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Key Points:

1. The Laramide porphyry province in Arizona formed during a period of flat-slab
subduction of the Farallon plate beneath North America between ca. 80-50 Ma.

2. Laramide granitic rocks in Arizona have isotopic signatures and zircon
inheritance suggesting they are derived from Proterozoic aged crust.

3. Proterozoic crustal rocks were pre-enriched in copper and underwent water-
fluxed anatexis between 73-60 Ma coincident with flat-slab subduction ca. 75—
65 Ma and porphyry genesis ca. 73-56 Ma.
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ABSTRACT

The prevailing paradigm for the formation of porphyry copper deposits along
convergent plate boundaries involves deep-crustal differentiation of metal-bearing
juvenile magmas derived from the mantle-wedge above a subduction zone. However,
many major porphyry districts formed during periods of flat-slab subduction when the
mantle-wedge would have been reduced or absent, leaving unclear the source region
of the ore-forming magmas. To resolve this paradox, we investigate deep crustal
processes during the genesis of the Laramide Porphyry Province of Arizona, which
formed between 80-50 Ma during flat-slab subduction of the Farallon Plate beneath
North America. We show that: (1) Laramide granitic rocks have isotopic signatures
implying a crustal origin suggesting that they were derived from Proterozoic aged
crust; and (2) Proterozoic crustal rocks were pre-enriched in copper and underwent
water fluxed anatexis between 73—60 Ma at a geothermal gradient of ~28°C/km,
coincident with the zenith of granitic magmatism, porphyry genesis (73-56 Ma) and
flat-slab subduction (75-65 Ma). To explain the formation of the Laramide Porphyry
Province, we propose that volatiles derived from the leading edge of the Farallon flat-
slab promoted anatexis of mafic (garnet pyroxenite and amphibolite) and felsic pre-
enriched lower crust, without necessarily requiring significant juvenile mantle-wedge
derived magmatism.

INTRODUCTION

There remains profound uncertainty concerning the deep-crustal processes
responsible for the formation of porphyry copper deposits (PCDs) along convergent
plate boundaries. In these settings, the development of volatile-rich magmas that typify
PCDs are classically explained by extensive lower-crustal differentiation of juvenile
basaltic melts derived from metasomatism of the mantle wedge above a dehydrating
subducting slab’? (Fig. 1a). Magma fractionation depth proxies (high Sr/Y, La/Yb and
(Eu/Eu*)/Yb) suggest that porphyry copper-ore formation is favoured in thickened
continental crust within mature compressional arcs®4°. Such deeply differentiated
magmas are interpreted to contain high concentrations of volatiles (H20, CO2, Cl and
S) which are critical in controlling the ultimate enrichment of copper and other metals
in PCDs formed in the shallow crust®2.

However, many major porphyry districts (e.g., Resolution, Arizona, USA; Rio Blanco-
Los Bronces and La Escondida, Chile) formed during periods of flat-slab
subduction*®’ when the subducting plate was underthrust at a shallow angle or even
horizontally beneath the overriding plate. This geodynamic scenario occurs when
either: (1) young, warm and buoyant oceanic lithosphere is subducted; or (2) the rate
of trench retreat is greater than the rate of slab-rollback in a fixed mantle reference
frame8. During such periods, the mantle wedge (the assumed ultimate PCD magma
source in traditional models) would have been significantly reduced or absent, leaving
it unclear from where the ore-forming magmas were derived (Fig. 1b). To address this
paradox, we investigate the Late Cretaceous-Palaeocene Laramide Orogeny in
Arizona, southwest USA (Fig. 2a-b), which hosts the world’s second largest porphyry



copper province’? and formed during a period of flat-slab subduction. We show that
water fluxed anatexis of Proterozoic crustal rocks that were heterogeneously pre-
enriched in copper is fundamental to the genesis of Laramide granites and their
associated PCDs.

Flat-Slab Subduction and Crustal Anatexis During the Laramide Orogeny

The Laramide Orogeny defines a period of crustal thickening and magmatism that
occurred during flat-slab subduction of the Farallon Plate beneath western North
America between ca. 90 and 40 Ma (Fig. 1b). Flat-slab subduction was likely due to
intersection of the Shatsky-Hesk oceanic plateau with the trench at ca. 90 Ma?°, in
combination with westward movement of North America with respect to a fixed mantle
reference frame®. In Arizona, the Laramide Orogen is characterized by: (1)
contemporaneous hornblende-bearing (‘I-type’) and garnet-muscovite-bearing (‘S-
type’) granitic intrusions spanning ca. 78-50 Ma!%'?; (2) PCDs that formed between
ca. 73-53 Ma’®13 (Table S1); and (3) contractional structures active between ca. 80—
60 Ma'41516 A|l these features are concentrated in a series of NW—SE trending belts
(the Colorado Plateau Transition Zone, CPTZ; Fig. 2b) along the western margin of
the relatively undeformed Colorado Plateau®*3,

Along the CPTZ, most PCDs (e.g., Ray, Resolution, Morenci; Fig. 2b) are associated
with I-type intrusions, which often display elevated whole-rock Sr/Y, La/Yb and
(EUu/Eu*)/Yb ratios® typical of deeply-fractionated “fertile” PCD-related magmas (Table
S2). These I-type magmas are traditionally explained by mantle wedge-derived melts
strongly interacting with the crust!’*81° However, Laramide volcanism along the
CPTZ terminated ~2-5 million years prior to PCD formation, suggesting the ore-
forming intrusions developed during a distinct phase of plutonism in a volcanically
inactive arc segment. Interestingly, several deposits (e.g., Diamond Joe, Texas
Canyon; Fig 2b), are associated with peraluminous S-type granitic intrusions, which
display comparable fertility indices to the I-type granites (Fig. 2c-d; Table S2). Because
similarly peraluminous Laramide intrusions are clearly derived from crustal
sources?921.2223 it implies that crustal anatexis may be important for regional
metallogeny.

Further insights into the geodynamic setting and sources of Laramide granitic magmas
can be gleaned from whole-rock Sr—Nd—Pb data!”'81° and Hf-in-zircon isotopes?®:21.24
(Fig. 3). A compilation of igneous rocks younger than 140 Ma from the southwest USA
and northwest Mexico (Fig. 3a; Table S3) shows: (1) decreasing eNd() between 110—
80 Ma reflecting a progressively diminishing contribution of mantle-wedge derived
magma; (2) negative (i.e. unradiogenic) eNd during the Laramide Orogeny (ca. 80—
40 Ma) which overlaps with the range of Proterozoic basement values, consistent with
a significant component being derived from such crustal sources; and (3) increasing
eNdwy after ca. 40 Ma, suggesting an increasing contribution of juvenile magma



associated with renewed asthenospheric mantle melting following Farallon slab
rollback or foundering.

In Arizona, both I-type and S-type Laramide intrusions (ca. 78-50 Ma) fit this isotopic
framework, characterized by unradiogenic Nd signatures (I-type eNd(t) =-0.2 to -13.5;
S-type eNd(t) = -3.0 to -18.4; Fig. 3b-d) and >1 Ga two-stage Nd and Pb model ages
that imply a crustal origin (Fig. 3c; Table S3). These isotopic data overlap with both
the known Proterozoic basement (eNd(zo ma) = 1.6 to -21.2), particularly the 1.1 Ga
diabase dykes (Fig. 3b), and CPTZ garnet-clinopyroxene xenoliths. These xenaoliths,
equilibrated at pressures and temperatures (P-T) of ca. 1.0-2.8 GPa and 600-
850°C?5, contain copper-bearing sulphides?® and have been dated by U-Pb zircon at
ca. 150 Ma and 75 Ma?62728 yet their origins remain unclear. It is possible they
originate from cumulate ‘arclogites’ derived from juvenile mantle-derived
magmas?>26.27.28  Alternatively, they could represent Proterozoic-aged mafic lower
crust?>3% based on Nd, Pb and Re-Os mantle extraction ages spanning ca. 2.1-0.5
Ga?°2° and unradiogenic Hf isotopes from their zircons?® (Fig. 3d). Both I-type and S-
type Laramide intrusions also show extensive zircon inheritance (Fig. 3c), with U-Pb
dates of ca. 1.1, 1.4, 1.65, 1.7, 1.98 and 2.64 Ga''*L. The younger dates correlate with
Yavapai-Mazatzal accretionary orogenesis at ca. 1.7-1.6 Ga®3, extensive Granite-
Rhyolite Province magmatism at ca. 1.4 Ga and the large igneous province
responsible for ca. 1.1 Ga®? diabase dykes. These dates overlap with the model ages
of Laramide granitoids (Fig. 3c) suggesting significant assimilation of Proterozoic
crustal material.

Additional constraints can be inferred from exposures of the subducted Farallon plate
at Cemetery Ridge and in the Plomosa Mountains (Fig. 2b). Here, the Orocopia and
Pelona Schists equilibrated at P-T conditions of ca. 0.8 GPa and 660°C between ca.
75-65 Ma343536  This subduction-zone metamorphism not only temporally and
spatially overlaps with the zenith of Laramide granitic magmatism (and PCD formation)
but also suggests that the leading edge of the Farallon flat-slab had been transported
>500 km directly beneath North America (Fig. 1b). It is possible that this removed a
substantial (~80 km) thickness of subcontinental lithospheric mantle beneath the
Colorado Plateau3’%,

Integration of these diverse observations suggests that the mantle wedge beneath the
CPTZ was largely eliminated during the genesis of the Laramide granitoid magmas
and associated PCDs. Isotope mixing calculations (Methods and Supplementary
Material) support this hypothesis, revealing that Laramide granitoid magmas had to
contain a significant proportion (>70-90%) of melt derived from various combinations
of mafic and felsic Proterozoic crustal sources. From a metallogenic standpoint, it is
noteworthy that this Proterozoic crust may have been pre-enriched in copper as
suggested by the ca. 1.7 Ga Squaw Peak porphyry copper deposit®® (Fig. 2b), the
higher concentration of porphyry deposits within the Mazatzal terrane compared to the
Yavapai and Mojave Terranes, and the presence of copper-bearing sulphides in the
garnet-clinopyroxene xenoliths?.



To provide further insight into the role of crustal anatexis in the formation of the
Laramide Porphyry Province and potential sources of the Laramide granitic magmas,
we constrain the thermal history and chronology of poorly-understood amphibolite-
granulite facies metamorphic rocks exposed in the Harcurvar, Harquahala, and
Granite Wash Mountains metamorphic core complexes?*0:41:42:43,444546.47 in central
Arizona (Figs. 2b and 4), which collectively represent a 40 km thick section of exhumed
CPTZ mid-lower crust*®48, These rocks provide direct evidence bearing on our model
for magma generation during the Laramide orogen.

RESULTS
Field Relationships, Petrography and Thermobarometry

The Harcuvar, Harquahala, and Granite Wash Mountains (Figs. 2 and 4) are a series
of metamorphic core complexes exhumed along the NE-verging Bullard-Eagle Eye
extensional detachment fault between ca. 21-11 Ma?*®®°, Structurally beneath the
extensional detachment, within the Granite Wash Mountains, a major SSW-verging
Laramide-age contractional structure — the Hercules Thrust — is preserved*®43, The
Hercules Thrust places Proterozoic basement over Mesozoic-Palaeozoic sedimentary
rocks*?43 and is cut by the ~79-70 Ma*? S-type Tank Pass Granite and the ~78 Ma I-
type Granite Wash Granodiorite®® (Fig. 4b). A sample of mylonitized footwall
metasediments (TLAZ22-167) displays a peak metamorphic assemblage of epidote-
muscovite-biotite-titanite-quartz, which equilibrated at P—T conditions of 0.38 £ 0.05
GPa and 502 £ 25°C (Fig. 4b-c; Table S4). This assemblage is syn-kinematic with top-
SSW shear on the thrust, suggesting compressional deformation was synchronous
with regional metamorphism.

With increasing structural depth beneath the Hercules Thrust, metamorphic grade
increases and kyanite-sillimanite-bearing schists, migmatites and amphibolites
(representing metamorphosed Proterozoic basement and its cover) crop out in the
Harcuvar Mountains (Figs. 4 and 5). Many of these lithologies display textures
indicative of partial melting, including quartzo-feldspathic leucosomes (former melt)
and biotite-rich melanosomes (restite) and also contain secondary copper and silver
oxides (Supplementary Material). In places, leucosomes are complexly and
ptygmatically folded (Fig. 5), suggesting melting occurred during contractional
deformation, and can be traced from high melt-fraction domains to garnet-biotite-
muscovite leucogranites that outcrop at structurally higher levels (e.g., Tank Pass and
Browns Canyon Granites; Figs. 4 and 5).

In sample TLAZ22-08 (Harcuvar Mountains garnet-sillimanite migmatite), chemical
traverses across garnet porphyroblasts (Table S5 and Supplementary Material) reveal
flat, homogenized cores and resorbed rims indicating that the prograde growth history
has been modified by high-temperature diffusion®!. Garnet interior compositions are
therefore interpreted to represent peak P-T conditions. Thermobarometric
calculations and petrological modelling suggest the garnets equilibrated with
plagioclase-K-feldspar-biotite-sillimanite-quartz-ilmenite-magnetite-melt at 0.75 + 0.06



GPa and 780 + 36 °C (~28 km depth; Fig. 4c and Table S4). The lack of primary
muscovite and the presence of minor K-feldspar (Supplementary Material) is also
consistent with conditions locally surpassing muscovite breakdown above the
solidus®?°3, Nevertheless, the low volumetric proportions of peritectic K-feldspar (3%)
and sillimanite (1.8%) relative to melt (35%) differ from those expected from vapour-
absent muscovite dehydration melting™ (normally in a ratio 8:5:10). This requires
anatexis to have occurred with 8-12 mol% H20 (Supplementary Material) equating to
~2.4-3.5 wt% H20. This is significantly greater than the observed bulk rock
composition from mineralogically bound water (4.3 mol% H20 equating to ~1.2 wt%
H20), necessitating ~3.7—7.7 mol% H20 (~1.0-2.2 wt% H20) to be added to the rock
during anatexis. At temperatures <700°C and 8-12 mol% H20 (~2.4-3.5 wt% H20), a
free fluid phase is expected, and water-saturated melting would have occurred
(reaction 1):

1) Muscovite + Plagioclase + Quartz + H20 = Sillimanite + Melt

However, at temperatures >700°C, H20 remains as a free fluid phase only when there
is a large excess of added water®? (Supplementary Material). The addition of water is
therefore buffered by the production of more (trondhjemitic) melt due to the
consumption of plagioclase and does not drastically change the topology of muscovite
breakdown®! (Supplementary Material). Therefore, at peak conditions, melting is
interpreted to have progressed by incongruent breakdown of muscovite (reaction 2):

2) Muscovite + Quartz + Plagioclase = Sillimanite + K-Feldspar + Melt

Constraints on the retrograde P-T history can be inferred from garnet rims in contact
with biotite, matrix plagioclase, sillimanite, and secondary muscovite, which suggest
cooling occurred at 0.65-0.75 GPa and 690-750°C (Fig. 4c and Supplementary
Material). Titanium-in-biotite thermometry of ~600-680°C in sample TLAZ22-08
indicates that retrograde biotite growth occurred at sub-solidus conditions and,
together with the occurrence of coarse, cross-cutting muscovite in sample TLAZ22-03
(Supplementary Material), suggests that hydration of the metamorphic rocks
continued during melt crystallization. At higher structural levels along the southern
edge of the Harcuvar Mountains, biotite-muscovite schists contain a penetrative
foliation dipping steeply (~70°) towards the SSE and a NE-SW stretching lineation with
top-NE kinematics (sample TLAZ22-03). Because this top-to-NE shear fabric cross-
cuts the compressional features (Fig. 4a-b), it is interpreted to have formed during
Miocene shearing on the extensional Bullard Detachment.

Rb—Sr Geochronology

Five samples (TLAZ22-03, TLAZ22-08, TLAZ22-167, TLAZ87 and TLCR-09) were
dated by in-situ Rb—Sr analysis to constrain the timing of cooling and/or deformation
(Table S6). White mica and plagioclase aligned with the top-SSW shear fabric in
sample TLAZ22-167 (Hercules Thrust mylonite, Granite Wash Mountains) gave an



isochron date of 71.7 + 12.9 Ma (MSWD = 5.3) that constrains the timing of thrusting
and lower amphibolite-facies conditions. Plagioclase in sample TLAZ22-03 (Harcuvar
Mountains biotite-muscovite schist) yielded a date of 64.0 + 45.0 Ma (MSWD = 2.2),
and K-feldspar and biotite from sample TLAZ87 (Harquahala Mountains migmatite)
were dated at 45.3 £ 3.5 Ma (MSWD = 1.4). These dates overlap with existing K—Ar
cooling ages spanning ca. 70-45 Ma*+>* from metamorphic rocks at similar structural
positions. Given that the 450-550°C closure temperature of the Rb—Sr isotope system
in these minerals® is far below the peak metamorphic temperatures of 500-780°C,
these data constrain anatexis to be equivalent to, or older than, ca. 72—-45 Ma. In
contrast, sample TLAZ22-08 (Harcuvar Mountains garnet-sillimanite migmatite)
yielded a Rb—Sr age of 20.5 + 2.2 Ma (MSWD = 0.9), and TLCR-09 (Orocopia Schist
from Cemetery Ridge) an age of 26.0 £ 3.2 (MSWD = 2.2). These younger ages
overlap with white mica and biotite Ar—Ar and zircon and apatite (U/Th)/He cooling
ages from the region (21-11 Ma)>%°>7:58, suggesting these samples experienced either:
(1) delayed cooling in comparison to higher structural levels; (2) reheating during Basin
and Range extension; and/or (3) isotopic resetting during deformation-induced
recrystallisation.

U-Th—Pb Geochronology

Monazite grains from Harcuvar Mountains samples TLAZ22-03 (biotite-muscovite
schist) and TLAZ22-08 (garnet-sillimanite migmatite) were analysed by in-situ laser
ablation split-stream U-Th—Pb geochronology to constrain the timing of peak
metamorphism (Fig. 5 and Table S7). Three distinct phases of monazite growth were
identified at ~145 Ma, ~73—-60 Ma, and ~20-15 Ma. Chemical data suggest that
monazite dates falling between these age populations are physical mixtures of older
and younger material, although it is possible that monazite growth and reprecipitation
continued between 60-40 Ma evident in the younger tail of the ~73-60 Ma age
population (Fig. 5).

Integration of our U-Th—Pb and Rb-Sr results with existing geochronology from the
region suggests: (1) monazite growth at ~145 Ma reflects eastward migration of
metamorphism during the Sevier Orogeny from a peak at ca. 167-158 Ma in the
Funeral Mountains®® and ca. 164-161 Ma in the Big Maria Mountains®® (Fig. 2b); (2)
monazite growth between ~73-60 Ma coincides with migmatite-related leucogranite
crystallization at ~78-54 Ma in the adjacent Harcuvar, Harquahala, Mesquite, and
Moon Mountains?0:47.61.6263 ' shearing on the Hercules Thrust at ca. 72 Ma, granitic I-
and S-type magmatism (78-54 Ma) and PCD formation (72-56 Ma); and (3) monazite
growth between ~20-15 Ma occurred during Basin and Range extension®6:5758 and
does not reflect high-grade metamorphism. The evidence for this is two-fold. Firstly,
this monazite considerably post-dates the recorded 72-45 Ma Rb-Sr ages which
reflect moderate crustal temperatures of ~450-550°C®®, and secondly, these monazite
domains are aligned with the cross-cutting shear fabrics that developed during core
complex exhumation between ~21-11 Ma®®57:%8 suggesting that monazite grew due



to fluid-induced reprecipitation (Supplementary Material). We therefore interpret the
timing of peak amphibolite-granulite facies metamorphism along the CPTZ to be ca.
73—-60 Ma, although Rb—Sr and K—Ar cooling ages suggest temperatures >450-550°C
persisted until ca. 45 Ma (Fig. 4).

DISCUSSION
Tectonic, Magmatic, and Metallogenic Implications

Our data indicate that crustal anatexis was a regional feature along the CPTZ between
ca. 73-60 Ma and reached P-T conditions of at least ca. 0.75 GPa and 780°C
(TLAZ22-08). This requires an overburden of ~28 km (Fig. 4c) and suggests the
average geothermal gradient was ~28°C/km (Figs. 4c and 6). This would imply that
during peak Laramide orogenesis: (1) supra-solidus temperatures occurred at depths
>25 km; and (2) the CPTZ crust must have been at least ~50—-60 km thick, based on
the addition of the ~28 km overburden to the present-day Moho depth of ~25-30 km
beneath central Arizona®*. This is consistent with paleo-crustal thickness estimates
derived from Sr/Y and La/Yb ratios of Laramide granitic rocks®® and indicates the crust
was thinned by a factor of two during subsequent Basin and Range extension. Notably,
these findings argue against the traditional premise that Laramide shortening did not
result in significant crustal thickening in Arizona'41®, We suggest this is because the
thrust belt was significantly dismembered by Basin and Range extension and that
many of the Laramide thrusts are not easily recognised or appreciated.

The timing of peak metamorphism and water-fluxed anatexis coincided with the onset
of flat-slab subduction beneath the CPTZ, evidenced by the isotopic signature of
Laramide magmatism (Fig. 3a) and the timing of dehydration reactions in the Farallon
Plate between ca. 75-65 Ma3®4%6 (Figs. 5-6). This was also contemporaneous with the
formation of significant PCDs in Arizona (e.g., Bagdad at ca. 72 Ma®®; Ray at ca. 72—
68 Ma'!l and Resolution at ca. 64 Ma'!; Figs. 2 and 5) and the end of contractional
deformation (shearing on the Hercules Thrust at ca. 72 Ma). Integration of these
geodynamic constraints with the “crustal” isotope composition of granitic rocks,
Proterozoic model ages and potential pre-enrichment of copper in the Proterozoic
basement?83° supports the hypothesis that Laramide granitoid magmatism and PCD
genesis were largely a product of water-fluxed crustal anatexis during flat-slab
subduction.

Since the timing of contractional deformation, anatexis (73-60 Ma), and porphyry
genesis (73-56 Ma) in Arizona are temporally limited and progressively get younger
towards the southeast (Fig. 2), it also suggests these phenomena are transient and
diachronous. However, flat-slab subduction can explain these observations. This is
because it would be expected to produce a diachronous thermal evolution of the
overlying North American crust®” due to the interplay between competing
mechanisms: (1) increased tractions on the base of the North American plate or
increased end-loading, leading to crustal thickening and resulting in heating with



characteristic timescales >10 Myr due to conductive relaxation of isotherms®®; (2)
shear heating along the plate interface (the Moho); (3) refrigeration or even heating
due to underthrusting of the Farallon Plate (~660°C; Fig. 6c), depending on the initial
crustal geotherm, age of the subducted oceanic lithosphere and the convergence
rates; (4) remnant mantle wedge heat flow, depending on the lateral position in the
crust relative to the geometrical position where the Farallon slab steepens into the
asthenosphere; (5) heat flow from the earlier Sevier-related metamorphism and
orogenesis (occurring at ca. 145 Ma). However, given reasonable geodynamic
constraints, it is most likely that thermal climax and porphyry genesis at any given time,
occurred in a geodynamic ‘sweet-spot’ immediately above the leading edge of the
Farallon flat-slab that migrated through space and time during ongoing flat-slab
subduction (Fig. 6).

At the ‘sweetspot’, elevated crustal temperatures would have prevailed due to the
proximity to the laterally displaced mantle wedge, in combination with thickened crust.
Volatiles derived from the dehydrating flat-slab could also pass straight into the
overlying crust, facilitating melting of Proterozoic lower crustal rocks, which were
probably already dehydrated. This crustal hydration/melting process may have also
caused rheological weakening, causing the locus of contractional deformation to
migrate further inboard in front of the leading edge of the Farallon flat-slab. However,
on longer timescales (>15 Myrs), the continual underthrusting of the Farallon flat-slab
likely caused cooling of the overlying North American crust®’, as evidenced by our Rb—
Sr cooling ages spanning ca. 45-20 Ma. This diachronous migrating ‘sweet-spot’ can
potentially explain why the locus of magmatism, deformation and metamorphism
swept from SW to NE across Western USA throughout the Late Cretaceous and
Palaeocene as the Farallon Plate advanced towards the NE. It can also elegantly
explain the systematic spatial-temporal mineralization relationships involving: 1) pre-
mineralization volcanism, compression and barren I-type granitic magmatism related
to steep subduction and arc magmatism prior to flat-slab subduction (inboard from the
‘sweetspot’), (2) syn-mineralization |- and S-type granitic magmatism and crustal
anatexis coinciding with the ending of compression during the initial stages of flat-slab
subduction (close proximity to the ‘sweet-spot’), and (3) post-mineralization barren S-
type magmatism, localized extensional deformation and cooling due to continued
underthrusting of the Farallon Plate after the ‘sweet-spot’ has passed (Fig. 6).

Tectonic and Metallogenic Model

We propose that I-type granitic magmas associated with most Laramide PCDs were
derived from melting mafic (amphibolitic or garnet pyroxenite) lower crustal protoliths,
originally extracted from the mantle at ca. 1.7-1.1 Ga (Fig. 3c). This is supported by:
(1) the unradiogenic Nd isotopic and zircon inheritance data which overlaps with the
Proterozoic basement; and (2) interpreting the CPTZ sulphide-rich®® garnet-
clinopyroxene xenoliths as Proterozoic aged lower crustal granulites that experienced
both high-grade Sevier and Laramide metamorphism. This latter interpretation is



consistent with the xenolith model ages (ca. 2.1-0.5 Ga?%306%) and U-Pb zircon dates
(ca. 75 Ma and ca. 150 Ma)?62728 which overlap with our Laramide and Sevier
metamorphic monazite dates (Fig. 5). Alternatively, if the ca. 75 Ma and ca. 150 Ma
U-Pb zircon dates in the garnet-pyroxenites are magmatic, it would suggest these
xenoliths are "arclogite’ cumulates that crystallized during earlier phases of arc related
magmatism prior to flat-slab subduction and PCD genesis (Fig. 5). However, remelting
this sulphide rich source?® would be expected to form copper enriched magma with
isotopically juvenile signatures, in disagreement with the Nd and Pb data?®:30.6°,

Although dehydration melting of amphibolite (or granulite) is expected to produce I-
type granitic magmas, the high solidus temperatures and low melt volumes and water
contents (<2 wt% H20)° of such magmas are unlikely to form extensive magmatic-
hydrothermal systems in the shallow crust. However, volatiles derived from the
subducting flat-slab can migrate directly across the Moho and into the overlying crust
(Figs. 6b). In Arizona, hydration of the lower crust is supported by: (1) the requirement
for externally derived water during anatexis in the Harcuvar Mountains; (2) the
presence of metasomatized gneisses structurally above the Orocopia Schists at
Cemetery Ridge®; and (3) cross-cutting amphibole growth in the garnet-clinopyroxene
xenoliths?6. Given a crustal geothermal gradient of ~28°C/km, temperatures would
have exceeded the water-saturated solidus (~650°C) at depths >25 km (Fig. 6c).
Water-saturated melting of mafic lithologies at similar depths has been demonstrated
to produce: (1) water-rich melt (>8 wt% H20)°; (2) larger melt-fractions (locally >50%
volume melt)’?; (3) peraluminous magma with enrichment in Ca and Al and relative
depletion in Fe, Mg, Ti and K’®71.72: (4) an increase in amphibole stability as a restitic
phase and preferential consumption of plagioclase during anatexis’®’172; and (5)
magma enriched in Sr and depleted in Ba®2. Such crustal derived melts would also
have ‘adakite-like’ chemistries characterised by elevated Sr/Y, La/Yb and (Eu/Eu*)/Yb
ratios®>"3, as observed in many Laramide porphyry intrusions’%72,

In contrast, the S-type granitic rocks show variable, but sometimes significant ore-
forming potential (e.g., Diamond Joe and Texas Canyon). Because these rocks
contain garnet-muscovite-biotite-magnetite and display similar unradiogenic isotopic
signatures and zircon inheritance, we infer they were derived from Proterozoic
sedimentary protoliths, potentially the weathered products of the ca. 1.7-1.4 Ga
granitic basement, which was re-buried during Laramide or earlier orogenesis.
Vapour-absent dehydration melting of this source would be expected to form more
metaluminous magma®>>® with lower volatile contents and presumably limited ore-
forming potential. In contrast, water-fluxed anatexis would favour the formation of
oxidized, volatile-rich, and strongly peraluminous magma®?> with elevated fertility
indices (Sr/Y and (Eu/Eu*)/Yb)’3, due to consumption of plagioclase during anatexis®?.

We conclude that flat-slab subduction was fundamental to the formation of the
Laramide Porphyry Province as it allowed volatiles to flux directly into the lower crust,
which may have been heterogeneously pre-enriched in metals, and caused anatexis
with the potential to form fertile porphyry magma. This occurred above the location of



a diachronously migrating geodynamic “sweet-spot” that represented the leading edge
of the Farallon flat-slab (Fig. 6). It is possible that other convergent plate boundaries
that experienced flat-slab regimes, underwent a similar mechanism of volatile
mediated crustal anatexis of pre-cursor igneous rocks. This may explain the
correlation between flat-slab subduction and PCD genesis in the Southwest USA,
Central Andes, Southeast China, and Southern Tibet that collectively host >50% of
the world’s known reserve®. We therefore propose such flat-slab settings to be
favourable exploration targets to meet society’s ever-increasing demand for copper.

METHODS
Electron Probe Micro-Analysis (EPMA)

The compositions of phases in samples TLAZ22-08 and TLAZ22-167 were derived
from electron probe micro-analysis (EPMA) that were performed on a CAMECA
SX100 electron microprobe at the Department of Earth Sciences, University of Bristol.
Operating conditions involved an accelerating voltage of 15.0 keV corresponding to a
current of 20 nA, a range of primary standards were used including andradite (Fe, Mg,
Ca), TiO2 (Ti), Mn metal (Mn), labradorite (Na, Al, Si) and sanidine (K) for major
elements and secondary standards include Diopside, KK1, SPH Labradorite, RN18
and FDLAL. Garnet line profiles were collected using a 75-micron step size across all
garnets from sample TLAZ22-08 corresponding to between 25 and 30 analyses per
porphyroblast. Garnets show minor zoning in major elements, with homogenous cores
and resorbed rims (Supplementary Material). Pyrope (Prp) [XMg] displays convex
down trends (0.18-0.13) from core to outer rim, grossular (Grs) [XCa] remains either
homogenous or increases towards the outer rim (0.05-0.07), whereas almandine (Alm)
[XFe] remains homogenous before decreasing towards the outer rim (0.73-0.71).
However, spessartine (Spss) [XMn] is homogeneous or concaves upward (0.05-0.08)
from core to rim. Mineral abbreviations follow the guidelines of Whitney and Evans
(2010)"4. Anhydrous phase compositions were calculated to standard numbers of
oxygen per formula unit’®, micas were recalculated to 11 oxygens, and chlorite to 28
oxygens. Where present, H20 content was assumed to occur in stoichiometric
amounts. The proportion of Fe3*/Fewta was calculated using AX’6. The complete
EPMA database is presented in Supplementary Table S5.

Thermobarometry and Petrological Modelling

Several thermobarometric approaches were employed to constrain the P-T conditions
of metamorphism, including the Ti-in-biotite thermometer’’, the garnet-biotite
thermometer’’, the garnet—aluminosilicate—plagioclase—quartz (GASP) barometer’87°
the garnet-muscovite-plagioclase (GMP) barometer, and Average P-T8 using
THERMOCALC version TC-3.50i with characteristic end members judged to be in
textural equilibrium for each sample. The complete results are presented in Table S4.



Phase diagram construction was performed using THERMOCALC version TC-350i
and Theriak Domino®! and the internally consistent thermodynamic data set ds6282.
Migmatite sample TLAZ22-08 was modelled in the 11-component system MnO-
Na20—-Ca0O-K20-FeO-MgO-Al203—-SiO2—H20-TiO2—O (MNNCKFMASHTO). The a—x
relations for solid-solution phases were used: clinopyroxene (diopside—omphacite—
jadeite) and clinoamphibole (glaucophane—actinolite—hornblende)®; garnet, biotite,
muscovite—paragonite, and chlorite; epidote; ilmenite®* and plagioclase feldspar®®.
Pure phases comprised talc, lawsonite, kyanite, sillimanite, andalusite, zoisite, quartz,
coesite, and rutile. The effective bulk composition for sample TLAZ22-08 were
calculated using mineral proportions derived by point counted analyses of an entire
thin section using J-microvision and representative EPMA-derived phase
compositions following the method of ref. 86. Details on the determination of the bulk-
rock composition used to perform phase equilibrium modelling are shown in the
Supplementary Material. Uncertainties related to the absolute positions of assemblage
field boundaries calculated phase diagrams have been shown to be less than + 0.1
GPa and £ 50 °C at the 20 (95% confidence) level®®5, with this variation being largely
a function of propagated uncertainty on end-member thermodynamic properties within
the data set. However, because phase diagrams were calculated using the same
dataset and a—x relations, it has also been shown that similar absolute errors
associated with dataset end-members cancel, and calculated phase equilibria are
relatively accurate to within = 0.02 GPa and + 10-15°C8287_ In melting calculations,
the bulk-rock suprasolidus water content of sample TAZ22-08 was varied to
investigate the effect of water fluxed melting. In a closed system scenario, the bulk-
rock suprasolidus water content was fixed in order to allow minimal fluid saturation at
the wet solidus, here defined as ~1 mol% free Hz20. It was determined 7 mol% H20
represents fluid saturation at the wet solidus. Bulk rock H20 content was estimated at
4.5 mol% determined by combining point counted volume estimates of hydrous
phases and average phase compositions (Supplementary Material). The P-T
conditions of peak metamorphism were determined by investigating compositional
isopleths for pyrope and grossular content in garnet. Since these isopleths vary to first
order with changes in pressure and temperature and commonly intersect at high
angles, they specify unique intersection points with a high degree of confidence for
tracking garnet composition evolution in P-T space. The intersections of isopleths
representing measured compositions are represented by shaded boxes indicating
uncertainties at the 1s level calculated by THERMOCALC/Theriak Domino. The
results were verified by comparing mineral volumetrically determined mineral
proportions by point counting using J-microvision and intersection of garnet
compositional isopleths against those predicted by the petrological model. The results
are in good agreement with conventional thermobarometry. Temperature-Molar %
(H20) calculations were performed to test the effect of an open system to simulate
water fluxed melting (Supplementary Material). Calculations were performed between
4 mol% H20 and 20 mol% H:0, the former representing a closed system with water
derived from hydrous phases in the rocks such as biotite and muscovite, the later
representing an open system and fluxing water from an external source. Intersection



of mineral volume isopleths were used to constrain the range of water contents, and
the position of k-feldspar out reaction defines the maximum possible amount of water
that anatexis occurred under. The full results are presented in the Supplementary
Material and discussed in the Main Text.

Sr-Nd Isotopes and Sm-Nd Model Ages

87Sr/86Sr and *3Nd/***Nd measurements were compiled from the literature for Arizona
Laramide I-type and S-type granitoids, PCDs, Laramide volcanics, xenoliths and
basement. Initial Sr and Nd isotope ratios were calculated using the available U-Pb
magmatic ages or K-Ar ages and decay constants of 1.393*10e*! for 8Sr and
6.524*10e1? for 147Smé®’. Initial Sr isotope values are quoted as &’Sr/8¢Sri and Nd
isotope values are quoted as eNd() using the CHUR values of ref.89. Two-stage Nd
model ages were calculated using 4’Sm/**4Nd of 0.09 and 0.12, that of average
evolved and less evolved continental crust® respectively, and a depleted mantle with
a modern-day *3Nd/***Nd of 0.51315 and #’Sm/**“Nd of 0.2135°'. Two component
Sr—Nd mixing calculations were performed between a depleted mantle source and a
nominal crustal source, the latter was varied to reflect a mixture of the average felsic
crust and mafic crust from Arizona and 20 different combinations were used
representing 5% sequential additions of mafic and felsic crust. The resultant calculated
mixtures between depleted mantle and ‘mixed’ crust that were deemed successful
plotted within the 95% confidence ellipse for the I-type granites and the successful
results were plotted up as a cumulative density plot to show the statistical likelihood of
the relative importance of crustal and mantle sources. The results are compiled with
source references in Table S3 and the Supplementary Material and strongly suggests
that the PCD data can be explained by various combinations of different (crustal)
source components, although we cannot entirely rule out a juvenile mantle derived
component, it is likely this component has to be relatively small.

Rb—-Sr Geochronology

The analytical procedure for the in situ Rb—Sr dating presented in this study is
extremely similar to that described in Ref.92. The in-situ Rb—Sr dating of samples was
conducted using a 193nm Photon Machines excimer laser equipped with ARIS®?
(aerosol rapid introduction system). Laser operating conditions, which were
standardised for dating, were a 110 um laser spot diameter, which was ablated using
a repetition rate of 10 Hz, and a fluence of 7 J cm for 600 laser pulses. These spots
were positioned to target identified phases of interest which include feldspar and mica
which were exposed on polished surfaces of cut billets. This laser ablation system was
coupled with Proteus, a collision cell — multicollector — inductively coupled plasma
tandem mass spectrometer (CC-MC-ICPMS/MS) housed at the University of Bristol.
To provide chemical resolution of Rb* and Sr* during analysis®*% a reaction gas
mixture consisting of 5% SFe (99.99% purity) in He (99.9999%) was used. The flow



rate for the He and SFs collision cell gases was 2 ml min~! and 0.025 ml min*

respectively. During analysis the SrF isotopologues (8¢SrF*, 8’SrF* and 8SrF*) and
atomic 8Rb* and 88Sr* were collected for each spot. The measurement of fluorinated
and monoatomic ion species was achieved by adjusting the centre mass of the sector
magnetic field of Proteus during analysis. The position of the faraday cup collectors,
integration and idle times were identical to those specified in Ref.92. However, in this
method 103 Q resistors were used in the collection of 8’SrF* and 8SrF*ions to improve
signal to noise ratio during collection, and thus improve 8’ SrF/8¢SrF precision for small
ion beam sizes®>%97, The remaining isotopes, 88SrF+, 88Sr*, and 8Rb* were collected
in faraday cups which were matched with 10! Q resistors. To correct for the slower
response time of the 103 Q resistors, relative to 10! Q resistors, a conventional tau
correction method was used®. Mean radiogenic Sr isotope ratio 8’Sr/8éSr for each spot
analysis was calculated using the measured & SrF*/86SrF+ and 8SrF*/86SrF+ to correct
for natural and instrumental mass dependent fractionation by use of an exponential
law correction. Residual inaccuracy after the exponential law correction was externally
normalised using well characterised in-house feldspar standard Te-1°2, which was
analysed every ~10 sample analyses. Sample analyses which were beyond the mean
88SrF*/88SrF+ ratio + 20 uncertainty measured for Te-1 were excluded due to the
presence of an isobaric interference on 8SrF+.

Mean sample 8’Rb/28Sr ratios for each spot analysis was converted using measured
85Rb*/88SrF* ratios, which were externally normalised to analysis of NIST SRM 610
glass and a 8’Rb/%6Sr ratio of 2.389%. Correlation coefficients were also calculated for
measured %Rb*/8SrF* and &’SrF*/%SrF* ratios. Differential Rb-Sr elemental
fractionation of the NIST SRM 610 glass standard and sample minerals was corrected
for the analytical session using the Dartmoor Granite (DG-1) as a secondary
standard®. An 8Rb/%¢Sr correction factor of 0.952 + 0.011 was determined from the
analysis of plagioclase feldspar, K-feldspar and biotite in DG-1. This single correction
factor was applied to all calculated sample feldspar and mica 8’Rb/®8Sr ratios in this
study.

Rb—Sr ages, initial radiogenic Sr isotope ratios and uncertainties were all calculated
using the open access software package IsoplotR® using input mean calculated
87Rb/88Sr, 87Sr/8Sr ratios with associated 20 uncertainties and correlation coefficient
values. Total age uncertainties were then calculated by accounting for the relative
uncertainty of sample isochron slope calculated in IsoplotR% and the relative
uncertainty of the DG-1 isochron slope used for calculation of the 8’Rb/®Sr correction
factor®3. The full results are presented in Table S6.

U-Th—Pb Geochronology

In-situ LA-ICP-MS U-Th-Pb split-stream geochronology was conducted at the
Geochronology and Tracers Facility, British Geological Survey (Nottingham). The U—



Th—Pb measurements were collected on a Nu Instruments Attom single-collector ICP-
MS following similar analytical conditions and measurement protocols to those
described previously®°, with detailed methodology provided in the supplementary text.
Laser conditions were a 14 um spot size, 10 Hz repetition rate, 17 seconds of ablation
using a fluence of 3.1 J cm™. The He carrier gas was split after exiting the laser and
sent to both the SC-ICP-MS for U-Th—Pb, and to an Agilent 7500 quadrupole ICP-MS
for measurement of trace elements. The full analytical conditions for both instruments
are provided in Table S7. Matrix-matched normalisation using standard sample
bracketing was used for U-Th—Pb geochronology and trace elements, with data
reduction for geochronology comprising the Attolab TRA software and in-house
spreadsheet, and lolite41% for trace elements. Monazites 44069'%? and Bananeiral®®
were used as primary reference materials for normalisation of U-Th—Pb and trace
elements, respectively. Internal standardisation of trace elements used 3P assuming
22.45 wt%. All plotting and age calculations were conducted with IsoplotR®® and are
shown and quoted at 20.
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Figures

Figure 1: Contrasting models for the formation of porphyry copper deposits (modified
from Wilkinson, 2013)!. A) ‘Standard’ steep slab subduction with magmatic arc and
porphyry copper deposits sourced from mantle wedge-derived melts'. B) Flat-slab
subduction analogous to subduction of the Farallon plate during the Laramide
Orogeny. Here, forced flow into the mantle wedge is cut off and volatiles derived from
the slab (H20, CO2, Cl, and S) pass straight into the base of the crust, triggering crustal
anatexis, granitic magmatism, and potentially porphyry deposit formation.

Figure 2: A) Tectonic setting of porphyry copper deposits in the western USA®
104,105,106 CPTZ = Colorado Plateau Transition Zone. B) Simplified geological map of
Arizona showing the location of I-type and S-type granites, metamorphic rocks,
Proterozoic basement granitoids and key structural features (thrust faults, high and
low angle normal faults and monoclines). Porphyry copper deposits (PCDs) are
represented by circles scaled according to economic value; see Supplementary Table



S2). Ages in blue reflect approximate constraints on the end of Laramide shortening
based on (described in Supplementary Table S3). C) Sr/Y vs age (Ma) and D) Sr/Y vs
(Eu/Eu*)/YDb for Laramide volcanic rocks, I-type and S-type granitoids. Sr/Y>35 and
(Eu/Eu*)/Yb>2 indicate fertile porphyry magma?®. The full suite of geochemical data is
presented in Supplementary Table S4.

Figure 3: A) A compilation of Nd isotopes from igneous rocks from southwest USA and
northwest Mexico that formed between 140 Ma and present day, highlighting the
influence of Farallon flat-slab subduction between ca. 80-40 Ma on magma
petrogenesis. Range of calculated basement eNd(t) over this period in the shaded
domains, with more radiogenic values representing mafic younger (ca. 1.1 Ga)
lithologies such as the diabase dikes, Grt-Cpx xenoliths and amphibolites and
unradiogenic values representing felsic older (ca. 1.4—-2.0 Ga) lithologies including the
Proterozoic Granites and Pinal Schist. B) Summary of whole rock Sr—Nd isotopes for
I-type and S-type granites, PCDs and basement lithologies compiled from sources
described in Supplementary Table S4. Negative eNd(t) suggest all granitoids have
unradiogenic signatures and overlap with the ca. 1.1 Ga diabase dikes, CPTZ
xenoliths and Proterozoic basement. They are notably distinct from the juvenile mantle
wedge-derived magmas. C) Whole rock two-stage Sm—Nd model age probability
density plot for Laramide I-type granites (red), S-type granites (yellow), xenoliths
(purple), basement (green) and zircon inheritance (grey), suggesting all granites have
Proterozoic crustal sources. D) A compilation of Hf-in-zircon isotopes from granitic
rocks from the southwest USA and northwest Mexico the I-type and S-type granitoids
and CPTZ garnet-clinopyroxene xenoliths have overlapping unradiogenic isotopic
signatures.

Figure 4. A) Study area map and sample locations in the Harcuvar, Harquahala and
Granite Wash Mountains metamorphic core complexes and exposures of the Farallon
Plate at Cemetery Ridge after ref. 40. B) Schematic cross section through the
Harcuvar and Granite Wash Mountains showing the key structural relationships of: i)
the Hercules Thrust being folded and cross-cut by the ca. 79 Ma Granite Wash
Granodiorite and ca. 78-70 Ma Tank Pass Granite, ii) metamorphic grade increasing
with increasing structural depth beneath the Hercules Thrust and iii) the extensional
Bullard detachment cross-cutting the older compressional features. C) Summary P—
T—t evolution of Laramide-age metamorphic rocks and migmatites in central Arizona.
Shaded coloured polygons represent constraints from petrological modelling, shaded
coloured ellipses represent average P-T results with 20 uncertainties and green data
points represent GASP and garnet-biotite thermobarometry results with 20
uncertainties. Calculated temperature range from Ti-in-biotite thermometry in the light
gay shaded box and Rb-Sr closure temperature range®® in the gray zone. Peak
metamorphic conditions of ca. 0.75 GPa and 750-780°C for sample TLAZ22-08 and



0.38 GPa and 502°C for sample TLAZ22-167 define a geothermal gradient of ~28°C/
km between ca. 73 and 60 Ma.

Figure 5: Left Column: Schematic crustal section of Arizona and corresponding field
photographs showing the following exposures: A) the upper crustal fold-thrust belt and
porphyry copper deposits (e.g., Superior/Globe-Miami/San Pedro Valley), B) upper-
mid-crustal S-type granites and low-grade metamorphic rocks (e.g. Santa Catalina
Mountains), C) mid-lower crustal high-grade metamorphic rocks and migmatites (e.g.,
Harcuvar and Harquahala Mountains), D) lower crustal garnet-clinopyroxene xenoliths
(e.g. Chino Valley), accreted pieces of the Farallon slab (Orocopia Schist), and E)
subduction interface of the Farallon Plate (e.g. minor serpentinized peridotites and
Orocopia Schists at Cemetery Ridge). Right Column: Probability density function plots
showing a strong correlation between Laramide orogenesis and anatexis, the zenith
of granitic magmatism and porphyry genesis, and metamorphism of the subducted
Farallon slab. (i) published zircon U-Pb and molybdenite Re—Os ages from igneous
rocks associated with porphyry copper deposits (Table S1); (i) U-Pb zircon and K-Ar
ages of I-type and S-type granites and volcanics (Table S1); and (iii) metamorphic U—
Pb monazite ages from the Harcuvar Mountains (this study) and published zircon U-
Pb ages from the Orocopia Schist at Cemetery Ridge, Plomosa Mountains343®, and
garnet-clinopyroxene xenoliths?’.

Figure 6: Sequential Laramide porphyry copper deposit model for flat-slab subduction
in Arizona showing the transition from a steep-slab to a flat-slab geometry and
evolution of the geothermal gradient through time, with labels (i), (i) and (iii)
representing particle positions within the Farallon slab through time. A) Early Laramide
orogenesis (85-75 Ma) is associated with steep subduction and arc magmatism/
volcanism in western Arizona and California. B) During peak Laramide orogenesis
(75-55 Ma), flat-slab subduction shuts off the mantle wedge, resulting in the
termination of arc volcanism and increased tractions on the base of the plate causing
crustal thickening and anatexis. C) Thermal profile of Laramide crust at ~75-55 Ma
showing the location of Farallon slab dehydration and zone of supra-solidus
temperatures causing crustal anatexis. D) P-T diagram showing the calculated
Laramide geothermal gradient, conditions of crustal anatexis, and lowering of the
solidus temperature by fluxing in external water. Geological features: (1) Orocopia
Schist (Farallon Plate) ~0.8 GPa and 660°C ~70-65 Ma; (2) Hercules Thrust (top-
SSW) ~85-71 Ma; (3) Harcuvar and Harquahala mountains migmatites ~0.75 GPa
and 750-780°C ~73—-60 Ma; (4) Tank Pass & Browns Canyon S-type granites (cuts
Hercules Thrust) ~79-70 Ma; (5) NW Arizona PCDs ~73-68 Ma (Bagdad, Mineral
Park, Diamond Joe, Copper Basin, Crown King); (6) Coyote Mountains Pan-Tak S-
type granite ~58 Ma which intruded syn-Baboquivari Thrusting (top-ENE); (7) SE
Arizona PCDs ~72-56 Ma (e.g., Ray, Resolution, Globe-Miami, San Manuel, Copper



Creek, Sierra Rita, Texas Canyon, Morenci & Safford); (8) Galiuro Mountains Thrusts
(top-ENE) ~73-60 Ma; (9) Santa Catalina mountains Wilderness & Pinalefio S-type
granites ~58-50 Ma; (10) 'Maricopa Thrust’ syn-Wilderness S-type granites (top-
WSW) ~58-50 Ma; (11) Water-saturated melting of ca. 1.7-1.1 Ga mafic lower crustal
source between 75-55 Ma; (12) CPTZ garnet-clinopyroxene xenoliths ~150 Ma & 75
Ma.
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