 0.35 0.88 0.08 0.4 0.09 0.34 1.3 0.07 0.52 0.09
ZMMH-04 HRNB-P 21.4 41.4 4.21 15.5 2.59 0.64 1.81 0.24 1.23 0.23 0.64 1.56 0.1 0.64 0.11
ZMMH-160 DIORITE 22.8 47 5.52 20 3.99 1.11 3.5 0.59 3.34 0.7 1.99 0.3 0.33 2.11 0.31
Z169-ME1 GRD ESTE-RT 18.9 35.2 3.98 13.6 2.43 0.59 1.98 0.3 1.61 0.32 0.94 0.4 0.16 1.15 0.17
Z170-ME2 E-P RT 23.9 44.5 4.97 17.5 2.87 0.76 2.04 0.26 1.33 0.25 0.69 0.3 0.11 0.68 0.1
Cu-2022 E-P CHU 19.5 37.5 3.77 13.6 2.32 0.61 1.55 0.2 1.07 0.21 0.61 0.12 0.1 0.67 0.12
Cu-1333 P-B CHU 14.1 26.2 2.43 8.58 1.57 0.54 1.42 0.28 1.8 0.36 1.05 0.21 0.17 1.14 0.19
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other MM porphyries and characterized by an assemblage 
of plagioclase and quartz and small amounts of hornblende; 
they typically contain disseminated pyrite. In a few places, 
where the rock has abundant feldspar megacrysts, it has been 
mapped as “Feldspar Porphyry”. One sample of MM Dacitic 
Porphyry with abundant feldspar phenocrysts yielded a date 
of 33.7 ± 0.8 Ma (U–Pb on zircon, TIMS), hence Early Oli-
gocene or latest Eocene (The Eocene–Oligocene bound-
ary is given as 33.9 Ma; Cohen et al. 2017). Rivera et al. 
(2012) indicate that a few dacitic bodies within the MMH 
deposit are Triassic in age (one dated by U–Pb zircon at 
223 ± 3.7 Ma by Tobey 2005), but the peculiar geochemistry 
of the samples analyzed in this study (see below) suggests 
they postdate the Cu and Mo mineralization.

The Este Porphyry of the Chuqui Porphyry Complex is 
the largest and oldest of the Eocene intrusions (Ossandón 
et al. 2001; Campbell et al. 2006). It has an inhomogeneous 
hypidiomorphic-granular texture with euhedral plagioclase 
(> 2 mm), biotite, biotitized hornblende and common K-feld-
spar in a matrix of quartz, K-feldspar, and biotite. There is no 
euhedral quartz, but generally elongated polycrystalline and 
strained quartz blebs. Este Porphyry is everywhere affected 
by potassic alteration, the original oligoclase–andesine is 
presently albite, and hornblende and titanite are replaced 
by biotite and rutile, respectively (Arnott 2003). It has been 
dated beyond the zone of pervasive potassic alteration by 
U–Pb at ca. 36 Ma (Ossandón et al. 2001; Proffett and Dilles 
2007; Rivera et al. 2012), and Ballard et al. (2001) indicate 
an age of 34.6 ± 0.2 Ma within the mine. Two representative 
(and particularly unaltered) samples of Este Porphyry were 
chemically analyzed, one from Chuquicamata (Cu-2022) and 
another from RT mine (Z170-ME2; Table 1); these specific 
samples were not dated in the study, but by correlation in the 
mine, their age is ca. 35 Ma.

The Oeste Porphyry is a smaller body in the western part 
of the Chuquicamata deposit, and has smaller plagioclase 
phenocrysts (< 2 mm) and an abundance of quartz “eyes” in 
a groundmass of much finer equigranular quartz. The age of 
the Oeste Porphyry is 33.5 ± 0.2 Ma (Ballard et al. 2001), 
hence Oligocene (Cohen et al. 2017).

Dike-like bodies of Banco Porphyry occur in the north-
eastern part of the Chuquicamata pit (Ossandón et  al. 
2001). It is finer grained than Este Porphyry, and charac-
terized by porphyritic plagioclase in an aphanitic (and 
finely porphyritic) groundmass. It has an assemblage of 
oligoclase, K-feldspar, quartz, biotite and rutile. The Banco 
Porphyry has preserved igneous intermediate plagioclase 
(oligoclase), in contrast with potassic altered Este Porphyry, 
which contains only secondary albite (Arnott and Zentilli 
2003). Banco Porphyry was dated by U–Pb on zircon at 
33.3 ± 0.3 Ma (Ballard et al. 2001); the Ar–Ar age of potas-
sic alteration (biotite and K-feldspar) is 33.4 ± 0.3 Ma (Reyn-
olds et al. 1998); therefore Oligocene (Cohen et al. 2017). 

One unaltered, representative sample of Banco Porphyry has 
been chemically analyzed for this study (Cu-1333, Table 1), 
but no date is available for this specific sample.

Geochemistry

The results for geochemical analyses are shown in Tables 2 
and 3. Within a mineralized porphyry there are no unal-
tered (fresh) rocks; a measure of this alteration is the con-
tent of volatiles (Loss on Ignition; LOI), substantial in some 
samples (up to 8%). For plotting purposes, the analyses in 
Tables 2 and 3 have been recalculated volatile-free; this 
adjustment may amplify somewhat the content of some 
trace elements. Most samples in MMH and Chuquicamata 
are highly silicic, with  SiO2 content (Fig. 4) between 65 and 
79 wt%, thus granodiorite to granite, the intrusive equivalent 
of dacite, rhyodacite and rhyolite. A few of the rocks are 
diorite/andesite. Due to hydrothermal alteration (potassic, 
sericitic, chloritic), the content of the mobile alkalis may not 
reflect the original composition; the rocks are calc-alkaline 
according to a  SiO2 vs.  K2O diagram by Peccerillo and Tay-
lor (1976). Minor and trace elements such as Ti and Zr sited 
in refractory minerals are more likely to have been relatively 
immobile during alteration processes. On discriminant dia-
grams by Winchester and Floyd (1977) the MMH rocks are 
rhyodacite-dacite (granodiorite) and rhyolite (granite). Fig-
ure 5 indicates that based on Nb, Y, Zr and Ti, in diagrams 
by Winchester and Floyd (1977) and Pearce (1996), half 
the rocks qualify as trachyandesites. It is evident that the 
composition of Triassic and Eocene–Oligocene intrusives at 
MMH and Chuquicamata overlap in composition. For com-
parison, Fig. 5a shows the contrast between the composition 
of Triassic (this study) and Jurassic igneous rocks [volcanic 
and intrusive; (dotted line; data from Oliveros et al. 2007)] 
that occur along the coastal belt (Fig. 1). One sample of MM 
Porphyry (ZMMH-88) appears anomalous (Fig. 5b, c); it is 
highly mineralized with Cu, Ag, Se, and has among the low-
est Nb (3.3 ppm; avg. 7.8); it also has the highest Y (22 ppm 
vs. avg. 7.7) and highest  P2O5 (0.42%; vs. avg. 0.09); its 
composition has been affected by hydrothermal alteration.

One objective of the research in MMH was to look for 
effective ways to distinguish between Triassic and Eocene 
intrusives (Zentilli 2012). After multiple attempts, a plot 
of Ni vs.  Fe2O3(total) (Fig. 6) represents the most convinc-
ing method to distinguish Triassic MM Granodiorite from 
the Eocene–Oligocene MM Porphyry Complex, at least the 
voluminous MM Porphyry and Quartz Porphyry, plus the 
Este and Banco Porphyries of Chuqui. However, the Dacitic 
Porphyry, although Oligocene in age, plots in the field of 
Triassic intrusives. This discrepancy does not represent a 
problem, because the Dacitic Porphyry is a significantly 
different rock (Fig. 4i), as demonstrated in Fig. 7. Dacitic 
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Porphyry is volumetrically minor in the deposit and rela-
tively barren. Although indistinguishable from the other 
intrusives in terms of  SiO2,  Al2O3, and  TiO2 (Fig. 7a, c), 
Dacitic Porphyry is notably enriched in Fe and S and LOI 
(Fig. 7 b) and Ni (Fig. 6), which leads to the interpretation 
that these elements may be contained in ubiquitous pyrite. 
The Dacitic Porphyry is also anomalously enriched in Cs, 
but depleted in Cu and Mo (Fig. 7e, f), suggesting that it was 
emplaced after the main phases of economic mineralization 
for those metals.

Further demonstrating the similarity between Triassic and 
Eocene–Oligocene intrusives, Fig. 8a, b shows that in terms 
of Ga/Al and Zr, and Yb + Ta and Rb, the rocks are tightly 
clustered in the field of I and S granitoids and straddling the 

fields Volcanic Arc and Collision granitoids, respectively 
(Pearce et al. 1984). It is probable that the Rb content has 
been increased by potassic and sericitic (phyllic) alteration. 
REE patterns (Fig. 8c; chondrite normalized after Sun and 
McDonough 1989) confirm the resemblance between Tri-
assic and Eocene–Oligocene intrusives in the MMH mine. 
The “hockey stick” pattern and the lack of Eu anomaly is 
suggestive of amphibole fractionation of oxidized magmas, 
and possibly residual garnet in the source region, typical of 
calc-alkaline magmas of Andean type margins. In contrast, 
Jurassic and Early Cretaceous volcanic rocks that outcrop 
on the coastal belt at latitude 27°S (Fig. 1) show a moderate 
enrichment in light REE (LREE) and only small fractiona-
tion of heavy REE (HREE), features which are typical of 
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calc-alkaline rocks of island arcs with minimal crustal thick-
ness (e.g., Dostal et al. 1977).

Figure 9a, b are spider diagrams of rock/primitive mantle 
normalized trace element plot after Sun and McDonough 
(1989). The similarity between Triassic and Eocene–Oligo-
cene rocks analyzed is noteworthy; both have arc signatures.

A surprising result of this study was the finding that 
the MMH and Chuquicamata intrusives of Triassic and 
Eocene–Oligocene age are relatively low in Th and U 
(Fig. 10a) and  TiO2 (Fig. 10b) when compared with other 
suites of the region (data from Ballard 2001). However, 
the Th/U ratio is common to all rocks (average 3.6) sug-
gesting the values may be primary. At El Abra (mine north 
of Radomiro Tomic in Fig. 1), the El Abra Mine Porphyry 
and South Granodiorite of Eocene age (Campbell et al. 
2006) show similarities with those from the Triassic MM 

Granodiorite and the Eocene MM Porphyry, although some 
rocks from the Fortuna–Los Picos complexes (Eocene; 
37–43.7 Ma; Tomlinson and Blanco 2008) show minor over-
lap. The triangular plot U + Th − TiO2 − Zr (Fig. 11a) shows 
the coincidence of Triassic and Eocene–Oligocene rocks at 
MMH and Chuquicamata, and similarity with mineralized 
rocks at El Abra–Los Picos complexes. Figure 11b is a plot 
U + Th (in ppm),  TiO2 and  P2O5 (in wt %), which shows the 
anomalously high content of  P2O5 in sample ZMMH 88, 
which is highly altered (5.16 wt% LOI) and yields normative 
apatite; the same sample is anomalously rich in Y and plots 
off the general suite in Fig. 5b, c.

Discussion

Chemical similarity of Triassic and Eocene–
Oligocene intrusives

The remarkable chemical similarity between Triassic 
and Eocene–Oligocene intrusives within the MMH, (and 
Chuquicamata and RT) deposits explains the difficulty that 
generations of geologists have encountered distinguish-
ing them in the mine and in core. The rocks show textural 
variations from place to place and probably represent mul-
tiple phases. Hydrothermal alteration of the Triassic MM 
Granodiorite, can develop K-feldspar megacrysts that mimic 
porphyry textures and the similar phases that are found in 
MM Porphyry Complex rocks (Fig. 4c, f). The best chemi-
cal discriminant is the relatively higher Fe and Ni content 
of the Triassic granodiorite (Fig. 6), and these elements 
would be easy to add to routine analysis of mine samples. 
Although the Dacitic Porphyry overlaps in composition in 
terms of those elements, its aphanitic texture (Fig. 4i), brit-
tle properties and occurrence as narrow dikes make it easier 
to recognize.

The Dacitic Porphyry, besides being rich in Fe and Ni 
is also quite distinct in its relatively high content of Cs, Cd, 
Pb, In, Zn, and S, compared to the other intrusives, but is 
not enriched in economically important Mo, Cu, Ag nor 
Au. The Dacitic Porphyry of MMH contains an order of 
magnitude more: 7–31 ppm (avg. 20.3 ppm) than the Cs 
content of volcanic and intrusive rocks, which is gener-
ally less tan 1 ppm (Horstman 1957); other MMH rocks 
contain less than 10 ppm Cs (as do Tertiary igneous rocks 
from El Abra–Pajonal and Fortuna–Los Picos Complexes 
in the Domeyko Cordillera; avg. 5.2 ppm; Ballard 2001). 
It is likely that the Dacitic Porphyry dikes were emplaced 
late in the history of the deposit, certainly after the forma-
tion of high-grade hydrothermal breccias rich in Cu. This is 
consistent with the U–Pb zircon age obtained in this study 
(Early Oligocene).
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Despite the variable states of alteration of the samples, 
Triassic and Eocene–Oligocene rocks in MMH plot in tight 
groups, suggesting that the trace elements used in the vari-
ous diagrams are contained in relatively refractory minerals, 
such as titanite and zircon. Case in point are the diagrams 
in Figs. 8a, b, and 9. Especially the REE (Fig. 8c) show 
a considerable overlap in a composition/chondrite dia-
gram by Sun and McDonough (1989). From isotopic data 
for Pb, Sr, Nd, and Os in ores it appears the Chuquicamata 

magmas had mantle affinities and negligible crustal con-
tamination (Zentilli et al. 1988, 2015; Maksaev 1990; Tos-
dal et al. 1999; Mathur et al. 2000). These results contrast 
with the statement of Kramer and Ehrlichmann (1996) that 
in northern Chile between 20° and 26°30′S, Triassic and 
part of Lower Jurassic precursors of intermediate to acid 
character have predominant crustal sources. The parallel in 
geochemistry or Triassic intrusives and Eocene–Oligocene 
porphyries that occur in the exact same location in the crust 
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suggest that both magmas had a similar source and process 
of magma genesis.

The fact that the MMH, Chuquicamata host intrusives 
of Triassic and Eocene–Oligocene age are relatively low 
in Th and U and  TiO2 (Figs. 10, 11), irrespective of  K2O 
content, suggests this characteristic is a primary feature; the 
narrow range in Th/U ratio supports this hypothesis. This 
fact is remarkable because being more differentiated than 
many of the Fortuna–Los Picos Complex rocks (data in 
Ballard 2001), one would expect the rocks to have higher 
U and Th content (e.g., Larsen and Gottfried 1960). The 

uranium content of central Andean volcanic rocks is high-
est in regions with the thickest continental crust (Zentilli 
and Dostal 1977), hence the U and Th depletion suggests 
minimal crustal interaction. This concept is compatible with 
the available Pb, Sr, and Nd isotopic data for Chuquicamata 
(Zentilli et al. 1988; Maksaev 1990; Tosdal et al. 1999) and 
Os in the ores (Mathur et al. 2000; Zentilli et al. 2015), 
which suggest mantle-like affinities for the Chuquicamata 
porphyries. Although some rocks in the Fortuna Complex 
overlap in composition, within the actual Chuquicamata and 
MMH deposits this relative depletion in U and Th in host 
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rocks may be empirically useful in mapping and explora-
tion, for instance using a hand-held spectrometer that dis-
tinguishes gamma rays from U, Th and K.

The Triassic intrusives of MMH are so like Eocene–Oli-
gocene porphyries, that it is probable that the conditions 
of magma generation were analogous. Porphyry Cu–Mo 
ore deposits are formed in the uppermost 4–5 km of the 
crust (with some, deeper, exceptions), and their ore zones 
are only a few km in the vertical dimension (e.g., Sillitoe 
2010), hence their economic feasibility requires that post-ore 
erosion brings them close to the surface, but is not excessive 
as to remove the mineralized zone and expose the underly-
ing (barren) batholith below (e.g., Wainwright et al. 2017). 
The Eocene–Oligocene PCDs in the Domeyko Cordillera 
were preserved because rates of exhumation decreased sig-
nificantly after 31 Ma (e.g., Maksaev and Zentilli 1999). 
Even if Permo-triassic volcano-plutonic complexes of the 
Collahuasi Fm. around the Chuquicamata district (Fig. 2) 
did form PCDs, they were probably deeply eroded before 
the sea invaded the region to deposit the Caracoles Fm. in 

the Middle Jurassic (Bajocian, ca. 170 Ma; Tomlinson and 
Blanco 2008).

Was there a magmatic gap during the Rhaetian?

Although it is understood that subduction was almost contin-
uous from the Paleozoic to the Mesozoic and the Holocene 
the model requires some refinement. The intrusion of the 
MM Granodiorite took place between 229 and ca. 207 Ma 
in the Late Triassic (Norian—perhaps Early Rhaetian con-
sidering the uncertainty of some dates). This time appears to 
coincide with the final magmatic episodes of the Gondwanan 
cycle, which had been active since the Carboniferous. Mpo-
dozis and Kay (1992) suggested that between Triassic and 
Jurassic times there was a hiatus or very slow subduction. In 
this part of the Central Andes the prevalent tectonic regime 
was one of extension characterized by deposition of con-
glomerates that include erosional debris from the bimodal 
rhyolite-rich Choiyoi magmatism of the Paleozoic of Argen-
tina and Chile and coal beds (e.g., Camus 2003; Maksaev 
et al. 2014; del Rey et al. 2016).

Magmatism was active in the Triassic, but towards the 
Rhaetian (now bracketed at 205.50 ± 0.35–201.36 ± 0.17 Ma; 
Wotzlaw et al. 2014) it became less intense. Vásquez et al. 
(2015) and Maksaev et al. (2007, 2014) have assembled an 
extensive database of ages that cover the Triassic and Juras-
sic; in their tables and diagrams, there seems to be a scar-
city of ages of intrusives between ca. 207 and ca. 200 Ma. 
Espinoza et al. (2015) studied Triassic volcano-sedimentary 
basins in northern Chile between Latitudes 24.5°S and 26°S, 
and concluded they characterize continental sedimentary 
deposition during the Norian to Rhaetian, with the volcano-
sedimentary units containing detrital zircons of Lower Ordo-
vician and Permian age, denoting exhumation of the Paleo-
zoic basement at that time. González et al. (2015) studied 
Triassic volcanic rocks in the Domeyko Cordillera between 
latitudes 24°30′ and 25°S, which they consider products of 
minor post-tectonic arc volcanism. About 500 km to the 
south, at latitude 27°S the La Ternera Fm. contains abundant 
plant remains and coal beds of Rhaetian age (e.g., Bell and 
Suárez 1995); it is composed of thick alluvial conglomerate 
and sandstones rich in quartz and rhyolite debris derived 
from erosion of the crystalline basement. However, at the 
type locality the coaly beds are overlain by basaltic andesites 
and in the higher Andes to the east the formation comprises 
thick volcanic units (Mpodozis et al. 2012; Iriarte et al. 
1996) overlain by Lower Jurassic marine strata, hence the 
volcanic rocks are considered Triassic, although no dates are 
available. If future, reliable dating were to indicate Rhaetian 
magmatism, it may confirm the existence of latitudinal dif-
ferences and tectonic segmentation as proposed by Franzese 
and Spalletti (2001).
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Further south (latitude 28°–30°15′S) zircon ages by 
Hervé et al. (2014) show that the last magmatic pulse in 
the Triassic lasted from 225 to 215 Ma (Norian). During 
this time in central Chile and Argentina (30–40°S), there 
is evidence of very slow or arrested subduction, uplift and 
extension of the basement, basaltic underplating and crus-
tal melting leading to bimodal volcanism (e.g., Gana 1991; 
Franzese and Spalletti 2001). Parada et al. (1997) proposed 
lithospheric delamination to explain the lack of arc mag-
matism during this time. In northern Chile subduction was 
active until the Late Norian, but in Peru, north of Cuzco, 
an earlier rift setting has been recognized, at least from 240 
to 220 Ma (Lluis Fontboté. Pers. Comm.). The Rhaetian 
was characterized by extensional sedimentary basins with 
minor volcanic input, but again this volcanism had intraplate 
rift affinities and there is no evidence of a magmatic arc at 
the time (e.g., Rosas et al. 2007). The lull in subduction 
in northern Chile during the Rhaetian was probably related 

to global tectonic developments throughout Pangea at the 
time. Sealevel was near its lowest level in the Mesozoic 
between ca. 210 and 200 (Haq et al. 1988), possibly related 
to subdued seafloor spreading while ocean basins enlarged 
due to thermal subsidence (Embry 1988). Important petro-
leum reservoirs were formed in Rhaetian regressive sands 
in the Canadian Arctic Archipelago (Embry and Johannes-
sen 1993). The Rhaetian (205.5–201.36 Ma; Wotzlaw et al. 
2014) was the prelude of massive plate reorganization and 
the breakup of Pangea (e.g., Rona and Richardson 1978), 
which was marked by extensional faulting in Gondwana, 
the opening of the Atlantic Ocean and the catastrophic and 
simultaneous extrusion at ca. 201.5 Ma of giant flood basalt 
provinces (central Atlantic magmatic province: CAMP) 
from the north Atlantic (Nova Scotia), through Morocco to 
Bolivia (Tarabuco mafic sill, 500 km NE of Chuquicamata; 
Davies et al. 2017). This Rhaetian magmatism, is consid-
ered to have contributed to drastic climate change and the 
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end-Triassic mass extinction during a low stand of sea level 
(Davies et al. 2017).

There has been ample discussion of the tectonic condi-
tions active in the central Andes during the Eocene–Oligo-
cene and the influence of oblique subduction and the ascent 
of magmas controlled by the orogen-parallel Domeyko Fault 
system a dextral, ductile to brittle shear system (e.g., Lind-
say et al. 1995; Maksaev and Zentilli 1999; Tomlinson and 
Blanco 2008); it is possible that Triassic magmas also took 
advantage of such deep regional fracture systems to ascend 
and form a relatively narrow igneous belt (Fig. 1). For the 
area to the south, between latitudes 30° and 40°S, Franzese 
and Spalletti (2001) propose the existence of dextral shear 
system along the western margin of Gondwana during the 
Late Triassic to Early Jurassic; it is possible that this shear 
system extended farther north. A sinistral orogen-parallel 

shear system (Atacama Fault System) related to oblique sub-
duction was active in the Jurassic–Cretaceous (Hervé 1987; 
Jaillard et al. 1990; Pichowiak 1994) and was responsible 
for the localization of important iron–oxide–copper–gold 
deposits and manto type Cu deposits (e.g., Maksaev and 
Zentilli 2002; Sillitoe 2003; Cembrano et al. 2005).

Between ca. 210 and ca. 200 Ma the main magmatic 
front moved westward about 100 km so that by the begin-
ning of the “Andean” subduction cycle in the Early Juras-
sic it was located near the present coast (Fig. 1). There 
was considerable uncertainty in older geochronological 
methods; Maksaev (1990) reported dates as old as 200 Ma 
for intrusive and volcanic rocks along the coast, although 
Vásquez et al. (2015) obtained younger dates in the same 
area (Toarcian; ca. 183  Ma). Lower Jurassic igneous 
rocks along the coast are drastically different from Upper 
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Fig. 11  Diagram comparing the MMH and Chuqui intrusives with 
the Fortuna–Los Picos and El Abra–Pajonal Complexes in terms of a 
U + Th, Zr (×2; in ppm) and  TiO2 (×50; in wt %) and b U + Th,  TiO2 
and  P2O5. All recalculated volatile-free. Note the similarity between 
Triassic and Eocene–Oligocene rocks at MMH and Chuquicamata. 

Altered MM Porphyry sample ZMMH-88 (labeled) is anomalously 
rich in  P2O5 and Y (Fig.  5b, c). Also, note the similarity of rocks 
from MMH and Chuquicamata with those at El Abra Mine. Data and 
nomenclature for Fortuna–Los Picos and El Abra–Pajonales com-
plexes from Table 5 in Ballard (2001). Legend as in Fig. 10
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Triassic intrusives (e.g., Dostal et al. 1977; Rossel et al. 
2015) in the Chuquicamata District (Fig. 8c); the Jurassic 
rocks have been grouped as La Negra Fm. representing 
large outpours of basaltic to andesitic lavas with flat REE 
patterns akin to those of island arcs. Models proposed for 
the igneous rocks vary from mantle-like arc magmatism 
related to a thin crust (e.g., Charrier et al. 2007; Oliveros 
et al. 2007); a back-arc regime (Rogers and Hawkesworth 
1989; Kramer et  al. 2005), or a product of pull-apart 
basins related to oblique subduction (Jaillard et al. 1990; 
Pichowiak 1994). This shift of the magmatic front sug-
gests a rollback (Fig. 12) from an Andean-type subduction 
to a much steeper Mariana-type subduction (e.g., Uyeda 
1982), the configuration suggested for central Chile in the 
Jurassic–Cretaceous (Åberg et al. 1984). Slab rollback, as 
happened in the Mariana arc, can occur in as little as a few 
million years (Straub et al. 2015). Sedimentation patterns 

suggest that in the Jurassic the back-arc region became a 
marginal basin, representing extension and no mountain 
building (Scheuber and Gonzalez 1999; Tomlinson and 
Blanco 2008; Martínez et al. 2017).

Both the Upper Triassic and Eocene–Oligocene intrusives 
in the Domeyko Cordillera, which were favorable to min-
eralization show some interesting similarities in terms of 
tectonics. Both were emplaced at the termination or waning 
stage of a magmatic cycle, just preceding a break in major 
igneous activity that was followed by a major shift of the 
magmatic front, ca. 100 km westward before the Jurassic, 
and ca. 20 km (and beyond) eastward before the Miocene, 
and a drastic change in magma chemistry (e.g., Boric et al. 
1990; Maksaev 1990). The dextral orogen-parallel Domeyko 
Fault System, of which the West Fault is a brittle expression, 
was a deep fracture that controlled the ascent and emplace-
ment of magmas into N–S elongated plutons and determined 
the permeability for hydrothermal alteration and minerali-
zation in the Chuquicamata District (Lindsay et al. 1995; 
Maksaev and Zentilli 1999). It is reasonable to propose that 
the Late Triassic (Carnian–Norian) magmatic arc exploited 
a similar deeply reaching fracture system.

The last igneous activity in the Chuquicamata district is 
represented by the Oeste and Banco Porphyries in Chuqui-
camata and Quartz Porphyry and Dacite Porphyry at MMH 
(35.3–33.7 Ma, respectively), and the last hydrothermal 
mineralization was formed at ca. 31 Ma (Ossandón et al. 
2001; Reynolds et al. 1998; Ballard et al. 2001), all under a 
dextral regime of the Domeyko Fault System (Lindsay et al. 
1995); This interval represents a time of rapid exhumation 
that coincides with the Incaic orogenic phase in the Central 
Andes (Maksaev 1990; Maksaev and Zentilli 1999; McInnes 
et al. 1999; Martínez et al. 2017). The cessation of major 
hydrothermal activity at 31 Ma in the Domeyko Cordillera 
was followed by left-lateral movement across the fault sys-
tem, which attained a net 35 Km displacement (Tomlinson 
and Blanco 1997, 2008). After an apparent hiatus in igne-
ous activity, with infrequent volcanic activity (e.g., San 
Pedro Fm. tuffs; K–Ar 28.6–24.9 Ma; Marinovic and Lah-
sen 1984) the magmatic front jumped in the Early Miocene 
some 20 km eastward to near the Holocene volcanic front 
(Fig. 1) and extended hundreds of kilometers into Bolivia 
and Argentina, with the extrusion of andesites and massive 
silicic ignimbrites of predominantly Late Miocene to early 
Pliocene age (ca. 10–5 Ma; e.g., Maksaev 1990; Coira et al. 
1982; Wotzlaw et al. 2011). This Early Miocene magmatic 
flare-up event coincides in time with accelerating, more 
orthogonal, Farallon/Nazca–South America plate conver-
gence, suggesting a positive feedback between convergence 
rates and a major tectonic readjustment and an increase in 
crustal thickness (Mamani et al. 2010) and production of 
magmas in the Central Andes and as far north as Ecuador 
(e.g., Schütte et al. 2010).

Fig. 12  Cartoon contrasting the probable subduction configuration 
at the South American margin of northern Chile a during the Norian 
and Eocene–Oligocene and b during the earliest Jurassic, with the 
volcanic front along the coastal range, after rollback. Modified from 
Richards (2003), Franzese and Spalletti (2001) and Uyeda (1982)
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Conclusions

1. Whole rock geochemistry on a representative set of zir-
con U–Pb dated intrusive rocks of the Chuquicamata 
District reveals that the long-lasting difficulty experi-
enced by geologists in differentiating Triassic from 
Eocene intrusive host intrusive rocks in MMH and other 
giant Cu–Mo deposits in the District is due to the fact 
that these rocks are almost indistinguishable in major, 
minor and trace-element composition. Accordingly, they 
react similarly to hydrothermal alteration.

2. However, the most voluminous MM Porphyry can be 
distinguished from Triassic MM Granodiorite by com-
paring their relatively higher content of  Fe2O3 and Ni 
(Fig. 6), and  Al2O3 and  TiO2: in general, the MM Grano-
diorite contains more than 15 wt%  Al2O3, and less than 
0.33 wt%  TiO2 (Fig. 7a–d). Iron and Ni could be easily 
analyzed during routine operations. In terms of petrog-
raphy, the Eocene MM Porphyry contains identifiable 
megacrysts of sphene (titanite) whereas the Triassic MM 
Granodiorite does not.

3. Oligocene Dacitic Porphyry dikes in MMH overlap 
somewhat in composition with the Triassic MM grano-
diorite, but have physical characteristics that make them 
easily recognizable. Chemically, Dacitic Porphyry is 
anomalous in its elevated content of cesium (Cs), more 
than 20 ppm, double that of other rocks. It is also rela-
tively rich in  Fe2O3, S and Sb, in part carried in sulfides. 
However, it is poor in Cu, Mo and other useful metals, 
hence we interpret the Dacitic Porphyry dikes to have 
been emplaced later than the main phases of mineraliza-
tion.

4. If magma character determines the ability of a system 
to generate giant Cu–Mo deposits, then Carnian–Norian 
rocks may have also hosted important Cu–Mo deposits; 
their preservation will depend on their post-ore erosional 
history and subsequent cover.

5. The voluminous MM Porphyry at MMH is practically 
indistinguishable from the equally important Este Por-
phyry of Chuquicamata and RT mines. Both yield dates 
of ca. 36–35 Ma. supporting the hypothesis that they are 
one and the same intrusion, separated by the West Fault 
after the end of the mineralization process, as proposed 
by Zentilli et al. (2015).

6. The U and Th content of host Triassic and Eocene–Oli-
gocene mineralized rocks in MMH, Chuquicamata and 
RT is relatively low compared to most of the intrusive 
rocks from the district. In the El Abra district, 45 km 
north of Chuquicamata, low U and Th is shown mainly 
in mineralized hosts. This empirical low content in 
radioactive U and Th in prospective rocks could be 

investigated as a potential geochemical and geophysical 
exploration tool.

7. At the latitude of the Chuquicamata, Late Triassic 
subduction-related magmatism (Carnian to Norian; the 
age of MM Granodiorite at MMH and Este and Elena 
Granodiorites of Chuquicamata) District was analogous 
to that of the Eocene–Oligocene, and both were intruded 
within the same narrow belt in the mineral fertile 
Domeyko Cordillera. The Eocene–Oligocene magma 
emplacement and mineralization were controlled by a 
deep ductile to brittle orogen-parallel fracture system 
(the Domeyko Fault System), created by oblique sub-
duction; it is probable that the Late Triassic magmatism 
took advantage of the same crustal structures, possibly 
also enhanced by oblique subduction.

8. Between the intrusion of the youngest of the Norian 
intrusives in MMH (ca. 207 Ma) and the onset of Juras-
sic subduction magmatism (ca. 200 Ma) there was a 
westward shift of the magmatic front of about 100 km, 
probably a plate rollback. Subduction changed from 
Andean-type to steep, Mariana-type subduction. This 
shift followed a pause in energetic magmatism, coinci-
dent with extensive basement erosion and accumulation 
of sediments in extensional basins of Rhaetian age. The 
Rhaetian stage (205.5–201.36 Ma; Wotzlaw et al. 2014) 
coincides with a worldwide ocean low stand, prob-
ably a lull in seafloor spreading and Andean subduc-
tion, and precedes the catastrophic outpour of massive 
basaltic magmas from the north Atlantic to Bolivia at 
ca. 201.5 Ma, roughly coinciding with drastic climate 
change and the Triassic–Jurassic mass extinction (e.g., 
Davies et al. 2017).

9. Similarly, the Eocene–Oligocene magmatism responsi-
ble for the formation of the MMH, Chuquicamata and 
RT deposits in the Chuquicamata District was the last 
gasp of activity ending at ca. 31 Ma, followed by a lull 
in magmatism and a 20-km shift, this time eastwards, 
of the magmatic front, coinciding with a change in the 
magmatic character of the rocks and in intensity of plate 
interaction; post-Oligocene plate reorganization caused 
a 2- to 3-fold increase in convergence rate between the 
Nazca Plate and South American plates (e.g., Muñoz 
et al. 2000). It appears that the formation of giant Cu–
Mo PCDs was enhanced during the waning stages of a 
long-standing magmatic system.
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