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Reports of magmatic anhydrite are relatively rare, with only ~30 occurrences documented worldwide so far. However, magmatic
anhydrite saturation is difficult to recognize because anhydrite decomposes rapidly in near-surface environments. In most cases, only
anhydrite inclusions shielded within other phenocryst phases were able to survive. Alternatively, since anhydrite phenocrysts preserved
in fresh volcanic rocks are characteristically intergrown with apatite phenocrysts, the former presence of anhydrite phenocrysts can be
recognized based on the occurrence of lath-shaped cavities that show a strong spatial association with apatite phenocrysts. These
cavities can be either empty or filled with low-temperature, secondary minerals such as zeolites, carbonates, or microcrystalline
silica. A systematic search for the occurrence of such cavities, combined with optical and Raman-spectroscopic identification of
anhydrite inclusions preserved within apatite, hornblende and quartz phenocrysts, demonstrates that most of the Laramide-age
magmas associated with the Santa Rita and Hanover-Fierro porphyry-skarn Cu (Zn, Mo, Au, Pb) deposits were saturated in magmatic
anhydrite. The anhydrite typically coexisted with monosulfide solid solution (MSS), suggesting oxygen fugacities of ~2.0 £0.5 log units
above the fayalite-magnetite—quartz buffer. The magmas range from andesitic to rhyodacitic in composition, and from shortly pre-
mineralization (~61 Ma) to shortly post-mineralization (~57 Ma) in age. In three samples with particularly well-recognizable former
anhydrite phenocrysts, their modal abundance could be quantified based on high-resolution scans of polished hand specimens. The
observed modal anhydrite abundances of 0.63 to 1.8 vol % translate into minimum magma sulfur contents of 0.20 to 0.56 wt % S. The
highest sulfur content of 0.56 wt % S is difficult to reconcile with available anhydrite solubility models, but it could be reproduced in an
anhydrite solubility experiment performed at 950°C and 1.15 GPa on a natural latite containing 13.1 wt % dissolved H,0. The sample
with the second-highest sulfur content of 0.26 wt % S requires ~10 wt % H,O in the silicate melt, and, consequently, a minimum
pressure of ~0.5 GPa. Taken together, the results suggest that the magmas of the Central Mining District were extremely hydrous
and thus originated from great depth. Indeed, their major element compositions and reconstructed H,O and S contents agree well
with experimentally observed and numerically predicted compositions of residual silicate melts after 50 to 70 wt % crystallization of
ordinary arc basalts at high pressure and high oxygen fugacities.
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INTRODUCTION

Magmatic anhydrite has been described from ca. 30 magma
systems worldwide, all of which occur in arc settings (Table 1).
However, its former presence is difficult to demonstrate because
anhydrite decomposes rapidly in near-surface environments.
Luhr et al. (1984) reported that anhydrite phenocrysts present
in volcanic ashes sampled two weeks after the 1982 eruption
of El Chichén volcano in Mexico, had already vanished after

anhydrite to be intergrown with apatite microphenocrysts (Fig. 1),
any lath-shaped cavities that show a strong spatial association
with apatite microphenocrysts and occur in otherwise little-
altered rocks may represent former anhydrite phenocrysts. This
relation was first recognized by Audétat et al. (2004) on a sample
from Santa Rita, NM (sample SR08, discussed below) based on the
observation that incompletely shielded, lath-shaped inclusions
next to completely shielded anhydrite inclusions within apatite

a single rainy season. For this reason, evidence for the former
presence of anhydrite in fossil magma systems stems mostly from
rare anhydrite inclusions within other phenocrysts, where they
were shielded from near-surface waters (Luhr et al., 1984; Luhr,
2008). On the other hand, due to the strong tendency of magmatic

were filled with the same orange-colored, microcrystalline SiO,
powder as those present in larger cavities spatially associated
with apatite microphenocrysts. Magmatic anhydrite was later
described from four more samples from Santa Rita (Audétat &
Pettke, 2006). In the present study, we show that virtually all
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Table 1: Previous reports of magmatic anhydrite

Occurrences Mineralization References

Volcanic rocks (n=13)

Aucanquilcha, Chile none Hutchinson & Dilles (2019)

Cerro La Lanza, Mexico none Luhr (2008)

El Chichdn, Mexico none Luhr et al. (1984); Rose et al. (1984); Luhr (2008)
Julcani, Peru none Drexler & Munoz (1985); Luhr (2008)

Volcéan Lascar, Chile none Matthews et al. (1994, 1997); Luhr (2008)

Mount Lamington, Papua New Guinea none Arculus et al. (1983); Luhr (2008)

Nevado del Ruiz, Colombia none Fournelle et al. (1996); Melson et al. (1990); Luhr (2008)
Mount Pinatubo, Philippines none Imai et al. (1993); Luhr & Melson (1996); Pallister et al. (1996)
Redoubt Volcano, USA none Swanson & Kearney (2008)

San Juan volcanic field, USA none Parat et al. (2002, 2005); Luhr (2008)

Sheveluch Volcano, Russia none Dirksen et al. (2006); Luhr (2008)

Sutter Buttes, USA none Luhr (2008)

Yanacocha mining district, Peru
Intrusive rocks (n=15)

Bingham Canyon deposit, USA porphyry Cu-Au-Mo
Black Mt deposit, Philippines porphyry Cu-Au
Cajon Pass, USA none

Cerro de Pasco deposit, Peru epithermal Pb-Zn-Ag

Christmas deposit, USA porphyry Cu
Duolong deposit, China porphyry Cu-Au
El Salvador deposit, Chile porphyry Cu
El Teniente deposit, Chile porphyry Cu

Encuentro deposit, Chile porphyry Cu-Mo-Au
Grasberg deposit, Indonesia porphyry Cu-Au
Middle Urals, Russia none

Northparkes deposit, Australia porphyry Cu-Au
Qulong deposit, China porphyry Cu-Mo
Robinson deposit, USA porphyry Cu-Au
Santa Rita deposit, USA Porphyry Cu-Mo-Au
Yerington mining district, USA Porphyry Cu

Yulong deposit, China Porphyry Cu-Mo

epithermal Au; porphyry Cu-Au

Chambefort et al. (2008)

Zhang & Audétat (2017); Grondahl & Zajacz (2017)
Cao et al. (2018)

Barth & Dorais (2000); Luhr (2008)

Rottier et al. (2020)

Hutchinson & Dilles (2019)

Lietal. (2021)

Hutchinson & Dilles (2019)

Stern et al. (2007); Luhr (2008)

Hutchinson & Dilles (2019)

Sulaksono et al. (2021)

Pribavkin et al. (2013)

Lickfold et al. (2003)

Xiao et al. (2012)

Hutchinson & Dilles (2019)

Core et al., 2001; Audétat et al. (2004); Audétat & Pettke (2006)
Hutchinson & Dilles (2019)

Chang et al. (2018)

magmas of ~61-57 Ma age in the Santa Rita — Hanover-Fierro area
(i.e. the Central Mining District) were saturated in anhydrite, and
some contained up to 0.56 wt % sulfur, which indicates very high
water contents and thus magma fractionation at high pressure.

GEOLOGY OF THE CENTRAL MINING
DISTRICT

The Central Mining District is composed of (1) the giant Santa
Rita porphyry-skarn Cu (Zn-Mo-Au-Pb-Ag) deposit (3.0 Gt ore @
0.47 wt % Cu, 0.008 wt % Mo, 0.06 g/t Au; 1.4 g/t Ag; Mutschleret al.,
1999; Singer et al., 2008), centered on the composite Santa Rita
granodiorite porphyry stock, (2) the large Continental Mine skarn-
type Cu-Fe (Au, Ag) deposit (also called Hanover Mt. deposit; 1.4
Gt ore @ 0.34 wt % Cu, 0.01 g/t Au, 9.5 g/t Ag; Mutschler et al,,
1999; Singer et al., 2008), located at the northwestern margin of the
Hanover-Fierro pluton, (3) numerous smaller replacement-style
and vein-type Cu-Fe-Zn-Ag-Pb deposits in the sediments around
these two intrusions, plus (4) a few Cu-Mo mineralized breccia
pipes (Einaudi, 1982; Hernon & Jones, 1986; Hillesland et al., 1995;
Thoman et al.,, 2006; Hannink, 2010). Available zircon U-Pb ages
(Mizer et al., 2015; plus own, unpublished data) and molybdenite
Re-Os ages (Hannink, 2010) suggest that all these deposits formed
between ~61 and ~ 57 Ma during the Laramide orogeny.
According to the seminal work of Hernon et al. (1964) and
Jones et al. (1967) and recent geochronology data of Mizer et al.
(2015), Laramide magmatism in the Central Mining District
started at 59.5+0.8 Ma with the intrusion of voluminous sills
and laccoliths of syenodioritic to quartz dioritic compositions

into the Paleozoic and Mesozoic sediments (limestone, sandstone,
shale, dolomite) (Fig. 2; Table 2). Subsequently, small andesite and
trachyte sills and a few mafic dikes were emplaced. This was
followed by the emplacement of multiphase intrusions at Santa
Rita (59.8+1.2 Ma) and Hanover-Fierro (58.5+0.9 Ma), which
are granodioritic in composition and are genetically associated
with the bulk of the mineralization. At approximately the same
time, numerous granodiorite porphyry dikes were emplaced at
58.7+0.7 Ma within a 3 km wide corridor that extends from
west of the Santa Rita stock to the north of the Hanover-Fierro
pluton. Some dikes terminate at the contact to the Hanover-
Fierro pluton, other dikes cut it, and two dikes seem to emanate
from the northern rim of the Santa Rita stock. After that, late-
mineralization to post-mineralization porphyry dikes of quartz
monzonitic (58.3+0.8 Ma), quartz latitic, latitic, rhyodacitic
(59.0£0.7 Ma; our own data suggest ~57.0 Ma) and rhyolitic
composition were emplaced in the same corridor, with the largest
number of dikes being present within the Hanover-Fierro pluton
and a few kilometers SSW of it (Fig. 2; Table 2). Because we had
difficulties with the classification of rhyodacite porphyry dikes
and quartz latite porphyry dikes used by Hernon et al. (1964) and
Jones et al. (1967), we used our own criteria to classify this group
of rocks: latite porphyry dikes only contain small phenocrysts
of mafic minerals and plagioclase; quartz latite porphyry dikes
are similar to latite porphyry dikes but contain a few, usually
large, quartz phenocrysts; rhyodacite porphyry dikes contain
generally larger phenocrysts, including quartz and potassic
feldspar; rhyolite porphyry dikes contain very abundant quartz
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Fig. 1. Characteristics of magmatic anhydrite phenocrysts in fresh volcanic rocks. (a, b) Magmatic anhydrite phenocrysts in pumice of the 1982 El
Chichén eruption, Mexico (images reproduced with permission from Luhr, 2008). (c, d) A large, plagioclase-hosted anhydrite inclusion and an anhydrite
phenocryst in pumice of the 1991 Mount Pinatubo eruption, Philippines (image c reproduced with permission from Fournelle et al., 1996; image d
reproduced with permission from Bernard et al., 1991). Notice the strong spatial association of anhydrite with apatite in all cases. an, anhydrite; ap,
apatite; pl, plagioclase. The scale bar on the lower left side of (d) is 100 pm long.

phenocrysts. In the North Star Basin in the northwest corner of
Fig. 2, there is a mafic volcanic plug with radiating mafic dikes.
The age of these mafic rocks is controversial, but some seem to
predate the above magmas by at least 10 m.y.,, whereas others
are >10 m.y. younger (see Supplementary Information). For this
reason, and because the older mafic magmas are geochemically
distinct from all the other magmas (Fig. 3), they are not discussed
in the present study except for reporting their petrography and
whole-rock composition.

METHODS

A total of 59 samples were investigated, including ones that were
previously discussed in Audétat et al. (2004) and Audétat & Pettke
(2006). During field work 0.5 to 1.0 kg material was collected from
each sample. From the freshest 18 samples ca. 0.25 kg material
was sent for whole-rock analyses to the ALS company (Brisbane,
Australia; www.alsglobal.com). The analytical procedure involved
crushing and pulverizing until 85% of the material had a grain
size <75 pm, measuring the loss on ignition on one aliquot of
this powder, fusing another powder aliquot with added lithium
tetraborate to a glass disc, dissolving the glass in an acid solution,
and then measuring both major elements (SiO,, Al,O3, Fe,03 tot,
Ca0, Mg0, Nay0, K, 0, TiO,, MnO, P,Os) and trace elements (Ba, Ce,

Cr, Cs, Dy, Er, Eu, Ga, Gd, Hf, Ho, La, Lu, Nb, Nd, Pr, Rb, Sc, Sm, Sn, Sr,
Ta, Tb, Th, Tm, U, V, W, Y, Yb, Zr) on this dissolved solution using
inductively coupled-plasma mass-spectrometry (ICP-MS).

A portion of the remaining sample material was cut with a
diamond saw into slabs of ca. 1-cm thickness. One slice of each
sample was polished on silicon carbide paper to a grit size of
280, and then covered with glycerol and scanned at a resolution
of 2000 ppi on a standard desktop scanner. From each sample,
one to five doubly polished sections of 100 to 200 pm thickness
were prepared and studied with a standard petrographic
microscope. The focus of this analysis was to determine the
modal abundances of the various minerals, including former
anhydrite phenocrysts, and on preserved anhydrite inclusions.
Only inclusions completely enclosed within their host mineral
and not intersected by any cracks of fluid inclusion trails were
considered. Presumed anhydrite inclusions were subsequently
analyzed by Raman spectroscopy. The utilized system is a
Horiba Scientific LabRAM HR800 Laser Raman Spectrometer
equipped with a HeNe laser source that generates a wavelength
of 632.8 nm. The spectra were collected with an exposure time of
20 s and two accumulations. Anhydrite can be unambiguously
identified based on prominent Raman bands at ~1017 cm™!
and ~1129 cm™!, and smaller ones at ~416, 499, 627, 675, and
1159 cm~t.
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Fig. 2. Simplified geological map of the Central Mining District, modified after Hernon et al. (1964), showing the main magmatic units and the
sampling points with corresponding sample numbers. Samples 22, 25, 26, 27, 31, and 54, for which only the whole-rock compositions are shown, were

sampled outside the displayed area.

Anhydrite solubility experiments were performed on the
whole-rock powder of sample SR123a by adding various amounts
of distilled H,0 and reagent-grade CaSO4-2H,0. The whole-rock
powder was first mixed thoroughly with CaSO4-2H,0 and filled
into Au capsules of 5.0 mm outer diameter, 4.6 mm inner
diameter, and 7.3 mm length. After adding 6.0 to 10.0 wt % H,0O
with a pipette, an Au disc of 4.6 mm diameter and 1.0 mm height
was inserted, and then the capsule was compressed in a special

vice such that no volatiles could escape during the welding of the
top Aulid (Audétat & Bali, 2010). The experiments were performed
at 950°C to 1000°C and 0.70 to 1.30 GPa nominal pressure in an
end-loaded piston cylinder press, using pure MgO assemblies
featuring a graphite heater and a 0.1-mm-thick outermost
graphite foil to minimize friction. A friction correction of 0.15 GPa
was applied to all experiments, based on calibrations performed
with synthetic fluid inclusions in corundum. Temperature
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Age (Ma)' Unit? Rock type? Age relative to mineralization Samples
<46.64+0.9 TKd Hornblende diorite dikes >10 m.y. later 25,27

46.6+0.9 TKg Orthoclase gabbro plug >10 m.y. later not sampled
(59.0+£0.7)* Tlq Rhyolite porphyry dikes post-min. 126

(59.04£0.7)% Tlg + Tl Rhyodacite porhpyry dikes post-min. 09,15,122,129
(59.0£0.7)% Tlg+ Tl Latite porphyry dikes post-min. 102,123a
(59.0+£0.7)* Tlg + Tl Quartz latite porphyry dikes late-min. 110

58.3+0.8 Tqm Quartz monzonite porphyry dikes late-min. 108,112,113,118
58.5+0.9 Thg Hanover-Fierro granodiorite pluton syn-min. 16,134,136,137
58.7+0.7 Tg Granodiorite porphyry dikes syn-min. 08,20,46,100,101,105
59.8+1.2 Tsq Santa Rita granodiorite porphyry stock syn-min. 06,115,123b
n.d. Kt Trachyte porphyry sills pre-min. not sampled
n.d. Ksy Syenodiorite porphyry sills pre-min. not sampled
60.5+1.5 Klp (Tlp) Hornblende-quartz diorite sills pre-min. 130,133
59.5+0.8 Kep (Tep) Quartz diorite porphyry sills pre-min. 132

n.d. Ka Augite-hornblende andesite porphyry sills pre-min. 128

>7142 (?) TKm Mafic porphyry dikes >10 m.y. earlier 22,26,31,47
>71+2 TKab Andesite breccia >10 m.y. earlier 54

1Zircon LA-ICP-MS U-Pb ages of Mizer et al. (2015), except for the TKab unit, the age of which is constrained by crosscutting relations with the Pifios Altos

stock (71 +2 Ma; K-Ar; McDowell, 1971)

2Nomenclature according to Hernon et al. (1964); with revised nomenclature according to Mizer et al. (2015) shown in parentheses
3Nomenclature according to Hernon et al. (1964) and Jones et al. (1967), except for the three rock types listed under Tlq + Tli, which were defined in the present

study
4Own, unpublished CA-ID-TIMS zircon U-Pb ages suggest 57.0-57.5 Ma

was measured with a Type S thermocouple. Since the sulfur
solubilities were measured at the top of the Au capsule next to
the thermocouple, the temperature uncertainty should be <10°C.
The runs were terminated after 22 to 47 hours by switching off
the power, which resulted in a cooling rate of up to 130°C/second.
Longitudinal sections through the capsules were mounted in
epoxy, polished to a diamond grain size of 1/4 um, and then coated
with a carbon layer of ~12 nm thickness.

Experimental silicate glasses were analyzed with a JEOL JXA-
8200 electron microprobe equipped with two TAP crystals, two PET
crystals and one LiFH crystal, using 15 kV acceleration voltage,
10 nA current, and a beam defocused to 10 pm. Silicon, Na, K,
S, and Fe were measured first, followed by F, Al, Cl, Ca and Mn,
and then Mg, P, and Ti. Counting times were 10 s on peak and
5 s on each background (=10/2x5) for Na and K, 20/2x10 for Si,
Al, Ti, Fe, Mn, Mg, Ca, and P, and 60/2x30 for F, Cl, and S. The
calibration was made on the following standards: albite (Na),
andalusite (Al), apatite (P), diopside (Ca) fluorite (F), forsterite (Mg),
hematite (Fe), orthoclase (K), quartz (Si), rhodonite (Mn), rutile
(Ti), and sodalite (Cl). Sulfur was calibrated on baryte because the
experimental glasses were very oxidized (anhydrite stable and no
sulfides present; see below). A sulfur-rich andesite glass (sample
SA3 of Botcharnikov et al., 2011, containing 0.32 wt % S normal-
ized dry) was analyzed as an unknown, and the results match
the reference value within 7%. The low totals of the electron
microprobe analyses were used to obtain rough estimates on the
water contents of the silicate glasses for comparison with the FTIR
analyses (see below). For that purpose, measurements were also
performed on a set of basaltic to rhyolitic glasses with known
water contents, and based on the results a correction was applied
to the unknowns.

The sulfur content of the experimental glasses was also
analyzed with a 193 nm ArF Laser (GeolasPro; Coherent, USA)
attached to a quadrupole ICP-MS (Elan DRC-e; Perkin Elmer,
Canada). The laser fluence at the sample surface was 10 to
20 J/cm?, and the laser repetition rate was 5 to 10 Hz. The
measurements were performed in a rhombic sample chamber
with an internal volume of ~8 cm?, flushed with He gas at a rate

of 0.4 I/min, to which 5 ml/min H, was subsequently admixed
on the way to the ICP-MS. The ICP-MS system was tuned to a
ThO/Th oxide formation rate of 0.05% to 0.10% and a rate of
doubly charged Ca ions of 0.15-0.20% using measurements of
NIST SRM 610 glass. Analyzed isotopes were *Na, »>Mg, *°Si,
325, 345, K, “3Ca, °Ti, **Mn, *’Fe, using dwell times of 10 to
50 ms per isotope. External standardization of major and minor
element concentrations was based on the andesitic GSE-1G glass
(USGS; using the reference values listed on the GeoReM webpage),
whereas sulfur was standardized on an in-house andesite glass
standard that contains 0.43 wt % S, based on electron microprobe
analyses. Internal standardization was done by normalizing the
sum of all major and minor element oxides to 100 wt %. Test
measurements on the andesitic SA3 glass of Botcharnikov et al.
(2011) returned sulfur concentrations that matches the reference
value within 5%.

The H,O and CO, contents of the quenched silicate melts
of three samples (Anhy-1, Anhy-3, and Anhy-5) were quantified
via FTIR. The measurements were performed on doubly polished
sections of 150 pm thickness using a Bruker IDS Fourier-transform
spectrometer attached to a Bruker IR-scope 1 microscope. Near-
infrared spectra were obtained using a tungsten light source
and a Si-coated CaF, beam splitter, whereas mid-infrared spec-
tra were obtained using a Globar light source and a KBr beam
splitter. All spectra were collected using a narrow-band MCT
detector. Total water contents (dissolved as molecular H,O and
OH™) were determined from the heights of the absorption bands
at 5200 cm~! and 4500 cm™?, using absorption coefficients of
1.14 and 1.12 1 mol~*.cm™!, respectively, determined by Ohlhorst
et al. (2001) for a dacite glass with 62.5 wt % SiO,. Total carbon
contents (dissolved as CO3?~ and minor molecular CO,) were
determined from the heights of the absorption bands at 1515 cm™!
and 2345 cm™, respectively, using absorption coefficients of 170
and 1000 1 mol~*.cm~!, respectively, estimated from the work of
Nowak et al. (2003), Behrens et al. (2004) and Morizet et al. (2002).
The peak height of each band was quantified by subtracting
the visually best fitting baseline (the latter linear for H,O, and
curved for CO,). The glass densities were calculated based on the
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southwestern USA (open circles; unpublished data) and a global compilation of ordinary arc magmas (gray dots; non-fertile data of Loucks, 2021). The
rock nomenclature in the Na;O + K0 vs SiO, diagram is from Le Bas et al. (1986), whereas the alkaline/subalkaline division is from McDonald &
Katsura (1964). The samples of the Central Mining District are divided into three age groups: (1) samples that are broadly contemporaneous with the
age of mineralization (~61-57 Ma); (2) samples that are at least 10 Ma younger (<47 Ma), and (3) samples that are at least 10 Ma older (>71 Ma). Notice
the shoshonitic nature of the latter samples, which is distinct from the high-K calc-alkaline nature of all other samples.

density model of Ohlhorst et al. (2001) for a dacite glass. Uncer-
tainties in the calculated H,O and CO, concentrations are ca. +0.5
and + 0.05 wt %, respectively, and include uncertainties associated
with the sample thickness (measured with a micrometer), glass
density, absorption coefficients, and the reproducibility of the
measurements.

RESULTS

Whole-rock chemistry

The major element compositions of 18 whole-rock samples are
provided in Table 4. The ~61- to 57-Ma intrusions broadly asso-
ciated with mineralization contain between 56.5 and 76.3 wt
% Si0, (normalized dry) and plot in the fields of basaltic andesite,
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andesite, trachyandesite (also called latite), dacite, trachydacite,
and rhyolite in the total alkalis vs SiO, (TAS) diagram (Fig. 3). They
are all subalkaline expect for sample SR102, which has an anoma-
lously high Na,O content, probably due to sodic alteration. In the
K,0 vs SiO, diagram, they all plot within or very close to the high-
K calc-alkaline field, in contrast to the >71 Ma magmas, which are
clearly shoshonitic. The high K,O content of aplite sample SRO6
likely reflects high-temperature potassic alteration. The ~61- to
57-Ma magmas follow the same major element trends as those
of other Laramide-age rocks of southwestern USA (unpublished
data from Ajo, Bagdad, Chilito, Christmas, Copper Basin, Crown
King, Diamond Joe, Granite Peak, Morenci, Pine Flat, Ray, Safford,
San Manuel, Silver King, Tyrone mines) and of global, non-fertile
arc magmas (Loucks, 2021) (Fig. 3).

Petrography

An overview of the investigated samples is given in Table 2,
and their petrographic characteristics and sample coordinates
are provided in Table 3. Scans of selected hand specimens are
shown in Fig. 4, whereas the scans of all other samples are
provided in Appendix 1. Most samples contain phenocrysts
of plagioclase, amphibole, biotite, quartz, magnetite, apatite,
and titanite, whereas phenocrystic potassic feldspar, ilmenite,
allanite, and/or pyroxene are present only in some samples. In
about half of the samples the amphibole, biotite, and plagioclase
phenocrysts are altered. Intact amphibole phenocrysts commonly
contain sulfide inclusions, whose pyrrhotite-rich composition
and commonly platy shape suggest that they were trapped as
monosulfide solid solution (MSS). Samples SR15 and SR26 are
exceptions to this, containing very small, Cu-rich inclusions that
were trapped as sulfide liquid (see also Audétat & Pettke, 2006;
Chang & Audétat, 2018). The matrix of all samples is very fine-
grained, typically <0.1 mm grain size, and makes up 40 to 90 vol
% of the rock (average 60 vol %) (Table 3).

As mentioned in the introduction, the presence of former
anhydrite phenocrysts in minimally altered porphyritic rocks can
be recognized based on cavities spatially associated with apatite
phenocrysts. These cavities can be either empty or they can be
filled with low-temperature, secondary minerals, such as zeo-
lites, carbonates, or microcrystalline silica. An exceptionally fresh
post-mineralization latite dike sampled within the Santa Rita
pit contains anhydrite phenocrysts that are still partly intact
and partly replaced by zeolite at their rims (SR123a; Fig. 5a).
Sample SRO8 (Fig. 5b) is a syn-mineralization granodiorite por-
phyry that contains particularly well-recognizable former anhy-
drite phenocrysts. This sample has previously been studied by
Audétat et al. (2004) and Audétat & Pettke (2006), and the following
observations led the authors to conclude that the orange-colored
cavities in this sample represent former anhydrite phenocrysts:
(i) the strong spatial association of these cavities with apatite
phenocrysts; (ii) the occurrence of anhydrite inclusions within
apatite-, amphibole- and quartz phenocrysts; and (iii) the fact
that lath-shaped, apatite-hosted inclusions that are truncated by
cracks are filled with the same orange-colored microcrystalline
SiO, powder as the one present in the cavities (Figs. 5¢, d). The
partial replacement of anhydrite phenocrysts by microcrystalline
SiO, in sample SR123 (Fig. 5a) confirms this conclusion. Exam-
ples in which former anhydrite phenocrysts were replaced by
zeolite, calcite or siderite are shown in Fig. 5e, 5f and 5g, whereas
in the sample shown in Fig. 5h the anhydrite phenocrysts were
only dissolved and thus are now represented by empty cavities.
Electron microprobe and LA-ICP-MS measurements suggest that
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the zeolites are variably Sr- and Ba-enriched members of the
phillipsite-Ca series.

Anhydrite inclusions are most abundant in apatite phe-
nocrysts, followed by amphibole (in which they are much more
difficult to recognize because of the strong coloration of the
host, which commonly masks also the characteristically high
interference colors of the anhydrite inclusions), plagioclase,
and finally quartz. Figure 6 shows five examples of apatite-
hosted anhydrite inclusions and one example of amphibole-
hosted anhydrite inclusions, together with corresponding Raman
spectra to confirm the identity of anhydrite. Additional examples
of anhydrite inclusions and corresponding Raman spectra are
shown in Appendix 2.

In three samples with particularly well recognizable former
anhydrite phenocrysts, their modal abundance was quantified
on high-resolution scans (Fig. 7). In the scans of samples SR08
and SR16 the cavities were first outlined by hand, and their
total area was then quantified by means of an imaging software
(Figs. 7a, b). The empty cavities of sample SR102 (Fig. 5h) were
filled with yellow paint prior to the scanning (Fig. 7c), which
allowed their abundance to be directly quantified by means of
the image processing software without the need to first outline
them by hand. The reconstructed abundances of former anhydrite
phenocrysts range from 0.63 to 1.75 vol %, which corresponds
to sulfur contents of 0.20 to 0.56 wt % S if a magma density of
2.2 g/cm? is assumed. The magma density was calculated with
the model of Tacovino & Till (2019), using the compositions and
reconstructed liquidus temperatures of samples SR137 and SR102
and an average H,O content of 10 wt % (see below). These sulfur
contents are minimum estimates for the bulk magmas because
additional sulfur was present in the silicate melt, and because
additional sulfur may have been lost an exsolving fluid phase
during magma ascent from depth. Sample SRO8 represents a phys-
ical mixture between a mafic magma and an anhydrite-bearing,
dacitic to rhyodacitic magma (Audétat et al., 2004; Audétat & Pet-
tke, 2006), hence the anhydrite content of the felsic endmember
must have been substantially higher than the 0.63 vol % of the
mixture.

DISCUSSION

Anhydrite phenocrysts in the Hanover-Fierro
pluton

Anhydrite was for the first time reported from the Hanover-
Fierro pluton by Core et al. (2001), where it was described to
occur ‘in interstices and as inclusions in K-feldspar and quartz’
in two samples from a deep drill hole. It is unclear whether
the ‘interstices’ correspond to the former anhydrite phenocrysts
identified in the present study, but the preservation of unshielded
anhydrite in the deep drill hole confirms the general notion
that anhydrite is dissolved by near-surface waters. The former
anhydrite crystals identified in samples SR16, SR136, and SR137
clearly represent phenocrysts, as they are much larger than
the grains of the matrix (Fig. 7b). The presence of anhydrite
phenocrysts in the Hanover-Fierro pluton is significant, as the
fluids that produced skarn deposits at its margin appear to
have originated from this intrusion. One may thus think that
any pre-existing anhydrite phenocrysts should have dissolved
during the exsolution of fluids from this magma. However,
the following discussion shows that this is not necessarily
the case.

The Hanover-Fierro pluton covers an area of ~5 km?. If all
the fluid that produced the Continental skarn deposit at its
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Fig. 4. Scans of selected hand specimens. After cutting with a diamond saw, the samples were polished on 280 grit SiC paper and then covered with
glycerol. Sample SR123 shows a dark, fine-grained latite (SR123a) that hosts a coarse-grained granodiorite xenolith (SR123b). Additional scans of all
other samples are shown in Appendix 1.

northwestern margin was sourced locally (i.e. from <1 km depth
below the deposit), it would have been derived from a magmatic
volume of max. 5 km?. This magma volume is far too small to
have provided all the fluid and metal that was required to produce
the 4.8-Mt Cu contained in the Continental deposit. Assuming a
magma density of 2.2 g/cm® and a Cu content of <100 ppm in
the dacitic magma (e.g. Beccaluva et al., 1985; Moss et al., 2001;
Jenner et al., 2010, 2015; Park et al., 2015; Keith et al., 2018; Brandl
et al., 2023), at least 22 km? magma was required to supply all
this copper. This is a minimum estimate because (i) most dacitic
magmas in the above-cited studies contain less than 50 ppm
Cu, (ii) the 4.8 Mt Cu refers only to the economically mineable ore,
whereas the total Cu mineralization is considerably larger, and
(iii) because neither the Cu extraction from the magma nor the
Cu precipitation at the site of the ore deposit was likely 100%
efficient. A minimum magma volume of 22 km? is indicated also
by a mass balance for H,O. For this calculation, it is assumed
that the mineralizing bulk fluid contained at most 1000 ppm Cu

(Cernuschi et al., 2023) and that the magma contained 10 wt %
H,0O (see below). Consequently, most of the ore-forming fluids
must have exsolved at greater depth and then have percolated
through the currently exposed parts of the Hanover-Fierro pluton.
This seems to have happened at (near-) magmatic conditions
because the hornblende, biotite, and feldspars in the rocks of
the Hanover-Fierro pluton appear fresh (Fig. 7; Appendix 1). The
occurrence of anhydrite phenocrysts in rapidly quenched gra-
nodiorite dikes of similar age, mineralogy and composition of
the Hanover-Fierro pluton implies that the anhydrite phenocrysts
were already present at depth. Therefore, any fluids that exsolved
from these magmas were already anhydrite-saturated, and during
their ascent to the current exposure level of the Hanover-Fierro
pluton they likely became anhydrite-oversaturated, due to the
decrease of pressure and temperature (Creaser et al., 2022). Hence,
there was no reason for these fluids to dissolve existing anhydrite
phenocrysts during their percolation through the Hanover-Fierro
pluton.
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Fig. 5. Petrographic characteristics of preserved and altered anhydrite phenocrysts in rocks of the Central Mining District. (a) Left: transmitted-light
photomicrograph of a mostly intact anhydrite phenocryst in a thick section of sample SR123a. Right: reflected-light photomicrograph of another
anhydrite phenocryst in the same sample, showing partial replacement of the anhydrite by zeolite. Notice the association of both anhydrite
phenocrysts with small apatite microphenocrysts. (b) Photograph of sample SR08, which contains conspicuous, lath-shaped cavities filled with
orange-colored, microcrystalline silica. One of them is intergrown with a large apatite phenocryst. Notice the intact nature of plagioclase and
hornblende phenocrysts, which prompted the question what former mineral was present in the cavities. (c) Left: binocular view of an apatite
phenocryst hosting a large, lath-shaped inclusion that is now replaced by orange-colored, microcrystalline silica. Right: view of the same crystal in
cross-polarized transmitted light. A small anhydrite inclusion occurs on the same growth zone as the one along which the large, lath-shaped inclusion
filled with microcrystalline silica occurs. (d) Schematic illustration of the relationships shown in panels b and ¢ (modified after Audétat et al., 2004).
(e-g) Transmitted-light images of thick-sections in which former anhydrite phenocrysts were replaced by zeolites (e; sample SR122), calcite (f; sample
SR20), or siderite (g; sample SR113). (h) Photograph of a cut surface of sample SR102, which contains lath-shaped cavities in otherwise little-altered
rock (notice the fresh nature of plagioclase and hornblende crystals). Some of the cavities are associated with apatite phenocrysts. Anhy, anhydrite;
apa, apatite; hbl, hornblende; plag, plagioclase; zeo, zeolite; calc, calcite; sid, siderite.
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Fig. 6. Transmitted-light and cross-polarized photomicrographs of anhydrite inclusions in apatite and hornblende phenocrysts, plus corresponding
Raman spectra. Anhydrite produces prominent Raman bands at ~1017 cm~! and~ 1129 cm~?, and smaller ones at ~416, 499, 627, 675 and 1159 cm™1.
Some apatites are strongly fluorescent, masking less intense bands of anhydrite inclusions. The birefringence of anhydrite (A =0.044) is similar to that
of olivine (A =0.035-0.053) or muscovite (A =0.036-0.054). Images and Raman spectra of anhydrite inclusions in other anhydrite-bearing samples are

shown in Appendix 2.

Magmatic fO,, S-, and H,0 content

The presence of anhydrite in arc magmas requires oxygen fugac-
ities of at least 1.5 log units above the fayalite-magnetite-quartz
(FMQ) buffer (e.g. Jugo et al., 2010; Botcharnikov et al., 2011; Parat
etal.,2011; Matjuschkin et al., 2016; Liet al., 2019). Intact amphibole
phenocrysts from the Central Mining District commonly contain
also MSS-type sulfide inclusions (Table 3). The fO, of these mag-

mas was thus within the anhydrite+MSS stability field, which
ranges from ca. 1.5 log units to ca. 2.5 log units above the FMQ
buffer (Parat et al, 2011; Li et al, 2019; Kleinsasser et al., 2022).
An independent fO, estimate was obtained for sample SR102,
which contains optically homogeneous magnetite and ilmenite
phenocrysts. Electron microprobe analyses of six magnetite phe-
nocrysts and three ilmenite phenocrysts from that sample are
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Fig. 7. Scans of polished hand specimens and corresponding illustrations showing the abundance of former anhydrite phenocrysts in black. In sample
SR102 the cavities were filled with yellow paint prior to scanning, and the corresponding anhydrite abundance map was produced directly by means of

image processing.

presented in the Supplementary Information. The corresponding
averages pass the Mg/Mn partitioning test of Bacon & Hirschmann
(1988), and return a log fO, value of AFMQ+2.0 according to the
model of Ghiorso & Evans (2008). Temperature cannot be reliably
determined from Fe-Ti oxides at these fO, conditions because the
isotherms are too narrowly spaced (Ghiorso & Evans, 2008).
Magmatic sulfur contents of >0.5 wt % S are difficult to recon-
cile with available anhydrite solubility models. According to the
model of Zajacz & Tsay (2019), which currently provides the best

fit to published anhydrite solubility data (cf. Xu & Li, 2021; Liu
et al., 2023), such high sulfur contents require temperatures of
>1100°C and water contents of >10 wt % H,O. These temperatures
are far too high for the Santa Rita and Hanover-Fierro magmas (see
below). On the other hand, the recent studies of Xu & Li (2021)
and Xu et al. (2022) suggest that the model of Zajacz & Tsay (2019)
severely underestimates anhydrite solubilities in melts containing
>8to 9 wt % H,O (see Supplementary Information for a detailed
look at the Xu & Li (2021) data). It should be mentioned that
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Fig. 8. Reflected-light photomicrographs of samples recovered from two anhydrite solubility experiments performed at 950°C and 1.15 GPa. (a) Anhy-3
with 11.8 wt % HO in the silicate melt. (b) Anhy-4 with 10.1 wt % H>O in the silicate melt.

the Zajacz & Tsay (2019) model was calibrated on melts that
contained mostly <8.5 wt % H,O (only 4 out of the 193 data points
had higher water contents), hence melts with >8.5 wt % H,0 are
out of their calibration range.

For this reason, and because porphyry Cu forming magmas
have been proposed to be extremely hydrous (Lu et al, 2015;
Loucks, 2021; Loucks & Fiorentini, 2023; Nathwani et al., 2024), we
performed six anhydrite solubility experiments on melts of the
composition of sample SR123a (i.e. the extraordinarily fresh latite
that contains partially preserved anhydrite phenocrysts) with 9.4
to 13.1 wt % dissolved H,O (Table 5). Sample SR123a is petro-
graphically and compositionally very similar to sample SR102 and
was preferred over the latter because it shows no signs of sodic
alteration. Both samples contain 63 to 64 wt % SiO», 10 to 20 vol
% phenocrysts of amphibole, plagioclase, magnetite, apatite and
large amounts of (former) anhydrite, although the exact modal
abundance of anhydrite phenocrysts in sample SR123a could not
be determined because of their partial replacement by zeolite.
Due to the relatively low overall phenocryst content of these
samples, they should be representative of true silicate liquids, and
the abundance and large size of apatite phenocrysts suggests that
these liquids were saturated in apatite. Liquidus temperatures
were thus estimated with the apatite saturation thermometer of
Harrison & Watson (1984), which returned 936°C for SR102 and
956°C for SR123a. Similar apatite saturation temperatures were
obtained for samples SR136 (951°C) and SR137 (929°C) from the
Hanover-Fierro pluton, which contain 65 to 66 wt % SiO,. Sample
SR137 is petrographically very similar to sample SR16 (Fig. 7b),
therefore, the latter melt is assumed to have had a temperature
of around 930°C. These temperatures fit well with fractiona-
tion experiments on hydrous arc magmas, in which amphibole-
saturated melts containing 60 to 65 wt % SiO, (normalized dry)
are typically obtained in the temperature range of 900°C to 1000°C
(e.g.Luhr, 1990; Paratetal., 2008; Freise et al., 2009; Nandedkar et al.,
2014; Calvo, 2022). Based on the above information, we performed
four of our experiments at 950°C, 1.15 GPa and varied the H,O
content of the melt from 9.4 to 13.1 wt % H,0. One run was
performed at 1000°C to constrain the effect of temperature, and
one run was performed at 0.55 GPa to constrain the effect of pres-
sure (Table 5). Images of the quench products of two experiments
are shown in Fig. 8, whereas the melt compositions measured
by electron probe microanalysis (EPMA), LA-ICP-MS and FTIR are
listed in Table 5. Anhydrite was present in all runs except for the
first one, where the amount of added CaSO, was too low to reach
anhydrite saturation. Small amounts of amphibole (2-10 vol %)
were present in all runs except for the one performed at 1000°C.

The measured sulfur solubilities are summarized in Fig. 9a, where
they are compared with anhydrite solubilities predicted for the
same melt compositions, H,O contents and temperatures by the
model of Zajacz & Tsay (2019), and with the reconstructed sulfur
contents of samples SR16 and SR102. Sample SR08 cannot be
used for this comparison because it represents a mixed magma.
For the two experiments with 10.0 wt % H,O dissolved in the
silicate melt, our observed anhydrite solubilities are close to those
predicted with the model of Zajacz & Tsay (2019). However, for the
experiment conducted at 1000°C with 9.4 wt % dissolved H,O and
the two experiments conducted at 950°C with 11.8 and 13.1 wt %
dissolved H,O, our solubility values are higher by factors of 1.4 to
2.0 (Fig. 9b).

If our experimental anhydrite solubility data are taken as
reference, then the magma of sample SR16 needed to have
contained at least 10 wt % H,O to dissolve its ~0.26 wt % S,
whereas the magma of samples SR102 needed to have contained
at least 13 wt % H,O to dissolve its 0.56 wt % S (Figs. 9a, b).
These are minimum estimates, as these melts may not have
been saturated in anhydrite when they left their source region.
The extraordinarily high water content required for the latter
sample suggests that it was derived from a pressure of at least
0.8 GPa (Fig. 9b), i.e. from a lower crustal level. This conclusion
is supported by the high Sr/Y-ratio of this sample (Sr/Y=106;
Table 4), which plots far within the fertile field of Loucks (2014,
2021). The underlying assumption in this discussion is that all
the former anhydrite phenocrysts present in the samples were
originally dissolved in the silicate melt. One may ask whether this
is necessarily true, or whether anhydrite phenocrysts could have
been extracted together with residual melt during magma frac-
tionation at depth. In order to do so, and in order to preferentially
extract anhydrite relative to other phenocrysts, the anhydrite
would need to have a lower density than other phenocrysts, and
a similar to lower density than the silicate melt. The density
of anhydrite at room temperature is 2.97 g/cm3. At 950°C (i.e.
the temperature estimated for sample SR102), its density is
~2.84 g/cm? (Evans, 1979). Using the model of Tacovino & Till
(2019), the following densities are calculated for the whole-rock
composition of sample SR102 at 950°C and 10 kbar (at 5 kbar they
would be ~0.1 g/cm?® lower): 2.27 g/cm?® with 10 wt % dissolved
H,0, 2.33 g/cm? with 8 wt % dissolved Hy O, 2.40 g/cm? with 6 wt %
dissolved H,0, 2.47 g/cm? with 4 wt % dissolved H,0, 2.55 g/cm?
with 2 wt % dissolved H,0, and 2.64 g/cm?® with 0 wt % H,0. In
other words, even in the case of a completely dry melt (which is
unrealistic) the density of anhydrite would be still considerably
higher than that of the melt. For comparison, these are the
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Fig. 9. (a) Diagram showing experimentally determined anhydrite solubilities in the SR123a latite with 9.4 to 13.1 wt % H,O at 950°C and 0.55-1.15 GPa
(blue data points), compared to anhydrite solubilities predicted with the model of Zajacz & Tsay (2019) (gray curves) and reconstructed minimum
sulfur contents of samples SR102 and SR16. The numbers next to the blue diamonds and gray curves denote melt H,O contents in wt %. Whereas the
two experiments with 10 wt% H,O yielded anhydrite solubilities that fit well with those predicted with the model of Zajacz & Tsay (2019), the other
three experiments suggest much higher solubilities, particular the one with 13 wt % H,O. The magma temperature of the two natural samples was
constrained via apatite saturation thermometry (Harrison & Watson, 1984) based on whole-rock P,Os and SiO, contents. For sample SR16, for which
no whole-rock composition is available, the composition of the petrographically very similar sample SR137 was taken instead. The uncertainty
associated with the apatite saturation temperatures is about +40°C (Harrison & Watson, 1984). (b) Schematic diagram showing the dependence of
anhydrite solubility in the SR123a latitic melt at 950°C as a function of the melt H,O content (solid line), plus tentative positions of HyO-SO,-CO> fluid
solubility curves at 0.55 and 1.15 GPa. The blue data points denote anhydrite solubilities determined in the present study, whereas the two red data
points and the gray dashed line show anhydrite solubilities predicted for the same melt composition with the model of Zajacz & Tsay (2019). The
experiment represented by the lowermost blue data point was performed at 0.55 GPa and was fluid-saturated, whereas the other three experiments
shown in blue were performed at 1.15 GPa and were fluid-undersaturated. The melts contained 0.34-0.41 wt % CO,, and the positions of the pure

H,0-endpoints were calculated with the model of Zhang et al. (2007).

densities of common other minerals (Hacker & Abers, 2004; at
950°C; in g/cm?®): beta-quartz = 2.52; albite =2.56; anorthite =2.72;
orthoclase =2.51; forsterite=3.11; enstatite =3.12; diopside =3.17;
hornblende =3.15; phlogopite=2.70. Hence, anhydrite is neither
lighter than other phenocrysts, nor similar to lighter than
the silicate melt, which renders the scenario of preferential
extraction of residual melt together with anhydrite phenocrysts
unfeasible.

An obvious question is whether the high sulfur and water
contents of the investigated samples are unusual at a global
scale, and whether this enrichment could have been the reason
for the porphyry-skarn Cu mineralization. Sulfur is needed in
magmatic-hydrothermal fluids to eventually precipitate copper-
bearing sulfides, but there is generally much more sulfur available
than required for that purpose (e.g. Gustafson & Hunt, 1975; Hunt,
1991; Dilles et al.,, 2015), hence high magmatic sulfur contents
do not seem to be helpful regarding metal precipitation effi-
ciency. However, high magmatic sulfur contents require oxidized
conditions, and thus are indicative of the suppression of mag-
matic sulfides that can sequester copper and other chalcophile
elements (e.g. Lee et al., 2012; Li & Audétat, 2015; Jenner, 2017),
leading to higher metal concentrations in the residual silicate
melt. If magma fractionation occurs at high pressure, wherein
residual silicate melts can attain very high H,O contents, the high
solubility of both anhydrite and sulfides in such melts may even
cause re-dissolution of previously precipitated sulfides, if they are
still accessible and not locked away in sulfide-bearing cumulates,
further increasing the metal content of the residual silicate melt
(Xu et al., 2022). Therefore, high magmatic sulfur contents may
indeed be indicative of high metal contents and thus of high
mineralization potential, even though studies on natural samples

did not find higher copper concentrations in high-Sr/Y magmas
compared to low-Sr/Y magmas (e.g. Chiaradia, 2014; Lee & Tang,
2020; Barber et al., 2021).

A high magmatic water content, on the other hand, leads
to the exsolution of large amount of fluid from the magma,
which may enhance the efficiency of metal extraction from the
magma (e.g. Chiaradia & Caricchi, 2017). Furthermore, the mag-
matic H,O content controls the depth at which ascending mag-
mas stall and assemble to form upper crustal magma cham-
bers (Huber et al., 2019; Rasmussen et al.,, 2022), which may be
critical for the development of fluid-focusing structures such
porphyry fingers and breccia pipes (e.g. Sillitoe, 2010; Audétat &
Simon, 2012).

Primitive arc basalts typically contain 3 to 4 wt % H,O and
0.15-0.2 wt % S (e.g. Wallace, 2005; Métrich & Wallace, 2008;
Sadofsky et al., 2008; Wallace & Edmonds, 2011; Plank et al., 2013;
Shinohara, 2013; Schmidt & Jagoutz, 2017; Gurenko, 2021). At
oxygen fugacities >2.0 log units above FMQ buffer, which are
commonly reached in arc magmas (e.g. Evans et al., 2012; Bénard
etal.,, 2018), sulfuris dissolved dominantly as sulfate in the silicate
melt (Jugo et al., 2010; Botcharnikov et al., 2011; Klimm et al., 2012;
Matjuschkin et al., 2016; Kleinsasser et al., 2022) and thus behaves
incompatibly during magma fractionation. To produce a residual
liquid with 60 wt % SiO, through fractionation from a primitive
arc basaltic liquid containing 50 wt % SiO, and 10 wt % MgO
(Schmidt & Jagoutz, 2017), ca. 65 wt % magma crystallization is
required (Nandedkar et al., 2014; Ulmer et al., 2018; Calvo, 2022).
In the case of 100% incompatible behavior of H,O and S, this
residual liquid with 60 wt % SiO, would contain 9 to 12 wt %
H,0 and 0.45 to 0.6 wt % S. In reality, concentrations will be
lower due to exsolution of CO,-rich fluids and H,0 incorporation
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Table 5: Summary of anhydrite solubility experiments
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Experiment SR123al! Anhy-1 Anhy-2 Anhy-3 Anhy-4 Anhy-5 Anhy-6
T (°Q) 950 950 950 950 1000 950
P (GPa) 1.15 1.15 1.15 1.15 1.15 0.55
Duration (hrs) 42 47 41 46 22 39
Rock powder SR123a SR123a SR123a SR123a SR123a SR123a
Added gypsum (wt %) 1.2 6.2 6.3 6.4 6.4 6.3
Added water (wt %) 9.7 9.9 8.0 6.0 6.0 8.1
Total HyO (wt %)? 11.5 12.7 10.7 8.8 8.9 10.8
Phases during run amph anhy, amph anhy, amph anhy, amph anhy anhy, amph, mgt,
fluid

vol % crystals 2 3 10 15 5 5
Melt composition (all values
in wt % and normalized dry,
except for S, H,O and COy,
which are reported wet)
n? 4 4 4 4 4 4

Avg Stdev Avg Stdev Avg Stdev avg Stdev Avg Stdev Avg Stdev
Si0, 62.53 62.65 0.32 61.52 0.24 62.97 0.13 64.02 0.29 61.55 0.14 64.15 0.46
TiOy 0.65 0.66 0.02 0.65 0.02 0.59 0.06 0.54 0.07 0.68 0.02 0.62 0.05
Al»O3 16.32 16.25 0.08 16.06 0.12 16.25 0.09 16.53 0.09 16.09 0.09 16.70 0.06
FeOrot 5.47 4.97 0.14 5.12 0.19 4.86 0.10 4.51 0.13 5.20 0.16 3.44 0.18
MnO 0.09 0.10 0.03 0.10 0.03 0.09 0.02 0.08 0.04 0.09 0.02 0.07 0.02
MgO 2.43 1.97 0.05 2.22 0.05 1.85 0.06 1.55 0.09 2.43 0.08 1.93 0.18
Cal 4.42 4.71 0.10 5.29 0.13 4.64 0.04 4.18 0.08 4.97 0.05 4.49 0.17
Na,0* 4.40 4.22 0.73 4.24 0.65 4.29 0.61 4.46 0.67 4.52 0.68 461 0.67
K>,0 3.04 3.08 0.08 3.00 0.10 3.15 0.07 3.12 0.12 3.09 0.10 3.17 0.14
P10s 0.36 0.39 0.05 0.32 0.07 0.38 0.03 0.34 0.05 0.42 0.07 0.30 0.07
S by EPMA n.a. 0.35 0.03 0.53 0.03 0.33 0.02 0.23 0.03 0.35 0.01 0.21 N/A
S by LA-ICP-MS® 0.34 0.01 0.51 0.02 0.33 0.03 0.26 0.02 0.42 0.02 0.23 0.02
S predicted® N/A 0.27 0.01 0.23 0.01 0.19 0.01 0.27 0.01 0.18 0.01
H,0 by difference’ 121 0.3 114 0.5 11.6 0.2 115 0.2 10.3 0.3 10.8 0.20
H,0 by FTIR 11.6 0.1 n.a. 11.8 0.1 n.a. 9.5 0.1 n.a.
H,O theoretical® 11.7 13.1 11.8 10.1 9.3 N/A
H,O preferred 11.6 131 11.8 10.1 9.4 10.0°
CO, by FTIR 0.41 0.01 0.34 0.01 0.34 0.02

1Composition of the SR123a starting whole-rock (normalized dry)

2Includes the H,0 contained in the rock powder of SR123a (~1.7 wt % H,0), the added liquid water, and the H,0 in the added gypsum

3Number of analyses

4Includes a correction for 0.6 wt % NayO loss from the very hydrous experimental glasses

5The originally normalized dry values were re-calculated wet based on the preferred H,O values listed below

6Sulfur content of the melt at anhydrite saturation predicted by the model of Zajacz & Tsay (2019) (i.e. not normalized dry)
7H,0 content of the melt based on the EMPA total before the normalization to dry, including a correction for 0.6 wt % Na,O loss
8Theoretical H,O content of the melt, calculated from the total H,O of the charge and the volume percent crystals

% Assuming the same discrepancy between ‘H,0 by difference’ and ‘H,0 by FTIR’ as in Anhy-5

amph, amphibole; anhy, anhydrite; mgt, magnetite; n.a., not analyzed; N/A, not applicable

into hydrous minerals, but these factors are unlikely to affect
the result by more than 20%. Therefore, as pointed out by Zajacz
& Tsay (2019), any oxidized arc basaltic liquid should theoreti-
cally reach anhydrite saturation during its fractionation to high-
silica andesitic composition. The fact that our two most hydrous
experiments returned considerably higher anhydrite solubilities
than what is predicted by the model of Zajacz & Tsay (2019)
does not alter this conclusion. The mere presence of anhydrite
in a natural arc magma is thus probably not unusual, and we
expect that many more occurrences of magmatic anhydrite will
be found worldwide if more specifically searched for. However,
sulfur contents greater than ~0.3 wt % S in (trachy-)andesitic to
(trachy-)dacitic magmas may be indeed uncommon and reflect
magma fractionation at high pressure, which factor has been
identified to be critical in the formation of porphyry Cu deposits
(Loucks, 2021). Common anhydrite saturation in arc magmas has
also important implications for the ‘excess sulfur’ phenomenon
during volcanic eruptions, as excess sulfur can be contributed via
breakdown of anhydrite.

CONCLUSIONS

The following conclusions can be drawn from this study:

(1) The former presence of anhydrite phenocrysts in porphyritic
magmas can be recognized through cavities that show a
strong spatial association with apatite phenocrysts. These
cavities can be either empty or they can be filled with
low-T secondary minerals such as carbonates, zeolites or
microcrystalline SiO,.

(2) Direct evidence for magmatic anhydrite saturation is pro-
vided by anhydrite inclusions preserved within other phe-
nocrysts. Apatite is a particularly common host of anhydrite
inclusions.

(3) The common coexistence of the anhydrite with MSS suggests
magma oxygen fugacities 2.0+ 0.5 log units above the FMQ
buffer.

(4) In samples with particularly well-recognizable former anhy-
drite phenocrysts, their modal abundance can be quantified
based on high-resolution scans of polished hand specimens.
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The results obtained from three of our samples suggest
minimum magma sulfur contents of 0.20 to 0.56 wt % S.

(5) The highest sulfur content is difficult to reconcile with exist-
ing anhydrite solubility models, butit could be reproduced in
an experiment performed at 950°C and 1.15 GPa on a natural
latitic melt with 13 wt % H,O.

(6) The above results suggest that the natural latitic magma
with 0.56 wt % S must have been extremely hydrous and
thus have formed via magma fractionation at high pressure
(probably >1.0 GPa).

(7) Whereas arc magmas are expected to commonly reach
anhydrite saturation at >60 wt % SiO, in the silicate melt,
sulfur contents greater than ~0.3 wt % S can probably
be reached only in magmas that fractionate at pressures
greater than ~0.5 GPa. In this respect, the occurrence of
magmas with up to 0.56 wt % S in the Central Mining District
fits with the strong association of porphyry-Cu deposits
with high-Sr/Y magmas, which geochemical signature is
indicative of magma fractionation at high pressure.

SUPPLEMENTARY DATA

Supplementary data are available at Journal of Petrology online.
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