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Volatile-rich silicic magma reservoirs can feed devastating volcanic eruptions but also 

generate valuable magmatic-hydrothermal ore deposits that supply most of the world’s 

copper. The rate of hydrous magma injection into the upper crust and the subsequent 

thermal evolution are decisive for the two contrasting modes of volatile release. Here, 

we integrate zircon petrochronology with geophysical data and thermal modelling to 

reconstruct the magmatic evolution of the ~3000 km3 magma reservoir that sourced the 

giant Cu-Mo-Au deposits at Bingham Canyon (USA). The magmatic body was 

assembled rapidly in a pre-heated upper crust by a high magma flux, similar to 

reservoirs that feed volcanic super-eruptions. The subsequent ~800 kyr of recorded 

upper-crustal magma evolution are dominated by monotonous cooling and 

crystallisation that resulted in rapid fluid extraction forming the subvolcanic Cu-Au 

deposit in <150 kyr. Based on these findings we argue that giant porphyry deposits are 

formed by magma supply rates approaching those preceding volcanic super-eruptions, 

whereby thermal weakening of the upper crust by preceding lower-crustal magmatism 

contributes to focussed ejection of fluids only while avoiding destructive eruption. 

 

Porphyry Cu (-Au-Mo) deposits currently provide ~75 %, 20 % and 50 % of the global 

demand for Cu, Au and Mo, respectively1 and are an essential source of society’s future 

metal demand. These magmatic-hydrothermal deposits form at the interface between the 

plutonic and volcanic domains of upper-crustal magmatic systems. Focused fluid extraction 

from large upper-crustal magma bodies results in the chemical concentration of economic 

mineralisation around sub-volcanic porphyritic intrusions1,2. The chemical evolution of ore 

fluids and fluid-saturating plutons have been investigated in detail3-5 and questions now 

centre on the physical evolution of the upper-crustal magma reservoirs and the extraction of 

fluids to generate the deposits. The existence of large melt-rich bodies invoked for ore 
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formation6-8 has been questioned because of lacking geophysical evidence for low-

crystallinity melt zones underlying active volcanoes9,10 and thermal arguments implying the 

necessity of sustained magma input to prevent rapid (<104 yr) solidification11,12. In 

combination with geochronological evidence from plutons, this has led to the inference that 

long-lived reservoirs (>105 kyr) are incrementally assembled by a sustained magma flux, 

whereby the magma is predominantly stored in a crystal-rich mush at near-solidus 

temperatures12,13 and melt can percolate through this mush on a crustal scale14,15.  However, 

thermal models incorporating lower-crustal magma storage predict significant pre-heating of 

the upper crust, which can extend the life-time of upper-crustal magma chambers to several 

100 kyr16,17.  The thermal lifetime of upper-crustal magma reservoirs has broader 

significance, because it implies that the rate of magma input may determine whether the 

magma reservoir cools to form a pluton, generates a porphyry-mineralising magma chamber, 

or leads to a large volcanic eruption11,18,19. High-precision single-zircon U-Pb geochronology 

has so far not documented systematic differences in the lifetimes of upper-crustal magma 

reservoirs resulting in barren plutons12,20-22, ore deposits23-27 or volcanic eruptions13,28,29. 

These partial and seemingly contradictory observations call for an integrated study in which 

independent information about the size of the magma reservoir is combined with 

observational data for its time–temperature evolution, which can then be compared with 

geologically constrained thermal modelling. Igneous complexes generating giant ore deposits 

provide a particularly stringent test of thermal models, because the accumulation of a large 

tonnage of copper contributes additional constraints on magma and fluid volumes7,30,31, and 

small rapidly-quenched porphyry intrusions provide successive samples of the crystallising 

magma reservoir7,32,33.  Here, we present high-precision zircon U-Pb geochronology and in-

situ geochemistry including Ti-in-zircon temperatures and combine these data with thermal 



 4 

modelling to constrain the evolution of the magma reservoir that provided the source of 

thermal energy, metals and volatiles to a giant Cu-Au-Mo deposit.  

 

Rapid Cu-Au ore fluid extraction from a long-lived magmatic system at Bingham Canyon 

Bingham Canyon (USA, Fig.1), is one of the world’s largest (>26 Mt Cu, ~1500 t Au, ~1.5 

Mt Mo)34 and best studied porphyry deposits. Economic mineralisation is centred around an 

equigranular monzonite (EM) stock and a sequence of porphyries intruding into 

Carboniferous quartzites and limestones32. An aeromagnetic anomaly under Bingham 

Canyon has been inverted, assuming the EM to represent the apical part of a larger intrusion, 

resulting in an estimated magma volume of 1500 to 3500 km3 that is consistent with the 

quantity of fluids and metals required to form the deposit30. Field relationships show that the 

EM was intruded by the quartz monzonite porphyry (QMP), then the latite porphyry (LP) and 

finally the quartz latite porphyry (QLP; Supplementary Fig.1). Each porphyry intrusion is 

associated with veining and alteration that decreases in intensity with each intrusion32,34. 

Most Cu-Au-mineralised veins are truncated by the latite porphyry, indicating that ~90% of 

Cu and Au was deposited between the emplacement of the QMP and LP32. Molybdenum-

bearing veins postdate all intrusions and account for 60–90 % of the Mo-ore32,35. 

We obtained geochemical information by in-situ LA-ICP-MS analysis of individual 

zircon grains and subsequently dated the same grains at high-precision, employing chemical 

abrasion isotope dilution thermal ionisation mass spectrometry (CA-ID-TIMS, see methods). 

This petrochronology approach provides reliable temporal resolution for the spatially resolved 

chemical information and allows a detailed reconstruction of the magma reservoir evolution.  

206Pb/238U dates from Bingham Canyon span a total of 817±62 kyr (38.553±0.025 to 

37.736±0.057 Ma; Fig. 1). Zircons from each porphyry intrusion record a range of 

crystallisation ages, which is short in the oldest intrusion (EM: 34±50 kyr) and extends to 
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progressively longer timespans in the younger intrusions (QLP: 410±61 kyr). We interpret 

these ranges in zircon dates to reflect continuous zircon crystallisation within a magma batch 

up to the point of its emplacement into the sub-volcanic environment and rapid cooling to a 

porphyry. The youngest individual zircon dates of each porphyry intrusion therefore define 

the emplacement ages (Fig. 1c; QMP: 38.284 ± 0.024 Ma; LP: 38.157 ± 0.021 Ma; QLP: 

37.736 ± 0.057 Ma), in line with cross-cutting field relationships32,34. Emplacement ages of 

the QMP and LP32 constrain the maximum duration of the main ore-forming event to 127±23 

kyr, whereas Mo-ore formation occurred >400 kyr after the main period of Cu-Au ore 

mineralisation after emplacement of the QLP. 

 

 

Figure 1: High-precision geochronology of intrusive rock units at Bingham Canyon. a, 
Overview map modified from ref. 35. b, Geological map of the mine area, both modified from 
ref. 32. c, Individual 206Pb/238U zircon dates with 2s uncertainty of the four main intrusions, 
with colours matching intrusive units shown in map b; youngest zircon dates determine 
maximum emplacement ages. Inset shows representative cathodoluminescence images of 
zircons. 
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A crystallising and continuously cooling upper-crustal magma reservoir 

The punctuated intrusion of porphyries contrasts with a surprisingly continuous trend in the 

trace element evolution from the oldest zircon in the earliest intrusion to the youngest zircon 

in the latest porphyry (Fig. 2), recording the evolution of a single underlying magma 

reservoir.  Systematic changes in trace element ratios (Fig. 2a) document the co-

crystallisation of zircon, titanite, apatite and hornblende and correlate with decreasing Ti-in-

zircon temperatures36 (Fig. 2).  

The data obtained from Bingham Canyon are the first-ever documentation of a time-

resolved trace element evolution that quantifies cooling and progressive fractional 

crystallisation of a single magma reservoir over a well-defined period of ~800 kyr (Fig. 2). 

Zircon crystals from the oldest EM are irregular and anhedral, indicating interstitial 

crystallisation after emplacement of the EM as an initially zircon-undersaturated magma. The 

subsequent hiatus in zircon crystallisation over 132±46 kyr indicates renewed zircon-

undersaturation in the magma reservoir, interpreted to reflect further influx of high-

temperature melt into the reservoir. These observations (and the absence of systematic 

variation of zircon geochemistry within the small range of ages; Fig. 2b, c) demonstrate that 

zircon crystallisation and subsequent fractional crystallisation did not start in the lower crust. 

Rather, the influx of hot monzonitic magma established a large upper-crustal  melt-rich 

magma reservoir which then partly crystallised over ~100 kyr until extraction of the QMP, 

immediately followed by the most intense quartz–chalcopyrite veining. Titanium-in-zircon 

temperatures systematically decrease from ~900°C in the EM to ~650°C in the QLP (Fig. 2c) 

and correlate with zircon saturation temperatures (Tzrc-sat) based on published melt inclusion 

compositions37. The short interval of Cu-Au ore formation coincides with the sharpest drop in 

Ti-in-zircon temperatures (Fig. 2c). We interpret this drop to reflect a period of rapid 
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crystallisation driving massive fluid release from the large volume of magma. After the 

resulting main Cu-Au ore mineralisation, zircons from the QLP record consistently low 

crystallisation temperatures (Fig. 2c), reflecting a more crystalline state of the reservoir (Fig. 

2a, b).  

The pyroxene bearing EM corresponds to the early crystallised, zircon undersaturated 

apical part of the large magma reservoir and reflects relatively primitive and only moderately 

water-rich source magma. Upper-crustal fractionation resulted in successively more evolved 

magmas being ejected into the porphyry environment culminating in the emplacement of the 

quartz and amphibole rich QLP. Bingham is therefore the first porphyry deposit providing 

clear evidence that phenocryst and zircon crystallisation was associated with extensive 

fractionation and progressive volatile enrichment in an upper-crustal magma reservoir and 

does not record antecrystic growth in a longer-lived lower-crustal hot zone. 
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Figure 2: Time-calibrated geochemical evolution of the Bingham Canyon magma 
reservoir resolved by zircon petrochronology. a, Trace element co-variation diagrams 
illustrating progressive fractional crystallisation with lines marking results of crystallisation 
modelling (see methods for further information). b, and c, Trace element composition of ID-
TIMS-dated zircons recording fractional crystallisation (increasing Yb/Dy) and cooling 
(decreasing Ti) of a single magma reservoir through time. Interval of main Cu-Au ore 
formation after ref. 32. 
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Thermal modelling constraints on the assembly and evolution of a long-lived, 

homogeneous magma reservoir 

The time – temperature evolution observed in zircons can be confronted with a thermal 

evolution model17 using geometric constraints of a 3000 km3 subvolcanic body defined from 

geophysical data30. In a first stage of the model, we computed the thermal evolution of the 

crust by simulating injections of basaltic andesite dikes and sills into the lower crust over 2 

Ma. This stage significantly pre-heats the middle to upper crust and is consistent with 

widespread Eocene magmatic activity around Bingham Canyon37 (Fig. 1a). In the second 

stage, we simulated monzonitic dike and sill injections into this pre-heated upper crust 

between 5 and 8 km depth30. The total duration of magma injection into the upper crust was 

varied from 1.5 to 0.1 Ma, corresponding to fluxes from moderately low (~0.0025 km3/yr) to 

very high (~0.035 km3/yr), but always resulting in a similar volume of total injected magma. 

We modelled a total of 8 emplacement scenarios (see Supplementary Material for additional 

models), three of which are compared with the petrochronological results in Figure 3.  

An extended period of slow magma injection (Fig. 3a) cannot explain the time-

temperature evolution of the Bingham Canyon reservoir, nor can any rate of magma injection 

into cold crust17. In contrast, models with moderately high (0.0065 km3/yr) to very high 

(0.035 km3/yr) magma flux during 0.5 to 0.1 Myr into pre-heated upper crust reproduce the 

petrochronological data almost perfectly (Fig. 3b, c). The calculated thermal evolutions start 

with an interval of increasing temperatures during reservoir assembly followed by continuous 

cooling once magmatic recharge is stopped, leading to full solidification >600 kyr after 

zircon saturation. In these scenarios a partially molten domain persists at depths between 5-8 

km (Fig. 3d-f), providing a source of metal-rich fluids and porphyry magmas that were 

successively injected to the sub-volcanic environment. Total melt volumes at the time of 

QMP emplacement in excess of 250 km3 are sufficient to source all metals and sulphur at 
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Bingham Canyon based on melt inclusion data and mass balance calculations30,37. The 

calculated crystallinity of the melt-rich domain at the time of QMP emplacement 

(Supplementary Material) is consistent with the phenocryst contents (50-60 %) of the QMP32, 

and the corresponding melt fraction allows efficient flow of exsolving volatiles through the 

crystal mush and its focussing to the apex of the magma chamber38. Calculated temperatures 

of the melt-rich domain agree with Ti-in-zircon temperatures (Fig. 3) and the sharp 

temperature increase above Tzrc-sat during assembly of the large reservoir is agreement with 

the lack of recorded zircon crystallisation ages. 

 

Figure 3: Comparison of zircon petrochronology data with thermal modelling results. 
a,-c, Filled symbols show time-temperature evolution recorded by zircons (rim data as in 
Figure 2); grey lines illustrate temperature evolution at different depth along a vertical profile 
through the centre of the magma reservoir, as predicted by the thermal model, with colour 
shading according to model temperatures. The high-temperature EM zircons were adjusted to 
the temperature peak of the thermal model for consistent comparison. Dashed lines mark the 
temperatures of zircon saturation of monzonite and the solidus of granite. d,-f, 2-D 
temperature profiles with coherent melt regions, shown for the time of QMP emplacement, 
i.e. the onset of Cu-Au ore formation. 
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Giant-porphyry forming magma reservoirs are confined super-eruptions 

The remarkable agreement between the zircon analytical data and geologically-constrained 

thermal simulations shows that a minimum flux of 0.0065 km3/yr is needed for the formation 

of a fertile magma reservoir that can source a Bingham Canyon sized porphyry deposit. 

Reservoir assembly at higher fluxes will also provide permissive conditions but is more likely 

to overpressure the magma reservoir to the point of eruption39,40, destroying any chance of 

ore formation23. The magma volume and input rate identified at Bingham Canyon resemble 

values that have been typically associated with volcanic super-eruptions11,16-18 (Fig. 4). 

Magma fluxes suggested for barren plutons and small porphyry deposits are much lower and 

are reflected by more convoluted zircon age-composition trends indicating an open system 

evolution21,23,25,27,28. 

The short metal mineralisation event concurs with timescales from studies on smaller 

porphyry deposits (<1-7 Mt Cu)23,25,27. Lacking systematics between zircon crystallisation 

age and trace-element patterns seen in these studies can be explained by insufficient duration 

of high fluxes to establish a closed-system petrochronology signal or by less rapidly 

assembled reservoirs (<0.001 km3/yr) generating small isolated melt lenses17. These low 

fluxes might be sufficient to source smaller eruptions and deposits but not a giant deposit like 

Bingham Canyon.  

The timescales and fluxes obtained in this study challenge earlier investigations based 

on numerical models alone18,19,41,42. These models suggested that multi-million-year upper-

crustal magmatism and extended periods of hydrothermal ore formation are essential for the 

formation of giant porphyry ore deposits. Their idea was motivated by the pulsed nature of 

porphyry emplacement1,32,33 and extended ranges of magmatic and hydrothermal age dates in 

many major mineral camps1,43-46. We reinterpret the latter observations to reflect the required 

thermal preparation of the upper crust. The multi-million-year timescales of upper-crustal 
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magmatism are not consistent with large upper-crustal magma chambers with sufficiently 

sized melt-rich domain to release and focus large volumes of metal-bearing fluids over a 

short time interval (127±23 kyr for Bingham Canyon), but more likely represent the time 

scale of mid to lower-crustal hot zones47,48. Extended crustal pre-heating followed by high-

flux magma injection into the upper crust are two essential conditions for establishing the 

capability to exsolve and focus large volumes of metal-rich fluid within a short period of 

time, by rapid cooling, fractional crystallisation and “second boiling”6,30. Similarities with 

eruption-feeding magma reservoirs in terms of lifetime and magma flux are in agreement 

with rare observations that porphyry deposits and major ignimbrites can be sourced from the 

same magma reservoir23. We argue that the generation of super-eruptions and giant porphyry 

Cu deposits both require rapid magma emplacement into pre-heated upper crust. Pre-heating 

by extended lower-crustal magmatism not only explains multi-Ma upper-crustal magmatism 

preceding ore formation46, but also lowers the viscoelastic strength of the upper crust 

resulting in favourable conditions for the accumulation of large volumes of magma to feed 

giant porphyry deposits or voluminous eruptions40. The degree of thermal weakening is 

probably decisive between catastrophic eruption of fluids together with magma, or the 

controlled release of low-viscosity fluid only through a multitude of narrow fractures 

characterising porphyry ore deposits1,31,49. Some of the richest deposits are hosted by 

carbonate sequences1,26,32 which, being particularly susceptible to thermal weakening, might 

contribute to preventing magmas and fluids from uncontrolled eruption. In summary, the 

formation of a giant porphyry deposits more closely resembles a barely-prevented volcanic 

super-eruption, rather than a plutonic system in which multiple magma pulses feed a gradual 

buildup of porphyries and hydrothermal veins. 
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Figure 4: Magma flux and volume at Bingham Canyon compared to other systems. 
Possible conditions for reservoir assembly and ore formation at Bingham Canyon (red square) 
are compared to compiled literature data of fluxes and injected volumes suggested for different 
magmatic systems. 
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Materials and Methods 

 

Sample preparation 

Heavy mineral separates of the of the equigranular monzonite, quartz monzonite porphyry, 

latite porphyry and quartz latite porphyry (samples are described in Supplementary Material, 

Supplementary Fig. 2) were obtained by disintegration with a high-voltage pulses in a Selfrag 

LabTM at ETH Zurich followed by conventional panning, heavy liquid (methylene iodide: 3.3 

g/cm3) and magnetic separation techniques. Hand-picked zircons were annealed at 900°C in 

quartz crucibles for 48 hours in a muffle furnace. Zircons and titanites were mounted in epoxy 

resin, ground and polished to expose crystal interiors. Polished grain mounts were imaged with 

backscattered electrons (titanite) or cathodoluminescence (zircon) using a JEOL JSM-6390 LA 

scanning electron microscope at ETH Zürich.  

 

Zircon morphology and textures 

Extracted zircons from all investigated intrusions range from 100 – 300 µm in length with 

aspect ratios of 1:2 to 1:5. Zircons from the equigranular monzonite exhibit broken and 

subhedral crystal shapes and CL-imaging reveals sector zoning or no zoning making the 

identification of core and rim domains difficult (Supplementary Fig. 2a). Zircons from the 

quartz monzonite porphyry, latite porphyry and quartz latite porphyry all display euhedral bi-

pyramidal crystal shapes (Supplementary Fig. 2b, c, d). Zircons from the quartz monzonite 

porphyry contain distinct growth bands and minor oscillatory zoning, whereas oscillatory 

zoning is the prominent zoning pattern in the latite porphyry and especially the quartz latite 

porphyry. 

 

LA-ICP-MS analyses 
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In-situ trace element analyses and U-Pb geochronology (Supplementary tables 2 – 5) were 

conducted by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) on 

a Thermo Element XR ICP-MS coupled to an ASI Resolution 193 nm Resonetics ArF excimer 

laser, with a spot diameter of 30 µm. Spots within the grains were selected based on prior 

images and generally one spot was chosen in the interior (core) and one for the exterior (rim) 

part. The total ablation time was set to 40 seconds with a gas blank/background measurement 

of 10s and a baseline of 30 seconds. Dwell times ranged from 5 - 30 ms and peak-hopping was 

employed. Oxide generation was optimised at ThO+/Th+ = <0.2%. 

 For trace element analyses NIST 610 glass was used as reference material and 

stochiometric concentrations of Si (zircon) and Ca (titanite) as internal standards. Elemental 

concentrations were calculated using the IGOR based Iolite software50. The accuracy of the 

measurements was monitored by repeated analyses of secondary zircon standards (GJ-1, 91500 

and synthetic zircon). Most trace elements have uncertainties better than ±5% (2 RSD) based 

on glass standard reproducibility. Concentrations of Al, P, Ca, Mn or Fe were monitored as 

proxies for possible mineral or melt inclusion contamination. Concentrations for Ti were 

corrected against reference material 91500 after ref. 51. 

 For reconnaissance, in-situ zircon U-Pb geochronology analyses the masses 202, 204, 

206, 207, 208, 232, 235 and 238 were measured. The primary reference material was GJ-152 

and secondary reference materials were 9150053, Temora54, AusZ7.155 and AusZ7.556. Data 

reduction was performed with the IGOR based Iolite v2.550 and Vizual Age57 software 

packages. Obtained isotope ratios and dates are corrected for mass bias, instrumental drift and 

downhole fractionation using primary reference material. 

 

CA-ID-TIMS geochronology 



 21 

After in-situ geochemistry, zircons were selected from the grain mounts based on the absence 

of mineral- or melt inclusions or inherited zircon domains for high-precision U-Pb chemical 

abrasion-isotope dilution-thermal ionisation mass spectrometry (CA-ID-TIMS) at the Institute 

of Geochemistry and Petrology of ETH Zurich (Supplementary table 1 and Supplementary Fig. 

3). All zircons were pre-treated using chemical abrasion (CA) techniques modified from ref. 

58 where selected annealed zircons were hand-picked from the grain mounts, placed into 3 ml 

Savillex beakers, rinsed with 4 N HNO3 and subsequently transferred into 200 µl Savillex 

micro-capsules with 80 µl concentrated HF + trace HNO3. The capsules were placed in a high-

pressure Parr bomb and chemically abraded for 12 – 15 hours at 180°C. Chemically abraded 

zircons were transferred back into their 3 ml Savillex beakers, fluxed for 12 hours in 6 N HCl 

at ~85°C and ultrasonically cleaned in ultrapure H2O and 4N HNO3. Zircons were then loaded 

back into their pre-cleaned micro-capsules with a microdrop of 7.5N HNO3 and 70 µl 

concentrated HF. Samples were spiked with 6 – 9 mg of the EARTHTIME 202Pb-205Pb-233U-

235U tracer solution (ET253559,60) and dissolved in high-pressure Parr bombs at 210°C for >60 

hours. Dissolved samples were dried down and redissolved in 6N HCl at 180°C for 12 hours 

to convert the samples to chlorides. The solutions were dried again and redissolved in 3N HCl 

in preparation of ion exchange chromatography. U and Pb were separated using an HCl-based 

ion exchange chemistry following procedures modified from ref. 61. The U-Pb fractions were 

dried down with a microdrop of 0.02 M H3PO4 and loaded onto zone-refined single Re 

filaments with one microdrop of a silica gel emitter62. All measurements were performed at the 

Institute of Petrology and Geochemistry at ETH Zurich employing a Thermo Scientific 

TRITON Plus thermal ionisation mass spectrometer (TIMS). Pb was measured sequentially on 

a dynamic MassCom secondary electron multiplier and U was measured in static mode as U-

oxide using Faraday cups fitted with 1013 Ω resistor amplifiers56,63. If intensities of U during 

static measurements were sufficient an online UO2 interference correction was applied63. The 
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linearity of the MasCom secondary electron multiplier was calibrated through repeated 

measurements of SRM982 over a range of intensities up to 1.4 Mcps. Instrumental mass 

fractionation was corrected by calculating the deviation of the measured 202Pb/205Pb and 

233U/235U, respectively, from the known tracer composition of the ET2535 tracer solution 

(ET2535 v 3.059,60), and assuming a sample and blank 238U/235U of 137.818 ± 0.045 (2σ)64. 

Comparison with total procedural blank measurements indicated that analysed zircons did not 

contain common Pb and that all common Pb in the zircon analyses was derived from the 

laboratory blank. All common Pb in zircon analyses was therefore corrected using the long-

term average laboratory blank composition of 206Pb/204Pb = 18.40 ± 0.20, 207Pb/204Pb = 15.19 

± 0.19 and 208Pb/204Pb = 36.93 ± 0.45 (1σ abs; n=16). Data reduction and error propagation of 

the U-Pb data was carried out using the Tripoli and U-Pb Redux software packages65 applying 

the algorithms of ref. 66. U-Pb ages were calculated relative to the EARTHTIME tracer 

calibration v.359 and the U decay constants of ref. 67. All uncertainties of U-Pb ages are 

reported at the 95% confidence interval (2σ) and do not include decay constant uncertainties. 

Results of analyses of ET2535 spiked aliquots of the EARTHTIME 100 synthetic solution59 as 

well as analyses of zircon reference materials were performed over the course of this study and 

are compiled in ref. 56 and 63. 

 All 206Pb/238U dates were corrected for initial 230Th-238U disequilibrium in the 238U-

206Pb decay chain68 using a constant Th/U partition coefficient ratio assuming that variations 

in Th/U of the zircons result from different Th/U of the melt in equilibrium during zircon 

crystallisation and not from variations in relative zircon-melt partitioning of Th and U. For this 

study, a constant DTh/U of 0.25 ± 0.1069 is used for all zircons with Th/U < 1.5. Zircons from 

the EM displayed very high Th/U ratios and were corrected with an assumed Th/U of the melt 

of 4 ± 1 (c.f. ref. 70 and 71). 
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Mineral thermometry 

Mineral thermometry was applied to zircon and titanite to constrain crystallisation 

temperatures of individual mineral domains. The variables for the application of mineral 

thermometry on zircon, after ref. 36, and titanite, after ref. 72, are the activities of SiO2 (aSiO2) 

and TiO2 (aTiO2) in the melt and in the case of titanite thermometry the pressure. Based on the 

occurrence of quartz an aSiO2 of 1 was assumed and the pressure was fixed at 2 kbar based on 

an assumed depth of 5-8 km of the magma reservoir30. The melt activity of aTiO2 is difficult 

to quantify, especially in altered rocks related to porphyry deposits. We therefore use a new 

approach where we correlate the Ti-in-zircon and Zr-in-titanite thermometers (Supplementary 

Fig. 5). Based on the co-occurrence of titanite and zircon in the QLP and the co-crystallisation 

evidenced by the geochemical evolution of zircon (Figure 2a, Supplementary Fig. 4) we 

assume that the majority of the titanite and zircon populations from the QLP must have 

crystallised at the same temperature. Applying values for aSiO2 and pressure as outlined above, 

and varying the aTiO2 we identify an aTiO2 value of 0.5 as the best fit for our data-set 

(Supplementary Fig. 5). As no magmatic titanite could be recovered from the other samples 

due to strong alteration intensities, we also applied this value to the other samples. We consider 

this to be the most robust way of estimating the aTiO2. We further included an uncertainty of 

±0.1 on the activity of aTiO2 for the calculation of the zircon crystallisation temperature.  In 

general, variation of aTiO2 and aSiO2 would not significantly alter any of our described relative 

time-temperature relationships but would slightly shift absolute values (see Supplementary Fig. 

5a, b, c). 

 

Trace element modelling and zircon saturation temperature calculation 

Trace element fractional crystallisation modelling is based on the crystallisation of phenocryst 

assemblages of the Bingham Canyon intrusions32 (See Supplementary Table 6 for details on 
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the input parameters for the modelling) using the least fractionated zircon of the EM as the 

starting composition and calculating crystallisation steps of 5%.  

 The zircon saturation temperature is calculated applying the experimental calibration 

by ref. 73 using the average melt inclusion composition of unaltered contemporaneous latitic 

volcanic rocks outcropping to the southeast of the Bingham Canyon deposit37. 

 

Linking spatially-resolved trace element data with high-precision geochronology 

Linking the crystallisation age of a zircon grain or zircon fragment, obtained by high-precision 

CA-ID-TIMS geochronology, to geochemical data derived from the same zircon volume 

(TIMS-TEA)74 is a powerful tool in exploring the magmatic evolution of the crystallising 

reservoire.g.21,29,75. Here, we link high-precision geochronological data with previously obtained 

geochemical in-situ LA-ICP-MS data on the same zircon grains that provide further spatially 

information of the geochemical data.  

 To test the validity of plotting in-situ data against bulk zircon crystallisation ages we 

compared Th/U ratios obtained by LA-ICP-MS and ID-TIMS. The latter are calculated from 

the measured radiogenic 208Pb component for the same volume of zircon that was used to obtain 

a high-precision CA-ID-TIMS U-Pb date based on the assumption of concordance between the 

U-Pb and Th-Pb systems. The obtained ratios display an excellent fit with in-situ data obtained 

for rim analyses, whereas in-situ core analyses result in systematically slightly higher Th/U 

ratios (Supplementary Fig. 6). This is in agreement with ref. 75 who demonstrated that rim-

analyses represent a much larger volume of the zircon than core analyses.  

 In Figure 2 all available trace element information of a zircon grain are plotted against 

its zircon crystallisation age by displaying core and rim analyses.  As for the good correlation 

of in-situ rim and whole fragment analyses rims are visually emphasised. For clarity, only rim 

analyses are plotted in Figure 3. 
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Modelling the thermal evolution of the magma reservoirs in the lower and upper crust 

We used a two-dimensional thermal model to quantify the evolution of magmas incrementally 

emplaced first in the lower, and then in the upper crust. The model is modified from ref. 17 to 

simulate the magma evolution at Bingham Canyon and constrain the conditions under which 

the magma reservoir that sourced the giant porphyry Cu-Au-Mo deposit based on the 

timescales suggested by geochronology in this study. The numerical model follows the finite 

volume scheme described by ref. 76. The entire domain consists of a 60 km by 60 km section 

of the crust and upper mantle with 40 m resolution on both horizontal and vertical directions. 

The heat conduction equation is solved for each grid with a timestep of 100 years. Careful 

treatment of latent heat evolution during melting and crystallisation is key while solving the 

heat equation. The evolution of the system as a result of cooling and crystallisation of intruded 

magmas and the surrounded crustal material is calculated following the experimental 

conditions and rhyolite-MELTS modelling results77 for the compositions determined for the 

Bingham Canyon system. For the lower and upper crustal material, we used the experimental 

results of ref. 78 using metapelitic rocks. For the lower crustal magmas, we used the melt 

fraction versus temperature relationship based on the results of fractional crystallisation 

experiments of primitive, hydrous arc magmas79. The upper crustal melt fraction versus 

temperature relationship is determined from rhyolite-MELTS calculations based on ref. 37 

using the average whole-rock composition of latites from the nearly co-eval volcanic sequence 

southeast of the Bingham Canyon deposit at 2 kbar and with 4.8 wt.% H2O (Supplementary 

Fig. 11).    

 The initial thermal profile of the domain is determined by a steady-state geotherm with 

exponential distribution of the radiogenic element concentration in the uppermost crust. The 

surface temperature (x=0 km) is fixed at 0°C. The side temperatures and temperature at the 
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bottom of the domain is determined based on the initial geothermal gradient. We assume 

constant boundary conditions, where the temperatures are fixed at the lateral boundaries. In the 

second step of simulations, we use constant heat flux boundary condition at the bottom 

boundary, assuming that the rate of change of average temperature in upper crust is minimal 

after 2 Ma of lower crustal magmatism17, which is assumed based on abundant Eocene 

magmatic activity within the region80.  

 The equations and solutions for the conservation of mass and enthalpy, and mixture 

properties of density, thermal conductivity, and heat capacity terms are discussed in ref. 17. 

The intrusion frequency, volume, and timing are randomised following the L’Ecuyer random 

number generator algorithm. Latent heat evolution during phase changes is calculated using 

the predictor-corrector algorithm and iterative approach following81. The details of the 

assumptions and calculations are described in ref. 82. The results of all 8 modelling runs 

conducted in this study are displayed in Supplementary Fig. 7-11. 

 
Code Availability: 

The code applied in this study is described in full detail in ref. 17 and is available from OK on 

request. 

Data Availability statement: 

Authors can confirm that all relevant data are included in the paper and its supplementary 

information files. 
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Supplementary geological background

The Bingham Canyon Cu-Au-Mo deposit is one of the world’s largest magmatic-hydrother-
mal porphyry-skarn deposits with an estimated >25 Mt of Cu, ~1000 t of Au and ~0.8 Mt 
Mo1. The deposit is located within the Oquirrh Mountains on the eastern edge of the Basin 
and Range province, ~30 km southwest of Salt Lake City, Utah. It is part of the Eocene Wa-
satch igneous belt striking east from the Basin and Range province, across the Wasatch fault 
into the Rocky Mountains block (Fig. 1). The deposit is centred on the sub-volcanic intrusive 
rocks of the Bingham stock that intruded into the (meta-) sedimentary sequence of the Penn-
sylvanian Oquirrh Group2. The Bingham stock as well as the nearby Last Chance, Settlement 
and Stockton stocks are dominated by equigranular monzonite. At Bingham the equigranular 
monzonite is succeeded by at least 5 porphyritic intrusions3. In this study we focused on the 
four most prominent igneous rock types (Fig. 1, Supplementary Fig. 1, 2: e.g. ref. 1-4: the in-
itial, premineralisation (i) equigranular monzonite (EM); the strongly mineralised (ii) quartz 
monzonite porphyry (QMP); and the smaller and less mineralised (iii) latite porphyry (LP) 
and (iv) quartz latite porphyry (QLP). 
 The laterally extensive equigranular monzonite (Supplementary Fig. 2a) comprises 
most of the ~3 x 3 km Bingham stock and pre-dates all economic hydrothermal activity4. It 
consists of plagioclase, orthoclase, minor quartz and ~30 vol.% clinopyroxene and amphibole 
(all <3 mm5). The strongly Cu-Au mineralised, veined and potassically altered quartz mon-
zonite porphyry (Supplementary Fig. 2b) is the largest porphyritic intrusion at Bingham Can-
yon. The dike-like body has an average width of ~350 m, strikes roughly northeast, dips 60° 
to the northwest and intruded along the contact of the equigranular monzonite and the host 
quartzites (Supplementary Fig. 1). The quartz monzonite porphyry contains 40 – 60 vol.% 
medium- to coarse-grained phenocrysts of plagioclase, orthoclase, hornblende, biotite and 
rare quartz eyes that are hosted in an aplitic groundmass. It has long been identified as the ig-
neous body spatially and temporally related to the Cu-Au ore formation event2,3. Several thin 
(10 - 80 m) dikes of latite porphyry (Supplementary Fig. 2c) strike northeast extending over 
~3km, mainly along the northern margin of the quartz monzonite porphyry (Supplementary 
Fig. 1). Compositionally the latite porphyry is very similar to the quartz monzonite porphyry. 
Dikes of the quartz latite porphyry (Supplementary Fig. 2d) range from <10 – 50 m in width 
and dominantly strike north-east with some north-westerly striking apophyses. The quartz 
latite porphyry contains 30 – 40 vol. % phenocrysts and is characterised by abundant quartz 
eyes (3 – 7 vol. %: 21) with otherwise similar phenocryst proportions as the quartz monzonite 
porphyry and the latite porphyry but with. 
Geophysical anomalies and abundant volcanic sequences indicate that the rocks of the Bing-
ham stock are part of a vertically extensive Eocene magmatic system. A WSW-ENE striking 
positive aeromagnetic anomaly suggests a large batholith underlying the Wasatch igneous 
belt6. By combining geophysical observations with thermal constraints and mass balance 
calculations7 depicted the igneous body underlying the Oquirrh Mountains to be 2 – 3.5 km 
thick, to lie 2 – 3.5 km below today’s surface and to range between 1400 and 4000 km3 in 
volume. Volcanic rocks exposed on the eastern flank of the Oquirrh Mountains were deposit-
ed roughly contemporaneously with the injection of the intrusive stocks8 and are considered 
to have a co-magmatic origin6,8. 
 A clear correlation between Cu-Au grades and intensity of potassic alteration and 
veining intensity was identified early1-3.  Ref. 1 reports no systematic difference in Cu- and 
Au grades between the different lithologies, whereas ref. 3 conclude that ore grades can 
be truncated abruptly at later intrusive contacts. They argue that older grade-maps were 
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smoothed along intrusive contacts (e.g. Supplementary Fig. 1a, b) and detailed mapping 
demonstrated a lithological control on ore grades (Supplementary Fig. 1d) as well as on vein 
and alteration intensities. It is estimated that >90% of quartz stockwork veins within the 
quartz monzonite porphyry are truncated by the later latite porphyry suggesting that the ma-
jority of Cu-Au mineralisation occurred between emplacement of the quartz monzonite por-
phyry and the latite porphyry. Sporadically, Cu-Fe-sulphide bearing veins (<10 %) crosscut 
the contact of the two porphyries indicating that only minor (<10%) Cu-Au mineralisation 
was associated with the emplacement of the latite porphyry. In turn the younger quartz latite 
porphyry that only contains a fractional amount of stockwork veinlets and Cu-Au minerali-
sation truncates stockwork veins within the latite porphyry. The overall quartz vein content 
within the porphyries decreases systematically from 5 -15 % in the quartz monzonite porphy-
ry to <1 % in the quartz latite porphyry. There is also a systematic shift from relatively high 
bornite and digenite to chalcopyrite ratios in the quartz monzonite porphyry to a strongly 
chalcopyrite dominated Cu-sulphide suite in the latite porphyry and quartz latite porphyry3. 
In summary, crosscutting relationships and abrupt changes in alteration and Cu-Au grades 
indicate that the amount of introduced Cu and Au decreased with each intrusive-hydrothermal 
cycle3.
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Fig. S1: Geological maps and cross-sections of the Bingham Canyon porphyry deposit. a, Geological map 
of the mine area. Northeast elongated porphyry stocks and dikes intruded into the equigranular monzonite 
and the sedimentary rock sequence. 0.35% Cu and 1 ppm Au contours are centred on the quartz monzonite 
porphyry. b, Cross-section through the deposit. Note the characteristic ore shell with a barren core at depth 
centred on the quartz monzonite porphyry. c, Detailed cross-section (square in B indicates the depicted 
area). d, Grade distribution of the cross-section in c. Note the grade cuts at the contacts of the quartz mon-
zonite porphyry to the latite porphyry and quartz latite porphyry. a, – c, have the same legend. Legend for c 
in the small inset. Maps and cross-sections modified from ref. 3.
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Fig. S2: Analysed samples with selected Cathodoluminescence images and sample locations.
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Fig. S10: Melt distribution within the crust at the time of stop/reduction of recharge and inferred time of 
ore formation for all modelled scenarios. Timing of ore formation is based on correlation of zircon data and 
thermal model (Fig. S7). Illustrated domains contain melt fractions >0.1. Melt-rich domains at the time of ore 
formation in Scenarios II-IV are sufficiently sized to provide all Cu, S and Cl at Bingham Canyon based on 
mass-balance calculations of ref. 7 and ref. 13. The different Scenarios illustrate that high-flux models result 
in the accumulation of larger melt-rich domains.
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Fig. S12: Temperature-melt fraction relationships of the host-lithologies and injected magma in the upper- 
and lower-crustal domains used in the thermal model. 
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Parental Composition
assumed from most primative zircon

Gd 76.1
Yb 356

Partition coefficients

Element

amphibole 
(Nandedkar et 
al., 2014)

plagioclase 
(Rollinson, 
1993)

biotite    
(Matsui et al., 
1977) quartz

titanite 
(Bachmann et 
al., 2005)

Zircon (Sano 
et al., 2002)

Gd 14.9 0.09 0.442 0.00001 855 8
Yb 9.6 0.077 0.67 0.00001 393 277

Modal abundances (based on Redmond et al., 2010)

QMP

phase amphibole plagioclase biotite quartz titanite zircon
Modal abundances15 42 3 1 0 0.1
mode % 25 68 5 2 0 0.2

LP
phase amphibole plagioclase biotite quartz titanite zircon
Modal abundances15 40 3 1 0.1 0.1
mode % 25 65 5 2 0.2 0.2

QLP
phase amphibole plagioclase biotite quartz titanite zircon
Modal abundances3 23 4 7 0.3 0.1
mode % 8 60 10 20 1 0.2

Table S6: 
Input parameters for fractional crystallisation modelling


