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Abstract
Understanding the primary controls on mineral deposit formation and size is essential for sourcing the metals required by our 
ever-growing economy. The tonnage of porphyry copper deposits ranges five orders of magnitude but the key mechanisms 
and processes that modulate the size of these deposits remain enigmatic. Here, we investigate the behemothian deposits of 
the Chuquicamata Intrusive Complex (CIC) in northern Chile employing high-precision U–Pb and Re–Os geochronology. 
We resolve a complex long-lived magmatic-hydrothermal activity that lasted over 3.3 Myr. High-precision zircon petro-
chronology data indicate two distinct porphyry emplacement episodes, separated by 0.5 Myr, with the younger generation 
closely tied to the main intervals of hydrothermal mineralization. High-precision Re–Os molybdenite dates reveal a prolonged 
hydrothermal mineralization interval (> 2.5 Myr) that progressively migrated southwards within the CIC and continued after 
the end of the (apparent) magmatic activity. We show that the rate of copper precipitation varies little in nature (0.025–0.10 
Mt/kyr) and is independent of the size of the deposit. Consistent with evidence from smaller deposits, our findings provide 
unprecedented evidence that copper endowment in porphyry copper deposits positively correlates with the timescales of 
magmatic and hydrothermal activity. Supergiant to behemothian deposits require multi-million-year magmatic-hydrothermal 
activity, linking the largest porphyry copper systems to a simple metric – the duration of magmatic-hydrothermal activity.
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Introduction

Global demographic and economic development in addi-
tion to the pursuit of alternative green sources of energy 
will significantly increase the demand for metals in the com-
ing decades, pushing exploration geologists to find more 
economically viable deposits (Jowitt et al. 2020). Porphyry 
copper systems are the main source of copper and important 

sources of other base metals and will continue to play a key 
role in future supply of these materials (Mudd et al. 2013). 
Even though these systems have been studied in detail and 
key ore-forming processes are well understood, one impor-
tant question remains unanswered: what controls the tonnage 
of porphyry copper deposits (PCDs)?

The tonnage distribution of PCDs varies by over five 
orders of magnitude (Singer et al. 2008) with behemothian 
deposits (> 31.6 Mt of contained Cu, see Clark 1993) rep-
resenting the largest end-member of this size distribution 
in nature. Some studies have suggested that such large-
endowment PCDs are the result of the “perfect alignment” 
of geological processes (Richards 2013). Recent studies 
have applied numerical simulations to test these models 
and suggest that the volume and duration of the ore-forming 
magmatic-hydrothermal activity are the dominant controls in 
the total metal endowment of a deposit (e.g. Chelle-Michou 
et al. 2017; Chiaradia and Caricchi 2022). Such simulations 
agree with high-precision geochronological records of a 
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handful of very large to supergiant (1–31.6 Mt Cu) depos-
its (e.g., Coroccohuayco, Bajo de la Alumbrera, Bingham 
Canyon, Qulong, Batu Hijau). However, these available data 
cover only about one order of magnitude of Cu endowment 
making the extrapolation of the duration vs endowment rela-
tionship poorly constrained.

Determining the absolute timing and duration of upper 
crustal magmatic-hydrothermal processes requires geochro-
nologic methods with absolute precision and accuracy on 
the order of a few thousand years (Annen 2009; Weis et al. 
2012; Kent and Cooper 2017). For samples beyond the U–Th 
disequilibrium range (ca. > 300 ka, e.g. Guillong et al 2016), 
such timescales can only be resolved with high-precision 
and high-accuracy methods such as zircon chemical abra-
sion isotope dilution thermal ionization mass spectrometry 
(CA-ID-TIMS) U–Pb and molybdenite negative thermal 
ionization mass spectrometry (N-TIMS) Re–Os geochro-
nology (Li et al. 2017 and references therein; Schoene and 
Baxter 2017; Chelle-Michou and Schaltegger 2023). Ther-
mochronological methods are also frequently employed to 
determine the duration of hydrothermal events, particularly 
40Ar/39Ar dating of micas (sericite, muscovite and biotite), 
feldspars and hornblende (e.g. Arnott 2003; Maksaev et al. 
2004; Deckart et al. 2013; Chiaradia et al. 2013). However, 
Ar diffusion (and consequent loss) in these mineral phases 
is temperature-sensitive making the isotopic system suscep-
tible to resetting upon a heating event. Effectively, 40Ar/39Ar 
dates record the cooling below a mineral-specific tempera-
ture of Ar retention, potentially imposing challenges to the 
interpretation in long-lived complex settings (Chiaradia et al 
2013). In addition, the 40Ar/39Ar systems can suffer from 
excess 40Ar and 39Ar recoil which are particularly common 
in fine-grained material resulting in geologically meaning-
less dates (Harrison and McDougall 1981; Onstott et al. 
1997; Baumgartner et al. 2009).

The Eocene–Oligocene Chuquicamata porphyry district 
in northern Chile ranks amongst the largest Cu accumula-
tions in the world with over 190 Mt of contained Cu and a 
century-long mining history (Camus and Castelli 2021). Its 
geology has been extensively studied (e.g. Ossandón et al. 
2001; Faunes et al. 2005; Rivera et al. 2012), providing an 
excellent framework to develop a high-precision geochro-
nology study to constrain the processes and parameters that 
control the formation of behemothian PCDs. We investi-
gate the timing and duration of magma emplacement and 
evolution and the timescales of hydrothermal activity in 
the Chuquicamata porphyry system employing high-preci-
sion zircon CA-ID-TIMS U–Pb and molybdenite N-TIMS 
Re-Os high-precision geochronology on samples covering 
the entire lithologic diversity of the system (Fig. 1). We 
show that the Chuquicamata Intrusive Complex (CIC) and 
associated deposits formed over a protracted period, with a 
long-lived magmatic and hydrothermal history, confirming 
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Fig. 1  Updated geological map with outcropping units (based on the 2020 
and 2023 CODELCO geological models) and modified after Tomlinson 
et al (2018)
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numerical predictions that behemothian deposits form over 
million-year timescales. We also show that the average rate 
of copper precipitation in PCDs varies little (0.025–0.10 
Mt/kyr) and that the timescale of hydrothermal activity has 
the greatest impact on the total endowment of a potential 
deposit.

Geological setting

Regional background

The tectonomagmatic evolution associated with the 
Eocene–Oligocene compressional phase of the Andean tec-
tonic cycle is characterised by the formation of the Bolivian 
oroclinal bending, the eastward migration of the magmatic 
arc and the development of north–south trending parallel 
metallogenic belts extending from southern Peru to central 
Chile (Camus and Dilles 2001; Cobbold et al. 2007; Mamani 
et al. 2010). Located in northern Chile, the Domeyko fault 
system is a major tectonic structure that has been active 
since the late Eocene (Maksaev and Zentilli 1988, 1999; 
Camus and Dilles 2001; Amilibia et al. 2008) and has been 
viewed as a first order control on the emplacement of major 
Eocene porphyry systems in northern Chile, with some 
intrusions being emplaced syntectonically along faults (e.g. 
at Chuquicamata and La Escondida, Camus and Dilles 2001; 
Amilibia et al. 2008; Mpodozis and Cornejo 2012).

The Eocene–Oligocene metallogenic belt hosts many of 
the largest porphyry Cu deposits in the world, including the 
behemothian Chuquicamata district with almost 190 Mt of 
copper (combining past production and geological resources, 
Codelco 2022; Camus and Castelli 2021). The West Fis-
sure (local name for the Domeyko fault system) divides the 
area into two blocks: the eastern, where the Chuquicamata, 
Radomiro Tomic and Mina Sur deposits are located; and 
the western block, hosting the Ministro Hales deposit, the 
Toki cluster deposits and the Los Picos and Fortuna igne-
ous complexes (Ossandón et al. 2001; Rivera et al. 2012; 
Tomlinson et al. 2018).

The Chuquicamata intrusive complex

The Chuquicamata Intrusive Complex (CIC; Tomlinson 
et al. 2018) comprises the Eocene–Oligocene intrusive rocks 
associated with the Cu–Mo mineralization at the Chuqui-
camata and Radomiro Tomic deposits. It occurs as an NNE 
14 km-long, 0.7 to 2 km-wide west-dipping subvertical dike-
like body that mostly crops out within the open pits (Rivera 
et al. 2012, Fig. 1). At Chuquicamata, the unit presents, to 
the east, both intrusive and faulted contacts with the Triassic 
East and Elena granodiorites and with the Jurassic meta-
sedimentary rocks of the Caracoles Group (Tomlinson et al. 

2018). To the west, it is truncated by the West Fissure, which 
juxtaposes the complex against the Eocene Fortuna Complex 
(Ossandón et al. 2001; Rivera et al. 2012; Tomlinson et al. 
2018). Within the Radomiro Tomic mine, the complex pre-
sents intrusive contacts with the Elena granodiorite both to 
the east and to the west (Rivera et al. 2012).

Four main lithologies are recognized in the CIC, named 
Este (East), Oeste (West), Banco (Bench) and Fino (Fine) 
Porphyries, all of which possess varying degrees of hydro-
thermal alteration. The Este Porphyry unit is the most 
abundant lithology and hosts the other porphyries, which 
occur as small (metric to decametric) dike and stock-like 
bodies, preferentially in the central and northern parts of the 
CIC (Tomlinson et al. 2018). All porphyries share a simi-
lar granodioritic composition and mineralogy (plagioclase, 
quartz, alkali feldspar, biotite, titanite, ± hornblende), and 
have a wide range of phenocrysts and groundmass propor-
tion (e.g. Tomlinson et al. 2018, Fig. 2). The four porphyries 
are classified based on their distinct textural characteristics 
(e.g. Lindsay et al. 1995; Ossandón et al. 2001; Faunes et al. 
2005; Rivera et al. 2012; Tomlinson et al. 2018). The Este 
porphyry presents lower groundmass proportion and coarser 
crystal size compared to the other porphyries. Banco differs 
from the Oeste porphyry by presenting bimodal distribution 
of plagioclase phenocrysts (one population ca. 0.5 mm long; 
one population typically > 2 mm long, Arnott 2003). The 
Fino porphyry presents finer granulometry (of groundmass 
and biotite crystals) compared to the Este porphyry (see 
Supplementary material for detailed descriptions).

While clear, sharp intrusive contacts have only been 
reported between the Este and Banco porphyries, other 
contacts between the Este and other porphyries have been 
variably described as diffuse and gradational (e.g., Oeste 
porphyries) or faulted (e.g., Fino porphyries; Ossandón et al. 
2001; Faunes et al. 2005). Our observations have revealed 
intrusive contacts between the Este and all other porphyries 
(Fig. 2) and showed that the contact between the Oeste and 
Este porphyries can also be sheared.

All porphyries within the CIC have been hydrothermally 
altered and no clear spatial relationship between Cu grades 
and individual porphyry intrusions is observed (Ossandón 
et al. 2001; Faunes et al. 2005; Rivera et al. 2012; Skarmeta 
2021). The distribution of alteration at Chuquicamata is 
zoned westward with a halo of propylitic alteration in the 
more distal part of the deposit, followed by a potassic zone 
that is gradually overprinted by main stage quartz–sericite, 
late quartz–sericite–pyrite and reaching advanced argillic 
alteration along the West Fissure, which truncates this zon-
ing pattern (Ossandón et al. 2001; Faunes et al. 2005). At 
Radomiro Tomic, the same pattern of alteration styles is 
observed, but it develops symmetrically around the potassic 
core, and the argillic alteration is less pronounced (Rivera 
et al. 2012; Rojas-Arancibia 2023).
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Copper grades vary across the different alteration zones. 
In the rocks mostly affected by background potassic altera-
tion, copper grades are low (0.2–0.5%), and mineralization 
is mostly disseminated or along fractures. However, within 
the zones of intense potassic and quartz-sericite alteration, 
Cu grades are typically 0.6 to 2 wt.% Cu (locally up to 5 
to10 wt.% Cu) representing most of the hypogene copper 
production in Chuquicamata (Faunes et al. 2005; Rivera 

et al. 2012). Copper grades in the late quartz-sericite-pyrite 
zone appear to mimic those inherited from the overprinted 
intense potassic alteration with only minor upgrading of the 
Cu content (Faunes et al. 2005). The more distal propylitic 
altered rocks generally present low copper grades (< 0.3%).

Early quartz and quartz-K feldspar veins (mostly A-veins) 
with minor Cu sulphides are cut by quartz-molybdenite veins 
(e.g. Fig. 2d). Molybdenite occurs mainly disseminated in 
centimetric B-veins, on larger (up to > 1 m wide) banded 
quartz-molybdenite veins often called blue veins (Ossandón 
et al. 2001; Rivera et al. 2012) and as “smears” in cracks, 
here referred to as paint veins (Fig. 3). While the distribution 
of the quartz-molybdenite mineralization follows that of the 
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main stage quartz-sericite and of the late-stage quartz-seric-
ite-pyrite alteration, late quartz-sericite-pyrite veins clearly 
cut the molybdenite-bearing veins (e.g. Fig. 3d) and often 
form an alteration halo around them due to reopening of the 
previously existing veins (Ossandón et al. 2001; Rivera et al. 
2012). In these reopened veins, molybdenite often occurs 
close to the borders (Fig. 3d, e). The relationships of the 
quartz-molybdenite mineralization to the main-stage copper 
event are less well-constrained but crosscutting relationships 
and the spatial distribution of the alteration and mineraliza-
tion suggest that the molybdenite event dominantly predates 
the main stage copper introduction at any given location 
(Fig. 3; Ossandón et al. 2001; Faunes et al. 2005; Rivera 
et al. 2012; Skarmeta 2021). In the CIC, the molybdenite 
paint veins are often interpreted as remobilized Mo by later 
hydrothermal activity (Ossandón et al. 2001).

Previous geochronological studies conducted for the 
Chuquicamata district identify two ages of porphyry intru-
sion. The Este porphyry yielded zircon U–Pb SHRIMP age 
of 35.2 ± 0.4 Ma while the Oeste and Banco porphyries 
yielded younger and indistinguishable crystallization ages 
(34.0 ± 0.3 and 34.1 ± 0.3 Ma, respectively; Ballard et al. 
2001). Additional ages (Campbell et al. 2006) of 35.0 ± 0.3 
(SHRIMP) and 34.3 ± 0.3 (LA-ICP-MS) are also reported 
for the “major unit” in Radomiro Tomic (most likely the Este 
porphyry in RT) and of 33.9 ± 0.4 Ma (LA-ICP-MS) for the 
“minor phase” in the mine (most likely the Fino Porphyry 
according to Rivera et al. 2012). An age of 35.9 ± 0.4 Ma 
(U–Pb zircon, LA-ICP-MS) is reported for the Este porphyry 
in Radomiro Tomic (Tomlinson et al. 2018).

The timing of hydrothermal alteration in the CIC has been 
assessed with 40Ar/39Ar dating of K-feldspar, biotite, mus-
covite and sericite (Reynolds et al 1998; Arnott 2003; Barra 
et al. 2013). Muscovite/sericite dates range from 30.6 ± 0.3 
to 32.1 ± 0.3 Ma, biotite dates range from 31.1 ± 0.2 to 
33.6 ± 0.5 (except for 1 sample of chloritized biotite that 
yielded 34.9 ± 0.3 Ma, Reynolds et al. 1998) and K-feldspar 
dates range from 30.6 ± 0.4 to 33.6 ± 0.2 Ma. Recent Re–Os 
molybdenite geochronology for the Chuquicamata mine 
include dates for B-type veins that constrain mineralization 
between 32.9 ± 0.2 and 31.9 ± 0.2 Ma (Barra et al. 2013), 
and for blue veins, with dates of 31.7 ± 0.3 and 32.2 ± 0.3 
Ma (Zentilli et al. 2021). These Re–Os molybdenite dates 
suggest there is no temporal distinction between the two 
types of veins.

Despite the absence of cross-cutting evidence for syn- and 
post-mineralization porphyry intrusions, the long-lived pro-
tracted magmatic-hydrothermal history of Chuquicamata has 
led authors to suggest superimposed events that ultimately 
produced the gigantic deposit (e.g. Ballard et al. 2001) 
but the current geochronologic database does not provide 
enough precision (and as we will show, accuracy) to distin-
guish discrete events of magmatic or hydrothermal activity.

Methods

Samples and sample characterisation

Representative samples of all porphyries (Este, Oeste, Fino 
and Banco) were selected, covering a wide geographical dis-
tribution within the Chuquicamata Intrusive Complex (Fig. 1). 
Their modal mineralogical content was quantified through 
point counting on thin sections (see supplementary material). 
Zircon separates were obtained by applying crushing, pan-
ning, sieving and density separation with heavy liquid (meth-
ylene iodide). After handpicking, the grains were thermally 
annealed, mounted in epoxy, and polished. Cathodolumines-
cence (CL) images were obtained in a JEOL JSM-6390 LA 
scanning electron microscope (SEM) equipped with a Centau-
rus panchromatic CL detector. Trace element data and prelimi-
nary U–Pb dates were obtained by LA-ICP-MS at the Institute 
of Geochemistry and Petrology of ETH Zurich, using a 193 
nm Resonetics Resolution S155 laser ablation system coupled 
to a Thermo Element XR sector-field single collector ICP-MS 
(Guillong et al. 2014). Details on instrument settings and data 
reduction are given in the supplementary material.

High‑precision U–Pb geochronology

Based on the LA-ICP-MS results, 10 to 15 previously dated 
grains from each sample were extracted from the mount and 
selected for high-precision geochronology using chemical 
abrasion isotope dilution thermal ionization mass spectrometry 
(CA-ID-TIMS). Analyses were conducted on a Thermo TRI-
TON Plus thermal ionization mass spectrometer equipped with 
an axial secondary electron multiplier and faraday cups con-
nected to  1013 Ω resistors in a setup similar to those described 
in von Quadt et al. (2016), Wotzlaw et al. (2017) and Schalteg-
ger et al. (2021). Further details on the analytical method and 
data reduction are presented in the supplementary material. 
All dates are reported with 2 sigma analytical uncertainty and 
minimum crystallization durations are calculated according 
to the method proposed by Klein and Eddy (2024). Emplace-
ment ages are taken to be equivalent to the youngest zircon in 
each sample and are presented as μ ± x | y | z, where μ is the 
calculated date, x is the uncertainty including only analytical 
uncertainties (including uncertainties related to the 230Th cor-
rection), y includes the uncertainty of the tracer calibration and 
z also includes the uncertainty on the decay constant (Condon 
et al. 2024).

Re–Os geochronology

Petrography of the samples showed molybdenite crys-
tals vary between 70 and 200 µm in size. Eighteen sam-
ples, covering all vein types and their spatial distribution 



 Contributions to Mineralogy and Petrology          (2024) 179:88    88  Page 6 of 17

within the CIC, were selected for dating. The preparation 
of molybdenite separates started with cutting the sam-
ples as close to the veins as possible and light crushing 
with a rock hammer (without contact with the metal) and 
sieving (< 5 mm). Molybdenite separation followed the 
bulk sample HF dissolution approach (Lawley and Selby 
2012). The Re–Os analyses were performed in the Source 
Rock and Sulphide Geochronology and Geochemistry 
Laboratory, and Arthur Holmes Laboratory at Durham 
University (UK) following standard published protocols 
(e.g. Selby and Creaser 2001; Li et al. 2017). Specific 
procedural details are available in the supplementary 
material. Molybdenite dates were calculated using the 
187Re decay constant of Smoliar et al. (1996) and are pre-
sented as: μ ± x | y, where μ is the calculated date, x is the 
uncertainty including only analytical uncertainties, and y 
includes both analytical uncertainties and the uncertainty 
on the decay constant (2σ absolute level). Only analytical 
uncertainty is considered when computing the duration 
of the hydrothermal event(s) while all sources of system-
atic uncertainties are accounted for when comparing the 
Re–Os and U–Pb data.

Results

Zircon U–Pb geochronology

Most units contain varying proportions (0–13%) of 
rounded inherited or xenocrystic cores with two age pop-
ulations, as detected by LA-ICP-MS U–Pb dating: one 
Triassic (199.8 ± 6.1 to 245.8 ± 5.6) with a main popula-
tion yielding a concordia date of 221.0 ± 0.6 Ma (n = 49, 
MSWD = 1.2); and one early to mid-Eocene (40.22 ± 1.67 
to 53.90 ± 2.63). Overall, the proportion of such cores 
is the highest (> 6%) in samples from the northern side 
of the CIC older than 34.6 Ma (see below) compared 
to a lower proportion (mostly < 4%) in the southern 
and youngest (< 34.9 Ma) part of the CIC (see supple-
mentary material). The cores often present a dark over-
growth at the interface with the oscillatory zoned Eocene 
overgrowth.

Two hundred and twenty individual zircon grains from 
22 porphyry samples across the CIC were dated by CA-ID-
TIMS (Fig. 4). Dates with high uncertainty were discarded 
(2σ > 1% of the date; see details in the supplementary 
material). The U–Pb dates range over 3.3 Myr and show a 
complex, multi-million-year history of zircon crystalliza-
tion. All porphyries present significant dispersion of single 
crystal dates, with nearly uninterrupted zircon crystalliza-
tion dates spanning up to a million years within the same 
sample (Fig. 4).

Chuquicamata mine

The Este Porphyry yields single crystal dates between 
34.402 ± 0.034 and 35.451 ± 0.096 Ma, and all samples 
present a similar range of dates and similar distribution pat-
terns (Fig. 4). One exception is for sample CQ2020 with a 
significantly narrower range of dates (ca. 0.15 Myr interval) 
and a very distinct distribution pattern. The youngest grains 
of all Este Porphyry samples range between 34.402 ± 0.034 
and 34.751 ± 0.162 Ma.

Two samples mapped as the Oeste and Banco Porphyries 
yield dates akin to the Este Porphyry, with values between 
34.570 ± 0.043 and 35.225 ± 0.127 Ma, and 34.914 ± 0.099 
and 36.102 ± 0.032 Ma, respectively. In turn, other samples 
also mapped as Oeste and Banco Porphyries yield much 
younger single crystal dates between 33.624 ± 0.070 and 
33.860 ± 0.047 Ma, and 33.249 ± 0.050 and 34.133 ± 0.034 
Ma, respectively.

Radomiro tomic

The zircon dates obtained for the Radomiro Tomic (RT), and 
Radomiro Tomic Norte (RTN) deposits tend to be systemati-
cally older than those obtained for the Chuquicamata mine. 
The Este Porphyry exhibits single crystal zircon dates rang-
ing from 34.605 ± 0.039 to 35.877 ± 0.026 Ma yielding an 
overall duration of zircon crystallization of > 1 Myr. Notably, 
the southernmost Este sample from RT (RT2210, Fig. 1), 
located in the corridor that connects the two mines, yields 
zircon dates akin to the ones obtained in Chuquicamata and 
younger compared to the other samples in RT and RTN.

The samples of the Oeste, Fino and Banco porphyries in 
RT yield single crystal zircon date distributions similar to the 
Este Porphyry. The Oeste porphyry presents dates that range 
from 34.886 ± 0.055 to 36.583 ± 0.025 Ma, whereas the 
Banco porphyry yields dates varying between 34.888 ± 0.17 
to 35.756 ± 0.079 Ma. One sample mapped as the Fino Por-
phyry follows the same pattern as the other porphyries, with 
dates between 35.014 ± 0.082 and 36.275 ± 0.083 Ma. How-
ever, a second sample also mapped as the Fino Porphyry, 
yields much younger dates (33.723 ± 0.034 to 33.992 ± 0.057 
Ma) and much shorter duration of zircon crystallization 
(minimum of 123 kyr).

In RTN, the Oeste porphyry yields much younger dates 
than the Este porphyry, ranging between 33.880 ± 0.036 and 
34.175 ± 0.025 Ma and a minimum duration of zircon crys-
tallization of 190 kyr.

Zircon geochemistry

Zircon trace element data is consistent across all porphyries 
and mines of the CIC (Fig. 5). Most grains have very low Ti 
concentrations (4 to 1 ppm), Eu/Eu* ratios between 0.35 and 
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0.7, Hf contents around 1.2 wt.% and Yb/Dy ratios of 3–11. 
A slight positive correlation is observed between Th/U and 
Ti (Fig. 5a) whereas a negative trend is observed between 
Ti and both Hf and Yb/Dy (Fig. 5b, c).

No systematic change in composition is observed between 
cores, rims, and outer rims within sample. Within a single 
grain, it is common to observe a core to outer rim decrease in 
Ti content and Th/U ratio and an increase in Yb/Dy (Fig. 6). 
However, reverse zoning pattern are also locally observed. 
Finally, the trace element geochemistry of zircon is mostly 
independent of the date of the grain (Fig. 6), except for Th/U 
being slightly lower for the younger porphyries (Fig. 5a).

Molybdenite geochronology

Eighteen new Re–Os molybdenite dates are presented for 
the CIC (Fig. 4), which, when combined with previously 
published Re–Os dates, reveal a protracted duration of 
hydrothermal activity spanning up to 3.5 Myr. Within the 
Chuquicamata mine, the obtained Re–Os dates range from 
31.52 ± 0.13 | 0.16 to 32.74 ± 0.16 | 0.19 Ma. A similarly 
long-lived Re–Os molybdenite date record is also observed 
in the RT mine. The dates range from 34.19 ± 0.14 | 0.18 
and 33.07 ± 0.13 | 0.17 Ma. The northern part of the intru-
sive complex (RT Norte) yields two molybdenite dates of 
34.98 ± 0.14 | 0.18 and 34.19 ± 0.15 | 0.18 Ma. No systematic 
relationship between date and vein type was observed in any 
of the deposits.

Discussion

Nomenclature of the CIC porphyries

Although the four mapped porphyries that make up the 
CIC are distinguished based on their textural characteris-
tics and cross-cutting relationships (Fig. 2), they share the 
same composition, mineralogy, and zircon geochemistry 
(Fig. 5). Our new high-precision geochronology results 
reveal a previously unresolved level of complexity in the 
CIC and within individual porphyry units that requires 
rethinking the emplacement history of the CIC. Impor-
tantly, different samples, mapped as the same unit, yield 

single zircon dates that vary by up to 1 Myr (e.g. Banco 
and Oeste porphyries in Chuquicamata; Fino and Banco 
porphyries in Radomiro Tomic; Fig. 4) with a group of 
samples consistently older than 34.5 Ma and one group 
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consistently younger than 34.0 Ma. Even though the tex-
tures observed within each unit agree with their nomencla-
ture, the younger group of samples of the Banco, Oeste and 
Fino porphyries systematically present a slightly higher 
groundmass proportion (see supplementary material).

Given the chemical monotony of all the CIC porphyries, 
the occurrence of more than one generation of the same 
variety, even separated in time, seems reasonable if the 
main difference is only textural. Regardless of the reason, 
understanding the evolution of the CIC is independent of 
the names of the porphyries and from here forth, we will 
simply refer to the two distinct generations of porphyries 
as “young” (< 34 Ma) and “old” (> 34.5 Ma).

Emplacement and evolution of the CIC

Our new petrochronological dataset on the CIC reveals its 
previously unrecognized complexity in stark contrast to its 
geochemical and mineralogical monotony. In essence, por-
phyry dykes and stocks are hypabyssal intrusions emplaced 
and quenched in the uppermost few kilometres of the crust 
(< 4 km, Sillitoe 2010) upon extrusion from a deeper located 
magma reservoir. Following this view, the spread of zircon 
dates within each sample (which can vary between 0.158 
and 1.292 Myr in the CIC) provides a time-resolved window 
into the evolution of the magma reservoir. Following previ-
ous studies which applied high-precision geochronology to 
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porphyry dykes and stocks, we interpret the youngest date 
of each sample as the best approximation to its emplace-
ment age (e.g. von Quadt et al. 2011; Chelle-Michou et al. 

2014; Large et al. 2020, 2021; Markovic et al 2024), while 
the older dates record the evolution of the magma reservoir 
prior to emplacement.

Our new high-precision geochronological data show 
that much of the CIC, corresponding to the old porphyries, 
has been incrementally assembled between 35.221 ± 0.042 
| 0.045 | 0.059 (± x | y | z as detailed in Methods) and 
34.402 ± 0.034 | 0.038 | 0.053 Ma with systematically 
younger dates towards the south (between 35.221 ± 0.042 | 
0.045 | 0.059 and 34.605 ± 0.039 | 0.042 | 0.056 Ma at 
RT + RTN, and between 34.914 ± 0.099 | 0.10 | 0.11 and 
34.402 ± 0.034 | 0.038 | 0.053 Ma at Chuquicamata). 
Although cross-cutting relationships between texturally 
different porphyries could be observed (Fig. 2), it is likely 
that more cryptic contacts between similar-looking porphy-
ries may have been obscured by the extensive hydrothermal 
alternation. It is noteworthy that the oldest dated porphyry at 
Chuquicamata was mapped as the Banco porphyry. Unfortu-
nately, we did not date the contiguous Este porphyry within 
which it emplaced. This highlights that despite the extensive 
size of our dataset, our sampling remains affected by some 
degrees of undersampling making any duration a minimum 
estimate. In addition, although a single zircon crystal can 
record a protracted crystallization over 100’s of kyr from 
core to rim (e.g. Tierney et al 2016, 2019), the dissolution 
and analysis of a bulk crystal using the CA-ID-TIMS meth-
odology as applied in this study, thus could yield an average 
out of these internal differences and therefore also result in 
potentially shorter computed durations.

Following a ca. 522 kyr apparent hiatus in zircon 
crystallization (between 34.402 ± 0.034 Ma in CQ2006 
and 33.880 ± 0.036 Ma in RT2201), porphyry emplace-
ment resumed with the young porphyries throughout the 
CIC. Our data also highlight a clear younging trend from 
33.880 ± 0.036 | 0.040 | 0.054 Ma in RTN to 33.249 ± 0.050 
| 0.052 | 0.063 Ma in the southern limb of Chuquicamata.

Most zircons in the CIC contain very low Ti contents (~ 2 
to 3 ppm). Based on the Ti-in-zircon thermometer, assum-
ing aSiO2 of 1, aTiO2 between 0.3 and 0.5, and a pressure 
of 200 MPa (Crisp et al. 2023), these concentrations cor-
respond to temperature nearing the wet granite solidus (680 
°C; Johannes and Holtz 1996). Although aTiO2 mostly influ-
ences the computed temperature, it is a dynamic parameter 
that remains difficult to constrain (Fonseca Teixeira et al. 
2023) and higher values than those assumed would result in 
unreasonable subsolidus temperatures. Zircon Hf concentra-
tion, Th/U, Yb/Dy and the Eu anomaly, all of which trace 
magmatic differentiation (e.g. Wotzlaw et al. 2013; Buret 
et al. 2016; Large et al. 2018; Nathwani et al. 2021), show 
similar values across the CIC. Zircon trace element stra-
tigraphy, from core to rim to outer rim, most often shows 
that decreasing Ti concentrations are commonly linked 
to decreasing Th/U and increasing Yb/Dy and Hf content 
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(Figs. 5, 6). These trends are compatible with co-crystalliza-
tion of zircon, apatite and titanite ± hornblende with decreas-
ing temperature. However, some grains also show partial 
reverse zoning patterns likely pointing to recharge events. 
It is noteworthy that no correlation exists between trace 
element zoning and zircon dates (Fig. 6). The petrochrono-
logical data suggest the existence of an overall homogenous 
near-solidus magma reservoir that has been kept thermally 
and chemically buffered for at least 2.2 Myr in the case of 
the old porphyries and 1.0 Myr for the young porphyries.

The magmatic‑hydrothermal history of the CIC

At the sample scale, molybdenite dominantly predates both 
the main stage of copper mineralization and the late quartz-
sericite-pyrite veins (Fig. 3; Ossandón et al. 2001; Faunes 
et al. 2005; Rivera et al. 2012; Skarmeta 2021). Deposit-
scale patterns also show that the quartz-molybdenite min-
eralization follows the main stage quartz-sericite alteration 
which is also linked to the main stage copper mineralization. 
This suggests that at any given place in the CIC, molyb-
denite precipitates prior to Cu sulphides but molybdenite 
Re–Os dates closely approximate the timing of Cu precipita-
tion. Our new molybdenite Re–Os data, combined with pub-
lished dates (Barra et al. 2013; Zentilli et al. 2021), shows 
a total timespan of ~ 3.5 Myr of hydrothermal activity and 
that the dates become systematically younger towards the 
south of the CIC.

The initiation of CIC porphyry emplacement is recorded 
in the RT and RTN areas just before 35 Ma. Only in the 
northernmost part, porphyry emplacement is coeval with a 
small Cu–Mo mineralization event at 34.98 ± 0.14 | 0.18 Ma 
(Fig. 7a, e). The incremental building of the bulk of the 
CIC megadyke follows for 819 ± 54 kyr (35.221 ± 0.042 in 
RT2203 and 34.402 ± 0.034 in CQ2006), across the whole 
extent of the complex, with the last intrusion being recorded 
within the Chuquicamata mine (Fig. 7b, e).

The main mineralization event likely started at RTN and 
RT around 34.19 Ma, coeval to the emplacement of the 
young porphyries, and lasts for about 1.12 ± 0.19 Myr in 
this part of the CIC (Fig. 7c). In Chuquicamata, the min-
eralization starts at 32.74 ± 0.16 Ma, shortly postdating 
the emplacement of the young porphyries, and lasts for 
1.38 ± 0.26 Myr without any known associated porphyry 
emplacement (Fig. 7d, e). It is noteworthy that the Re–Os 
molybdenite dates are continuous between RT and Chuqui-
camata. This further confirms that the two deposits derive 
from continuous outgassing of the same underlying magma 
reservoir.

In Chuquicamata, the absence of young porphyries 
that are synchronous with the beginning of mineralization 
could reflect undersampling. Indeed, small porphyry dikes, 
neglected or not accessible during the sampling campaigns, 

could well be coeval with the beginning of the minerali-
zation, or additional molybdenite dating could also extend 
towards older dates coeval with the dated young porphyries. 
Previous 40Ar/39Ar dates obtained for alteration minerals 
were recalculated using updated values for reference materi-
als and decay constants (see supplementary material). These 
dates mostly agree with the molybdenite dates obtained here 
and even slightly extend the alteration event to both older 
and younger dates, with a large overlap between the tim-
ing of the potassic and sericitic alteration assemblages (data 
from Reynolds et al 1998; Arnott 2003; Barra et al 2013). 
Apart from a suspiciously old date from a chloritized bio-
tite aliquot, the oldest 40Ar/39Ar dates perfectly overlap with 
the age of the young porphyry, supporting the genetic link 
between the young porphyry and the hydrothermal alteration 
and mineralization event.

The lack of porphyry emplacement over the million-year 
duration of the hydrothermal event show that outgassing of 
the magma reservoir can persist long after the emplacement 
of the last (outcropping) porphyries. Numerical models sug-
gest that such a feature is consistent with moderate to high 
magma intrusion rate (> 0.001  km3/yr; Chelle-Michou et al. 
2017).

Both the age of emplacement of the old and the young 
porphyries with their associated hydrothermal activity show 
a general southward younging trend along the ca. 12 km N–S 
axis of the complex that was sampled. Previous structural 
investigations highlighted that the emplacement of the CIC 
and the related hydrothermal activity occurred during a dex-
tral transtensional regime controlled by the proto-West fault 
and the Mesabi Fault (Lindsay et al. 1995; Tomlinson et al. 
2018; Rojas-Arancibia 2023), followed by rapid exhuma-
tion (McInnes et al 1999). As both magma emplacement 
and hydrothermal fluid circulation are facilitated by struc-
tural anisotropies in the crust (Tosdal and Richards 2001; 
Codeço et al. 2022), we speculate that the general southward 
younging trends may be the result of a “channelling” process 
caused by the transtensional regime.

Volume, duration, and thermal constraints 
on porphyry‑forming magma reservoirs

The duration of zircon crystallization obtained by high pre-
cision U–Pb geochronology can provide a time-resolved 
window into the underlying magma system that fed upper 
crustal reservoirs, whether the magmatic reservoir becomes 
erupted material, a batholith, or porphyry intrusions. For 
the CIC, our results show an overall zircon crystallization 
record of at least 2.181 ± 0.042 Myr for the old porphyries 
and 0.951 ± 0.077 Myr for the young porphyries.

It is commonly understood that the parental magmas of 
porphyry copper deposits are not especially enriched in Cu 
(Cline and Bodnar 1991; Chelle-Michou et al. 2017; Zhang 
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and Audétat 2017). Hence, mass balance calculations show 
that very large volumes of magma are required to source 
enough Cu to form large porphyry copper deposits. Assum-
ing an initial Cu content of 30 ppm in the parental magma 
of the CIC, a minimum volume of 1,800  km3 of magma is 
necessary to source the 136.6 Mt of Cu contained in the 
Chuquicamata and Radomiro Tomic deposits. This result 
assumes a 100% efficiency of Cu precipitation and only rep-
resents the minimum volume associated with young por-
phyries. No constraints can be used to estimate the size of 
the reservoir that sourced the old porphyries, suggesting the 
real volume of magma involved in the formation of the CIC 
can be even larger, possibly on the order of 10,000  km3. 
Considering these numbers and the timescale provided by 
the U–Pb zircon record, a time-averaged magma accumula-
tion rate on the order of 0.002  km3/yr is estimated for the 
CIC magmatism. Although such values correspond to the 
world median pluton-filling rates (Menand et al. 2015), the 
associated volumes are akin to those of the largest eruptions 
of monotonous intermediate ignimbrites.

Monotonous intermediate ignimbrites and the CIC share 
some characteristics such as high crystallinity, chemical 
homogeneity, large volumes of parent magma reservoir 
and long-lived magmatic activity in the upper crust. The 
Altiplano Puna Volcanic Complex (APVC) erupted 15,000 
 km3 of magma in numerous episodes between 10 and 1 
Ma, following a flare-up event at around 10 Ma (de Silva 
1989; de Silva et al. 2006). In one of the main ignimbrite 
sources of the APVC, the Pastos Grandes Caldera Complex, 
a long-lived chemically and thermally buffered upper crustal 
magma reservoir has been proposed to explain the 1.1 Myr 
period of (nearly) continuous zircon crystallization of the 
system (Kaiser et al. 2017). Other volcanic centers in the 
Altiplano complex record at least 400 kyr of zircon crys-
tallization prior to eruption (Kern et al. 2016). Despite the 
similarities, there is no evidence of coeval volcanism associ-
ated with the CIC. Volcanic activity is often understood to 
hinder the formation of porphyry deposits, due to the cata-
strophic loss of volatiles and metals (Pasteris 1996; Sillitoe 
2010; Buret et al. 2017). In fact, supergiant to behemothian 
porphyry copper deposits have been suggested to be “failed 
eruptions” (Pasteris 1996; Large et al. 2021; Chiaradia and 
Caricchi 2022) due to the similarities they share with large 
eruptions.

Such similarities warrant a discussion of how such gigan-
tic magma reservoir grow without triggering eruptions. The 
thermal maturation of the crust is an important factor in 
the context of the monotonous intermediate ignimbrites, as 
shown by numerical simulations (e.g. de Silva and Gregg 
2014; Karakas et al. 2017) and observed in the Altiplano 
Puna (Kaiser et al. 2017). Similarly, the occurrence of sig-
nificant precursor magmatism in the context of a porphyry 
copper system has also been pointed to as a possible factor 

facilitating the formation of large magma reservoirs associ-
ated with these deposits (Chelle-Michou and Rottier 2021). 
In the CIC, important precursor magmatism includes not 
only the old generation of porphyries but also the Los Picos 
and Fortuna igneous complexes (45 to 42 Ma and 40 to 
37 Ma, respectively; Tomlinson et al. 2018 and references 
therein). Altogether, the area has been magmatically active 
over more than 10 Myr which provides favorable conditions 
for a thermally mature crust at the time of the emplace-
ment of the CIC, thereby creating an upper crustal rheol-
ogy that helped circumvent large eruptions that otherwise 
would have hindered the formation of the Cu deposits by 
venting magmatic volatiles. This evolution resembles the 
post-caldera evolution of the APVC (at around 75–100 ka) 
which is characterized by the eruption of relatively small 
(collectively ca. 40  km3), texturally mature, and chemically 
monotonous domes sourced from magma reservoirs combin-
ing a volume of > 3000  km3 (Tierney et al. 2016). The evolu-
tion of the APVC from a cataclysmic eruption regime to a 
dominantly intrusive regime (with minor domes) has been 
linked to a significant decrease magma recharge rate (Tier-
ney et al. 2016). We also note that the volume of the CIC 
and of its plutonic root compares well with those estimated 
for the APVC domes and of their source magma reservoirs, 
respectively, further suggesting a similar evolution of the 
two magmatic systems.

Implications for supergiant porphyry copper 
systems

Numerical models and existing high-precision geochrono-
logical data suggest a first order correlation between the size 
of the deposit (contained mass of Cu), the volume of ore-
forming magma and the durations of the magmatic-hydro-
thermal activity; from a few thousand years for deposits 
containing a few million tons of Cu to timescales of 1 Myr 
for deposits containing 100 Mt of Cu (e.g. Chelle-Michou 
et al. 2017; Chelle-Michou and Rottier 2021; Chiaradia and 
Caricchi 2022; see Fig. 8).

In the case where both a pre-mineral ore-forming por-
phyry and a post-mineral intrusion have been dated, the 
maximum duration of the hydrothermal event, bracketed by 
the magmatic ages, is indicated (Fig. 8). Despite possible 
inaccuracies, weighted mean dates (for SHRIMP or LA-ICP-
MS U–Pb data) are presented in the same figure for the Los 
Bronces and El Teniente deposits, two of the largest por-
phyry copper deposits in the world, with 140 and 112 Mt of 
contained copper, respectively (resources + past production, 
Camus and Castelli 2021; Codelco 2022).

Our new high-precision geochronological data for the 
CIC align well with what would be expected for such behe-
mothian deposits (Fig. 8; e.g. Chelle-Michou et al. 2017; 
Chelle-Michou and Rottier 2021). Smaller deposits (a few 
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Mt of contained Cu) have relatively short and overlapping 
(ca. < 10 to 100 kyr) ore-forming magmatic and hydrother-
mal activities (Fig. 8). As the deposits get larger, the overall 
duration of ore-forming magmatic activity does not change 
significantly, but the timescale of the hydrothermal activity 
gets longer and may last up to 1 Myr after the onset of zircon 
crystallization. In the Chuquicamata district, the deposits 
record a much longer magmatic history (lasting up to 3 Myr 
after the onset of zircon crystallization) and the hydrother-
mal activity not only lasts longer (up to 3.5 Myr) but also 
continues even after the end of known magmatic activity 
(Fig. 8). Our results confirm that the correlation between 
duration of mineralization and metal endowment of a deposit 
is also valid in the context of behemothian deposits.

Continuous vs pulsed hydrothermal activity

The seemingly continuous molybdenite record of the CIC 
suggests a similarly continuous mineralization duration. This 
contrasts with some suggestions that supergiant deposits may 
result from the superimposition of distinct short-lived events 
of few tens of thousands of years or less (e.g., Li et al. 2017; 
Large et al. 2020). For example, for the Qulong deposit (11 
Mt of contained Cu), Li et al. (2017) obtained a total interval 
of 266 ± 13 kyr of discontinuous mineralization with at least 
two short-lived events of 38 ± 11 and 59 ± 10 kyr, separated 
by a gap of 48 ± 10 kyr. In the El Teniente deposit (112 Mt 
of contained Cu), five short-lived magmatic-hydrothermal 
pulses over a period of almost 2 Myr, separated by periods 
of quiescence of 100–300 kyr are documented (Maksaev 
et al. 2004). Whereas a longer duration of the main min-
eralizing pulse (up to 580 kyr) is considered to be associ-
ated with a composite intrusion, formed by several spatially 

overlapping dykes (Spencer et al. 2015). Yet, both studies 
may equally suffer from some degree of undersampling such 
that it remains unclear whether the apparent temporal gaps 
are true geological features or sampling artefacts.

On the other hand, numerical models of magma emplace-
ment in the upper crust highlight that such systems outgas 
continuously, possibly at varying rates (e.g. Parmigiani et al. 
2017; Chelle-Michou et al. 2017; Lamy-Chappuis et al. 
2020). Upon fluid focussing in the apical part of magma 
reservoirs, the fluid pressure episodically reaches the fail-
ure criterion and dynamic permeability modelling highlights 
the existence of rapidly ascending (≪1 kyr) permeability-
overpressure waves (e.g. Weis et  al. 2012; Weis 2014). 
These models highlight that while magmatic fluid can be 
continuously outgassed, thermomechanical feedback occur-
ring within the fluid plume region can be responsible for 
short-lived pulses of which duration is unresolvable with 
geochronological methods. Ultimately, the question can be 
reformulated as whether giant to behemothian porphyry-
system pulsate at high (≪ 1 kyr timescale) or low (10–100 
kyr timescale) frequency.

To address this question, we computed the copper pre-
cipitation rate for a range of porphyry deposits with well 
constrained hydrothermal timescales and copper tonnage 
(Fig. 9; see supplementary material for details on the calcu-
lations and timescale estimates). In the investigated deposits, 
rates range between 0.025 ± 0.001 and more than 0.1 Mt/
kyr. As a comparison the atmospheric Cu flux measured 
from high-temperature (> 400 °C) fumaroles at the White 
Island andesitic volcano, New Zealand, reached up to 0.3 
Mt/kyr (Le Cloarec et al. 1992). For the smaller deposits 
(e.g. Bajo de la Alumbrera, Coroccohuayco) the duration 
of mineralization is only a maximum value which allows 

5

4

3

2

1

0 

tim
e 

si
nc

e 
on

se
t o

f z
irc

on
 c

ry
st

al
lis

at
io

n 
(M

yr
)

Bajo de la
Alumbrera

2.9 Mt

Batu Hijau

7.25 Mt

Bingham Canyon

26 Mt

Chuquicamata

95 Mt

Radomiro Tomic

41.6 Mt

Coroccohuayco

3 Mt

El Teniente

112 Mt

Los Bronces

140 Mt140 Mt

Qulong

11 Mt

Mineral
Zircon U-Pb dates
Molybdenite Re-Os dates
Maximum duration of mineralization, 
constrained by crosscutting relationships 
(pre- and post- mineralization intrusions)

Fig. 8  Timescales of ore-forming magmatic and hydrothermal activi-
ties for several deposits, based on compilation of zircon U–Pb CA-ID-
TIMS (except for El Teniente and Los Bronces, which are LA-ICP-
MS and SHRIMP data) and, whenever possible, molybdenite Re-Os 

N-TIMS results. Whenever available, zircon bracketing by cross-
cutting relationships is also presented. References and details on how 
durations were calculated are presented in the supplementary material



 Contributions to Mineralogy and Petrology          (2024) 179:88    88  Page 14 of 17

for significantly shorter durations, and proportionally higher 
copper deposition rates. From a theoretical standpoint, the 
fluid Cu flux directly depends on the volumetric cooling rate 
of the outgassing magma reservoir. Numerical simulations 
of magma outgassing highlight that even at high magma 
intrusion rate of 0.01  km3/yr, and initial magmatic Cu con-
centrations of 50 ppm the maximum copper flux remains 
below 1 Mt/kyr (Chelle-Michou et al. 2017). This puts an 
upper constraint on the permissible Cu deposition rate asso-
ciated with porphyry deposits.

This analysis shows that although compiled porphyry 
deposits cover three orders of magnitude of Cu endowment, 
their Cu deposition rate only varies by a factor of four. Ulti-
mately, this suggests that the frequency of copper deposi-
tional pulses is similar across the range of size of porphyry 
deposits. This frequency is more likely high than low, mak-
ing Cu deposition virtually continuous rather than pulsed.

Conclusions

Here, timescales of magmatic and hydrothermal activity 
in the Chuquicamata Intrusive Complex (CIC) were inves-
tigated using zircon and molybdenite high-precision geo-
chronology. Zircon petrochronology reveals a previously 

unrecognized, highly complex evolution for the CIC, 
with a magma reservoir that remained chemically and 
thermally buffered for over 3 Myr, producing at least two 
main events of porphyry emplacement. The younger gen-
eration of porphyry, commonly occurring as small metric 
to decametric bodies, is the one temporally linked to the 
onset of the mineralizing event across the district which 
lasted a total of 3.5 Myr. In the CIC, both the magmatic 
and hydrothermal activities migrate southward over time, 
which we tentatively attribute to the coeval activity of the 
transtensional proto-West Fault and Mesabi fault system.

Our results provide unprecedented evidence that behe-
mothian porphyry copper deposits require large volumes 
of magma (> 1000  km3), and million-year-long timescales 
of magmatic and hydrothermal activities. We show that the 
rate of copper precipitation varies little in nature and is 
independent on the size of the deposit, defining the dura-
tion of hydrothermal activity as an overarching control on 
the final copper endowment of a deposit. Therefore, quan-
tifying the magmatic-hydrothermal timescales in the early 
stages of exploration should improve chances of finding 
new behemothian deposits.

Finally, we highlight that the parental magma reservoirs 
that feed behemothian porphyry copper systems share 
similarities with monotonous intermediate ignimbrites 
and that such porphyry systems can provide insights to 
understanding the evolution of large upper to mid crustal 
magma reservoirs and their ability to erupt catastrophi-
cally or to continuously crystallize and degas.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00410- 024- 02167-4.
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