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ARTICLE INFO ABSTRACT

Keywords: Volatile-bearing minerals, such as apatite, Cas(PO4)3(OH,F,Cl), can record changes in dissolved magmatic vol-
Apatite atile species during differentiation and, unlike melt inclusions, are sensitive to the presence of an exsolved fluid
Volatiles . phase. Populations of apatite crystals from an individual sample can therefore be used to define the progressive
EZKZZ;}; Cu deposits volatile evolution of melt + fluid during magma differentiation. Despite the importance of fluid chemistry in

mineralisation processes, this approach remains relatively underdeveloped for porphyry mineralisation sce-
narios. Here, we present a model, including a standalone MATLAB app, for melt + apatite + fluid fractionation
that incorporates non-ideal, temperature-dependent Kps for OH-CI-F exchange and permits an analysis of un-
certainty arising from non-unique parameter combinations. We apply the model to apatite from the Fe-Cu-Au
Corrocohuayco porphyry-skarn system and analyse differences in volatile saturation state and fluid salinity
between different units. We find that there is little difference in the overall fluid salinity, and thus the fluid
copper loads, but that the more primitive unit (i.e. the gabbrodiorites) reached fluid saturation much later (after
around 50% crystallisation) than the more evolved units, implying that the melt volatile concentration recorded
by the apatites in the gabbrodiorites is not representative of the initial magma volatile budget. This work
demonstrates that apatite can be a good alternative means of reconstructing the evolving magmatic fluid salinity
within mineralising systems, and linking this to the trace metal content of the melt.

Fluid salinity

1. Introduction Analytical techniques to measure the volatile content of magmas

include in-situ analysis of mineral-hosted melt and fluid inclusions (e.g.

1.1. Volatiles in magmas and apatite

Dissolved magmatic volatiles in melts influence the abundance and
chemistry of minerals growing from a melt, as well as the density and
viscosity of the evolving magma. Exsolution of those volatiles into a free
gas or fluid phase that expands during ascent is a critical part of most
eruption pathways. The compositions, abundances and degassing of
volatiles (i.e. HyO, CO3, SO2, halogens) from the melt have a key in-
fluence on the resulting eruption style of volcanoes (e.g. Blake, 1984).
Furthermore, the behaviour of volatiles around the magmatic-
hydrothermal transition has a critical control on the compositions of
mineralising systems (e.g., Kouzmanov and Pokrovski, 2012; Lecum-
berri-Sanchez and Bodnar, 2018).

Bodnar et al., 2014; Metrich and Clocchiatti, 1989; Pamukcu et al.,
2015) as they can provide direct evidence of the initial volatile budget of
magmas before volatile exsolution during decompression (i.e. first
boiling), and cooling and crystallisation (i.e. second boiling). However,
due to potential re-equilibration and/or post-entrapment crystallisation,
melt inclusions are not always representative of the volatile content at
magmatic conditions (e.g. Brahm et al., 2021; Gavrilenko et al., 2019).
Fluid inclusions form throughout the evolution of magmas, from early
crystallisation until late-stage crystallisation for instance at the
magmatic-hydrothermal transition, and thus may record multiple pro-
cesses, making them challenging to interpret, especially for multicom-
ponent fluids containing halogens (e.g. Evans and Tombkins, 2020).
Halogen contents in mineral phases have been used to infer halogen
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concentrations of the mantle (e.g. Gibson et al., 2020) but such studies
use nominally anhydrous minerals (e.g. clinopyroxene and olivine) that
only contain trace amounts of volatiles whose partition behaviour is thus
treated as Nernstian. In the case of hydrous minerals (e.g. amphibole and
apatite), the volatiles are required components of the mineral structure
where exchange coefficients (Kps) are more appropriate to describe the
partitioning behaviour.

Thanks to phase equilibrium experiments and thermodynamic
datasets available in the literature, volatile-bearing minerals (e.g. bio-
tite, amphibole, apatite) now offer more avenues to access the volatile
content of magmas (e.g. Giesting and Filiberto, 2014; Hammouda et al.,
2010; Humphreys et al., 2021; Li et al., 2021; Stock et al., 2018; Watson
and Green, 1981, Zajacz et al., 2012). Apatite [Cas(PO4)3(OH,F,Cl)] can
incorporate water, fluorine and chlorine into its crystal structure
through non-ideal mixing of these volatiles on the channel site, which
can be described by a series of exchange equilibria linking the volatile
compositions of apatite to those of the melt (e.g. Candela, 1986; Li and
Costa, 2020, 2023; Stock et al., 2016, 2018). Therefore, apatite chem-
istry has increasingly been used to interpret the volatile evolution of
magmas in both mineralising and volcanic systems (e.g. Bernard et al.,
2022; Boudreau, 1995; Boyce and Hervig, 2008; Humphreys et al., 2021;
Li et al., 2020a, 2020b; Piccoli and Candela, 1994; Riker et al., 2018;
Scott et al., 2015; Stock et al., 2016). Apatite has been found to crys-
tallise in diverse melt compositions from basaltic andesite to phonolite,
over a range of pressures and temperatures (i.e. from upper mantle
conditions to the Earth’s surface and from 1200 °C to <650 °C; e.g.
Boudreau and McCallum, 1989; Harrison and Watson, 1984; Piccoli and
Candela, 1994; Stock et al., 2016). Apatite may occur as mineral-hosted
inclusions (in amphibole e.g. Chelle-Michou and Chiaradia, 2017, Li
et al., 2021; in biotite e.g. Stock et al., 2016; in plagioclase e.g. Hum-
phreys et al., 2006; in zircon e.g., Nathwani et al., 2023; in clinopyr-
oxene, Krause et al., 2013) as well as microphenocrysts or microlites in
volcanic rocks and as interstitial crystals in plutonic rocks. This versa-
tility allows the evolution of volatile concentration in the melt to be
tracked from early crystallisation to volatile exsolution and beyond (e.g.
Fig. 2 of Stock et al., 2016; Humphreys et al., 2021; Popa et al., 2021).

1.2. Volatiles in porphyry-related magmatic-hydrothermal deposits

The behaviour of an exsolved volatile phase is critical to the devel-
opment of porphyry-related mineral deposits (Heinrich, 2007; Kouz-
manov and Pokrovski, 2012; Shinohara and Hedenquist, 1997), which
are key sources of critical metals such as Cu, Mo, Au and Ag (e.g.
Richards, 2015). Cu is the main metal for electrification for which the
demands are projected to increase until at least 2060 (Schipper et al.,
2018). Porphyry mineralisation occurs when exsolved, metal-bearing
fluids are efficiently channelled from crystallising intrusions up into
restricted regions of the upper crust (Lamy-Chappuis et al., 2020;
Richards, 2022; Wilkinson, 2013), where they cool and precipitate
metals in the form of sulphide minerals associated with copious hy-
drothermal alteration (Hedenquist and Lowenstern, 1994; Simon and
Ripley, 2011). Multiple magmatic processes influence the delivery of
magmatic-hydrothermal fluids into the upper crust, including the vol-
ume and overall duration of magmatism (Chelle-Michou and Chiaradia,
2017; Chiaradia and Caricchi, 2017; Schopa et al., 2017), the volatile
contents and composition of the initial melt (e.g. Hogg et al. 2023;
Nathwani et al., 2023), the abundance and composition of the exsolving
fluid (Chelle-Michou and Chiaradia, 2017), and the relative timing (and
pressure) of fluid saturation relative to metal enrichment (Audétat,
2019; Chiaradia and Caricchi, 2017). Unusual fluid compositions may
not be required if there is sufficient fluid volume (e.g. Audétat, 2019;
Wilkinson, 2013) but metals must be abundantly available in the melt at
the time of fluid saturation and exsolution (Hedenquist and Lowenstern,
1994; Simon and Ripley, 2011). Both chlorine and sulphur are key el-
ements to facilitate the transport of metal-bearing fluids to the site of ore
deposition (Candela and Holland, 1984; Tattitch and Blundy, 2017), as
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they can form ligands with both ore metals (e.g. Cu, Mo, Au, Fe, Pb, Zn)
and other cations (e.g. Ca2*, Na®, H" KT). However, significant ques-
tions remain over (1) whether abundant, low salinity fluids with low
metal concentrations are more important than small volumes of more
saline, more metal-rich fluids (Audétat, 2019), and (2) how fluid salinity
and metal content vary during the history of magmatic degassing, with
fluid inclusions ranging from ~2-25 wt% NaCleq (Wt% - weight percent;
Audétat et al., 2008; Kouzmanov and Pokrovski, 2012). Here, we aim at
determining how porphyry mineralisation at the Coroccohuayco
Fe-Cu-Au deposit, Peru, is impacted by the relative timing of fluid
saturation, initial melt composition and fluid salinity, using independent
constraints on the magmatic volatile record from modelling of apatite
chemistry.

In this study, we focus on reinterpreting the apatite volatile
geochemistry previously published by Chelle-Michou and Chiaradia
(2017) to infer the timing of fluid saturation and reconstruct the salinity
of fluids in equilibrium with apatite during crystallisation of each
magmatic unit. We exploit the observation that apatite compositions can
be well preserved, even in plutonic rocks, whereas amphibole compo-
sitions tend to be more easily reset and could be a less reliable record of
dissolved volatiles (Humphreys et al., 2022). We build on recent work
that uses populations of apatite to infer magmatic volatile evolution
(Humphreys et al., 2021) and use improvements in thermodynamic
understanding that demonstrate the importance of non-ideal partition-
ing of F, Cl, and OH within the apatite (Li and Costa, 2020, 2023). Our
overarching aim is to recover more precise constraints on the initial melt
volatile compositions, and to evaluate whether apatite composition can
be used to accurately constrain the evolution of volatiles and exsolved
fluids (e.g. timing of fluid saturation, relative concentrations of water
and halogens) during fractionation in porphyry-forming systems.

2. Geological background: the Coroccohuayco FE-CU-AU
porphyry-skarn magmatic suite

This work focusses on the Eocene Coroccohuayco Fe-Cu-Au por-
phyry-skarn system in southern Peru. This case study is ideal due to an
abundance of apatite and the existing geological, geochemical, and
mineral constraints on the system’s evolution, which can be used to help
interpret our modelling results. Chelle-Michou et al. (2014, 2015a,
2015b) have described the geochronology, the petrological and
geochemical evolution of the Coroccohuayco magmatic suite whereas
Chelle-Michou and Chiaradia (2017) focused on the volatile evolutions
(i.e. Cland S) recorded by the amphibole and apatite mineral phases. We
summarise their findings hereafter.

The Coroccohuayco porphyry-skarn Cu deposit is located at the
southern end of the Eocene Andahuaylas-Yauri calc-alkaline batholith in
the Tintaya mining district of southern Peru (e.g. Chelle-Michou et al.,
2015a). Magmatic activity started with the emplacement of a gab-
brodiorite complex (GDC) at 40.5-40.2 Ma (Chelle-Michou et al., 2014)
which consists of gabbrodiorite (10CC09, used here), gabbrodiorite
cumulate, leuco-gabbrodiorite and subordinate anorthosite. The gab-
brodiorite and the cumulate represent >95% in volume of the GDC and
both contain normally zoned plagioclase (Angy-Ansp), poikilitic horn-
blende (hbl) surrounding resorbed pyroxene, magnetite, ilmenite and
interstitial quartz + K-feldspar +biotite (Chelle-Michou et al., 2015a
and Fig. 2a, b therein). The accessory minerals consist of apatite, zircon,
titanite and magmatic sulfides. At 35.6 Ma, after a magmatic quiescence
of c. 5 Ma, a major magmatic-hydrothermal event occurred and formed a
hornblende-dacite porphyry and a hornblende-biotite-dacite porphyry
associated with the Fe-Cu-Au porphyry-skarn mineralisation. These
were crosscut by rhyodacite dykes (Chelle-Michou et al., 2015a; Chelle-
Michou and Chiaradia, 2017) that have evidence of alteration of mafic
minerals. The main mineral phases of the porphyries are hornblende,
plagioclase (Ansp-An;p), magnetite, biotite and K-feldpar. Their matrix
is microcrystalline and made of quartz, albitic plagioclase and K-feld-
spar, and they have the same accessory phases as the GDC (i.e. apatite,
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zircon and titanite) but lack magmatic sulfides. The rhyodacite dykes
show evidence of prevalent hydrothermal alteration of mafic minerals (i.
e. amphibole and biotite), and plagioclases and the groundmass have
often experienced variable degrees of sericitization (Chelle-Michou
et al., 2015a).

Whole rock isotopic (i.e. age corrected Pb, Sr, and Nd isotopes) and
geochemical data indicate that the Coroccohuayco magmatic suite has a
typical isotopic signature from subduction-related magmas (i.e. negative
Nb, Ta and Ti anomalies and LILE enrichment) and their source is similar
(Chelle-Michou et al., 2015a). However, the GDC was sourced from a
heterogeneous deep crustal hot zone and formed a chemically zoned
pluton, whereas the porphyry magmas were sourced from more homo-
geneous magma batches originating from lower to mid-crustal depths.
Indeed, GDC has evidence of textural and mineralogical (i.e. micro-scale
mingling between clinopyroxene-rich and orthopyroxene-rich magmas),
as well as isotopic (i.e. variable Sr and Nd in the whole rock and variable
Hf in zircons) heterogeneities (Chelle-Michou et al., 2015a). The por-
phyries, instead, have more homogeneous textural and isotopic com-
positions suggesting a more homogeneous source consisting of magma
batches that have undergone various degrees of assimilation and frac-
tionation, as well as partial melting of older magma batches and magma
recharge (Chelle-Michou et al., 2015a).

Estimates of melt dissolved water concentrations determined using
plagioclase-liquid hygrometry (Lange et al., 2009) for GDC and using
hornblende hygrometry (Ridolfi and Renzulli, 2012) for the porphyries
are about 3 wt% and 5 wt% respectively (Chelle-Michou et al., 2015a).
Other volatile species (i.e. Cl and S) were previously measured in apa-
tites and amphiboles to determine whether the volatile contents and
composition of the pre-mineralisation GDC were different to those of the
later porphyry magmas that resulted in porphyry-skarn mineralisation
(Supplementary Material 1 in Chelle-Michou and Chiaradia, 2017).
Preliminary estimations of melt halogen compositions inferred by
Chelle-Michou and Chiaradia (2017) were calculated from: (i) apatite,
using the partitioning model of Li and Hermann (2017) and the exper-
imental data from Webster et al. (2009) at 200 MPa and 900 °C; and
from (ii) amphibole, using the experimental calibration of Giesting and
Filiberto (2014). The magmatic Cl concentrations retrieved from both
minerals are within the range of Cl melt concentrations for arc magmas
(0.01-0.85, Aiuppa et al., 2009) but they do not overlap: values calcu-
lated using apatite are about twice as high as those derived from
amphibole (i.e. 0.6 wt% versus 0.37 wt% for the gabbrodiorites and 0.2
wt% versus 0.1 wt% for the porphyries using apatite and amphibole,
respectively). Chelle-Michou and Chiaradia (2017) then used these melt
reconstructions to infer fluid salinity NaCleq of 1-10 wt% using DL, ™ =
4.5 and 20 for pressures of 100 and 200 MPa, respectively (Zhang et al.,
2012). However, the discrepancies between the melt Cl contents derived
from apatite and amphibole raise questions about the accuracy of this
approach. Intensive parameters such as melt HoO content are poorly
constrained: limited sensitivity testing suggested that melt H,O relative
error could be of +£15% (Chelle-Michou and Chiaradia, 2017), but this
seems conservative. Inferred storage pressures are in the (wide) range of
250-100 MPa which suggests that, for an initial melt with 5 wt% H0,
the magma could have been initially either fluid-saturated or under-
saturated. Conversely, it is possible that the differences in estimated
halogen contents are related to real compositional changes in the melt
between crystallisation of amphibole and apatite, as the textural evi-
dence show that they grew concomitantly. Finally, the timing of fluid
saturation relative to fractionation is important for understanding metal
enrichment or depletion in the residual liquid (Audétat, 2019; Tattitch
et al., 2021); this remains a key unknown for this system.
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3. Modelling approach to volatiles in apatite
3.1. Incorporating non-ideal partitioning for F, Cl, OH

We base our model for apatite + fluid fractionation on that devel-
oped by Humphreys et al. (2021), which calculates, for each increment
of fractionation, (i) the volatile evolution in the melt and fluid (if any),
(ii) the composition of the apatite in equilibrium with the melt, and (iii)
the composition and mass of the fluid exsolved. Our approach is to use
the model to fit a general fractionation trend to the whole apatite pop-
ulation for each unit or sample. This means that we treat the apatite
compositions from each unit as representative of the shared P-T-X-t
history of that magma. We prefer this approach to that of Nathwani et al.
(2023), who essentially treat each apatite individually: their successful
model runs are those that intercept any melt composition derived from
any apatite, whereas ours must fit the whole population.

The model of Humphreys et al. (2021) assumed ideal mixing of OH-
F-Cl in the apatite volatile site and used fixed (bulk) fluid-melt (Diﬂ'm)
and bulk crystal-melt partition coefficients (DX™). However, mixing has
been shown to be non-ideal (Li and Costa, 2020, 2023), and this is more
prominent at lower temperatures. The non-ideality is due to different
interactions between the OH™, F~ and Cl™ anions and their neighbouring
atoms i.e. Ca and O (e.g. Hughes et al., 2014), resulting from the dif-
ference in ionic radius (Shannon and Prewitt, 1969) and different anion
positions in the apatite anion column (Hughes, 2015). The Kps can also
vary substantially with temperature, especially at typical magmatic
temperatures (Fig. 6 of Li and Costa, 2020, 2023). Therefore, we have
updated and improved the model by incorporating the T-X-dependent
Kps following the regression of Li and Costa (2020, 2023) defined as:

ln(KA"’"'el‘> - —RiT x {94,600( + 5600) — 40(+ 0.1) x T+ 1000 x [7(

Don-r
+4) % (X - Xoh) —11(£7) x X¢f | }
€y

and

ln(KA"’"'el‘> = —RiT x {72,900( 4 2900) — 34( + 0.3) x T+ 1000 x [5(

Don-ci
+£2) x (Xg — Xop) —10(£8) x X" | }
(2)

where the temperature T is in Kelvins, the apatite composition X{P is in
mole fraction and R is the universal gas constant.

The temperature is either fixed or can be taken from a relationship
between temperature and melt fraction if this is well known and can be
determined using petrological constraints. In the case of the Corocco-
huayco suite, previous temperature estimates from amphibole ther-
mometry gave a range between 750 °C and 1000 °C, and the most likely
crystallisation temperatures of apatite for the gabbrodiorites and the
porphyries are 850-800 °C and 900-850 °C, respectively (Chelle-
Michou and Chiaradia, 2017). The lower temperature for apatite crys-
tallisation in the gabbrodiorites arises because apatite forms late in the
fractionation sequence and is always either included in interstitial
amphibole, or in other late interstitial spaces (Chelle-Michou and
Chiaradia, 2017). For consistency with the former studies, we modelled
the apatite fractionation at 850 °C for the gabbrodiorites and at 900 °C
for the porphyries and rhyodacite.

3.2. Our approach to modelling

To model the apatite trends, we first use an understanding of the
effects of changing the individual parameters (i.e. initial melt volatile
composition, i.e. Cl, F and H,O concentrations, bulk crystal-melt and
fluid-melt partition coefficients; Supplementary Fig. 1) in a trial-and-
error approach to model a single “target” trend that visually matches
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the data well, following Humphreys et al. (2021). Although not ideal,
the visual match is used because apatite data are typically strongly
scattered (as for Laacher See in Humphreys et al., 2021) which makes a
numerical fit challenging. To define the target trend, we first need to
know the direction of the trend. The data are quite scattered, with no
evidence for any strong break in slope that could indicate the onset of
volatile saturation (cf. Humphreys et al.,, 2021) and, although the
datasets contain both inclusions and interstitial apatites (Fig. 1), with
the latter inferred to crystallise later, their compositions overlap and
lack systematic differences in trace element composition (Chelle-Michou
and Chiaradia, 2017; Supplementary Fig. 2). There is therefore no firm
indication of the direction of the trends, so we attempted to fit each
dataset in both directions. We will use the terms ‘upward’ and ‘down-
ward’ based on whether the apatite trend evolves towards higher X¢1/
Xoy or lower Xc1/Xon.

Because the halogens and OH are competing for space in the volatile
site in apatite, any individual apatite composition can be reproduced
using different sets of initial conditions (initial melt volatile composi-
tion, i.e. Cl, F and H,0 concentrations, bulk crystal-melt and fluid-melt
partition coefficients). For instance, a fluorapatite crystal can crystallise
from a F-rich melt, or from a melt that has a normal concentration of F
but is depleted in OH and Cl. Therefore, having defined our best fit target
curve, we use the sensitivity analysis described in Humphreys et al.
(2021) to explore this non-uniqueness. Specifically, we use the multi-
start global optimisation solver, implemented in MATLAB, to explore
other combinations of parameters (initial melt volatile composition, i.e.
Cl, F and H,0 concentrations, bulk crystal-melt and fluid-melt partition
coefficients, and the HyO concentration at fluid saturation) that might
also produce close matches to the defined target trend. For each dataset,
we run the multistart analysis twice using 800 random seeds each time,
first with broad parameter bounds to evaluate the gross effect of wide
variations in parameter values, and then with narrower bounds to
attempt to define the values that most closely match the target curve,
within a narrower range of conditions (Supplementary Data). Each seed
is minimized to the target trend to elucidate local minima, where the
best fit approximates a global minimum.

4. Model results

Overall, apatite crystals from each unit at Coroccohuayco record a
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range of compositions that appear to evolve towards lower X¢;/Xoyg and
higher Xp/Xon and Xp/Xc with evolving whole rock composition
(Fig. 1). The gabbrodiorites have distinctively Cl-rich apatite composi-
tions compared to the younger porphyries and rhyodacitic dykes. For
each geological unit, we describe below the apatite population compo-
sitions, the preferred target trend, and the parameters used to define it.
We then discuss the results of a sensitivity analysis that allows us to
describe a range of parameters that could also give an acceptable fit to
the dataset.

4.1. Gabbrodiorites

The gabbrodiorite apatite compositions for the sample with the
largest number of apatite data (10CC09; n = 42) vary between Xc1/Xon
~ 0.2-1.4, Xg/Xoyg ~ 0.5-1, and Xp/Xc1 ~ 0.8-2.2 (Figs. 1 and 2). We
attempted to model the observed trend both upward and downward
(see section 2 in Supplementary). The direction of the trend reflects the
changing molar ratios of OH and halogens into apatite with fraction-
ation, as controlled by crystal-melt and fluid-melt partition coefficients
and Kps (Supplementary Fig. 1). Both trends are visually very similar,
with slight deviations in the gradient at the beginning and end of
the curve (Supplementary Fig. 3a). Compared to the upward target
trend (see Supplementary Table and Supplementary Fig. 3a for more
details), the downward target trend required a higher initial melt Cl
content (0.35 wt% versus 0.20 wt%), higher DB (i.e. DESS ~ 0.12
versus 0.01), lower D&™ and D™ (i.e. ~ 0.20 versus 0.25 and 0.30
versus 0.40 respectively) and significantly higher fluid-melt partition
coefficients (i.e. Dgim ~ 25 versus 2 and D™ ~ 12 versus 8). For both
trends, we used 5 wt% H2O as the saturation level (equivalent to
approximately 150 MPa storage pressure in the absence of CO, and
consistent with previous work). There is no clear evidence in the
dataset to suggest that the magma was water-undersaturated when
apatite started to crystallise; increasing the saturation pressure (while
keeping the magma HyO-saturated) would require higher initial melt
halogen contents than quoted above. At the proposed crystallisation
temperature of 850 °C (Chelle-Michou and Chiaradia, 2017), Tattitch
etal. (2021) report D%im ~ 10-25 for intermediate melts at 200 MPa, i.
e. similar to the value of the downward target trend. Besides, the
values of D}"™ and D}{35 required for the upward target trend would be
too high and too low, respectively, considering a fractionating
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Fig. 1. Binary mole ratios (Xci/Xon Vs Xg/Xon) of apatite volatile compositions of the (a) Coroccohuayco magmatic suite analysed by EPMA (Supplementary Material
1 of Chelle-Michou and Chiaradia, 2017) and (b) the gabbrodiorite complex only. Note the effect of cooling recorded by high XCl/XOH in the rhyodacitic dykes. Ap
and hbl stand for apatite and hornblende, respectively. Note the relative errors are 1.9% for F and 5.6% for Cl based on repeated analyses of the Durango (Sup-

plementary Material of Chelle-Michou and Chiaradia, 2017).
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Fig. 2. Apatite mole ratios (Xc1/Xon Vs Xp/Xon and Xc/Xou vs Xp/Xc)) for the gabbrodiorite with the preferred target trend (thick purple line) and the top 20
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assemblage containing amphibole and apatite (Chelle-Michou et al.,
2015a, 2015b; Chelle-Michou and Chiaradia, 2017). Thus, we interpret
the downward trend as the more geologically reasonable. This was
obtained using a water-saturated melt that initially contains 0.35 wt%
Cl, 350 ppm F and 5 wt% H3O (Table 1).

4.2. Hornblende porphyry

The hornblende porphyry apatite compositions (n = 39) vary between
Xa/Xou ~ 0.2-0.6, Xg/Xoy ~ 1.5-6 and Xg/X¢g ~ 7-15 (Figs. 1 and 3).

Table 1

The best-fitting upward trend is slightly straighter when plotting Xc1/Xon
vs Xp/Xon with slopes less steep for Xc/Xon vs Xg/Xc1 (Supplementary
Fig. 3b) and provides a visually less good fit to the dataset, compared to the
downward trend. For both trends, we used 5 wt% H50O as the saturation
level (equivalent to approximately 150 MPa storage depth in the absence
of CO3). Compared to the best-fitting upward model (see Supplementary
Table 1 for more details), the downward target trend has significantly
higher and more reasonable D&™ and DE™ for the fractionating mineral
assemblage of hbl + feldspar + magnetite + apatite (i.e. D’éll'm ~ 0.15
versus 0.02 and D?"“ ~ 0.20 versus 0.07). Compared with the downward

Estimated Cl melt calculations, initial melt compositions and parameters of the target trend, the mean and standard deviation of the top 20 best fitting runs (i.e., with
the 20 lowest RMSEs) and the calculated aggregated fluid compositions following the equations of Tattitch et al. (2021).

Unit by Chelle-Michou and Chiaradia (2017) Gabbrodiorite Hbl porphyry Hbl-bi porphyry Rhyodacite
Sample 10CC09 10CC64 11CC54 11CC17
Calculated melt chlorine (wt%)
from apatite® 0.6 0.3 0.2 0.16
from amphibole” 0.4 0.1 0.1
Melt fraction at fluid saturation 1 1 0.9 1
Cl (Wt%) 0.35 0.39 0.25 0.45
F (ppm) 350 1400 1700 1300
Initial melt concentrations H0 (wt%) 5.0 5.0 4.6 5.0
H,0 saturation level Hy0 (wt%) 5.0 5.0 5.0 5.0
cl 0.20 0.15 0.30 0.15
F 0.30 0.20 0.40 0.25
Bulk crystal-melt partition coefficients H,0 0.12 0.05 0.01 0.05
cl 25 18 17 20
Bulk fluid-melt partition coefficients F 12 15 9 9
Top 20 mean and std. dev
x (Wt%) 0.37 0.44 0.30 0.46
Initial melt Cl 20 0.04 0.06 0.06 0.08
x (ppm) 380 1600 1930 2330
Initial melt F 20 40 100 20 260
X (Wt%) 5.6 6.1 4.4 5.7
Initial melt H,O 20 0.8 0.5 0.7 0.9
Cl (wt% NaClegq) 10.0 8.1 4.3 5.3
Aggregated fluid composition Cu (ppm) 421 305 284 108

@ Estimation from apatite (median) by Chelle-Michou and Chiaradia (2017) using the thermodynamic apatite/melt chlorine partitioning model of Li and Hermann

(2017) at 850 °C (for gabbrodiorite) and 900 °C (for porphyries).

b Estimation from amphibole (average) by Chelle-Michou and Chiaradia (2017) using the calibration of Giesting and Filiberto (2014).
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target trend, the fluid-melt partition coefficients for the upward target
trend required are lower (i.e. Df;lim and Df:l'm ~ 3 versus 18 and 3 versus 15,
respectively). Hence, due to a qualitatively better fit and more geologically
realistic conditions, the preferred model trend is the downward one which
is achieved using a water-saturated melt with initial melt compositions of
0.39 wt% Cl, 1400 ppm F and 5 wt% H>O (Table 1).

4.3. Hornblende-biotite porphyry

The hornblende-biotite (hbl-bi) porphyry apatite compositions (n =
35) are quite scattered and vary between X¢)/Xon ~ 0.14-0.6, Xp/Xoy ~
4-7 and Xp/Xc ~ 19-51 (Figs. 1 and 4). The upward and downward
trends are visually very similar (Supplementary Fig. 3c). Compared to
the downward target trend (see Supplementary Table 1 for more de-
tails), the upward target trend was more challenging to model. It
required lower initial melt Cl and F (0.12 wt% Cl versus 0.25 wt% Cl,
1500 ppm F versus 1700 ppm F), and significantly lower fluid-melt
partition coefficients (i.e. D‘C]im ~ 2 versus 17 and DfFl'm ~ 5 versus 9).
The initial water concentrations were undersaturated relative to 5 wt%
H5Ogy¢ (i.€., 4.6 wt%). There is little to discriminate the two trends, but
as with the gabbrodiorites and the hornblende-porphyry, we find the
range of D™ for such composition/temperature more reasonable for the
best-fitting downward model. Additionally, the general trend towards
lower X¢1/Xon across the whole dataset suggests the downward trend as
the more geologically reasonable. The preferred model trend was ob-
tained using initial melt compositions of 0.25 wt% Cl, 1700 ppm F and
4.6 wt% H5O at slightly under-saturated conditions (Table 1).

LITHOS 480-481 (2024) 107623

4.4. Rhyodacitic dykes

Neglecting analyses with X¢/Xoyg > 0.9, which we interpret are likely
to be related to re-equilibration during cooling, following Stock et al.
(2018), the rhyodacitic dyke apatite compositions (n = 53) are quite
scattered and vary between X¢)/Xoy ~ 0.025-0.6, Xg/Xog ~ 2-6.5 and
Xp/Xc) ~ 10-70 (Figs. 1 and 5). Neither trend fits the data as well as the
other units due to the significant scatter of the data. Visually (Supple-
mentary Fig. 3d), the upward target trend provides the best fit when
plotting Xc1/Xon versus Xg/Xoy but the better fit in the plot of X¢/Xon
versus Xp/Xc) is given by the downward target trend. Both models were
run using the same HyOgyt (5 Wt%). Compared to the downward model
(see Supplementary Table 1 for more details), the upward model requires
significantly lower melt Cl and F contents (i.e. Cl ~ 0.09 wt% versus 0.45
wt% and F ~ 900 ppm versus 1300 ppm), unreasonably higher F and
higher H,0 bulk crystal-melt partition coefficients (i.e. D¥™ ~ 0.50 versus
0.25 and D"Hl'znd ~ 0.20 versus 0.05), as well as notably lower fluid-melt
partition coefficients for Cl and F (i.e. D™ ~ 1 versus 20 and D™ ~ 2
versus 9). This means that the fluid-melt partition coefficient of Cl is
smaller than that of F for the upward target trend, unrealistic with the
more compatible behaviour of Cl in the fluid compared to F. Although the
downward target trend does not fit the scattered data with X¢/Xoy > 0.4,
it results in a better fit for the tail with high Xp/X¢ (i.e. Xg/X¢ > 30) and
seems geologically more realistic than the upward target trend. We
attempted to model a target trend that would fit the apatites with high X¢)/
Xon better; this resulted in a steeper and better-fitting trend for Xp/Xc
versus Xp/Xc1, but performed poorly for the high Xp/X tail. However, this
model requires unreasonably higher bulk crystal-melt partition coefficient
for rhyodacitic compositions (DF™ ~ 0.5) and higher fluid-melt partition

0 0.1 0.2 0.3
F_.wt %

melt

2, ]
0.12 0.14 0.16 0.18 0.2
F wt. %

melt

Fig. 5. Covariates of the initial melt content in chlorine, fluorine and water from all successful runs for the hornblende porphyry deposit using broad (a, b, ¢) and
narrow (d, e, f) bounds for the multistart. The areas highlighted in red on the left-hand panels show the parameter ranges used as the narrow bounds. The areas
highlighted in red on the right-hand panels show the range of RMSE for the top 20 best fitting runs (log RMSE <1.2). The non-transparent runs on the left-hand panels
are the runs within the ranges of the narrow bounds whereas the non-transparent runs on the right-hand side are the top 20 best fitting runs. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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coefficient (Df:l'm ~ 15). Hence, the preferred model trend is achieved
using a water-saturated melt with initial melt compositions of 0.45 wt% Cl,
1300 ppm F and 5 wt% Hy0, bulk crystal-melt partition coefficients are
0.15 for Cl, 0.25 for F and 0.05 for H,0 and the fluid-melt partition co-
efficients are 20 for Cl and 9 for F (Table 1).

4.5. Multistart outputs

We have established, above, the reasons why we prefer the down-
ward model trends (target curves) for each unit. We then performed a
sensitivity analysis for these trends using the multistart global minimi-
zation algorithm (Dixon and Szego, 1978; Glover, 1998; Zsolt et al.,
2007) within the code of Humphreys et al. (2021), which we updated to
include the water saturation level, HyOq,, as a variable and to exclude
the apatite-melt Kps, which are now tied to temperature and apatite
composition as described above. Here, we show the results of the
sensitivity analysis as lines coloured by RMSE (root mean square error i.
e. goodness of fit to the target trend) in the binary mole fraction ratio
figures, and as covariate plots of parameter value against RMSE
(Figs. 2-9). The multistart outputs are also reported in Table 1 and in the
Supplementary information.

For each unit, we ran two iterations of the sensitivity analysis, where
initial seeds are randomly chosen using first broad and then narrow
bounds for the input parameters. The broad bounds are chosen based on
the constraints from previous studies (e.g. Chelle-Michou and Chiaradia,
2017) and from the existing experimental values found in the literature,
especially for the partition coefficients. The results from the multistart
runs with broader bounds allows us to target the narrower parameter
bounds used next, based on the values yielding low RMSE. For example,
the results from the broader bounds runs for the gabbrodiorite clearly
point to lower RMSE at F < ~0.05 wt% (Fig. 3c).

For the gabbrodiorites (Figs. 2, 3 and Supplementary Fig. 4.1), the 20
best fitting runs are scattered on either side of the preferred model fit.
Initial melt compositions, based on the initial parameter values used for
these best-fitting successful runs, are likely in the range 4.6-6.6 wt%
H20, 0.3-0.45 wt% Cl and 0.03-0.045 wt% F. There is no appreciable
variation of other parameters with RMSE (Supplementary Fig. 4.1).
Multistart minima with higher RMSE start with initially higher X¢1/Xon
and tend towards higher Xp/Xoy; these runs tend to have lower initial
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melt Cl and higher melt F contents with lower initial HoO (Fig. 3).

For the hbl porphyry, only a few of the best fitting runs are a good
visual fit to the data, with several of the top 20 model results lying
outside the main dataset (Fig. 4). This suggests that there is a relatively
tightly defined set of parameter combinations that also match the target
trend, such that only a few of the 800 random seeds, within our chosen
parameter bounds (Supplementary Fig. 4.2a), return good matches to
the target trend. Inspection of the model data suggests that the best
fitting minima, i.e., those with lowest log(RMSE), have initial melt HyO
(> 5 wt%), HyOgat (> 5 wt%), intermediate initial melt Cl (~0.4-0.5 wt
%), and moderate initial melt F contents (0.14-0.18 wt% F, Fig. 5), as
well as moderate Dy 120 (~0.1-0.3; see Supplementary Fig. 4.2).

The hbl-bi porphyry modelling returns a spread of runs somewhat
symmetrically distributed around the preferred model fit (Fig. 6). The
top 20 best fits are all within the broad spread of the dataset, but many
minima with log RMSE > —1 are clearly not visually acceptable (Figs. 6
and 7). As with the hbl porphyry, the best fitting minima have initial
melt HoO concentrations of 4-6 wt%, moderate fluorine contents
(0.15-0.23 wt%) and 0.2-0.4 wt% Cl (Fig. 7). There is no clear variation
of RMSE with bulk crystal-melt partition coefficients or with Dﬁlm, but
we see a strong tendency for the best fitting model results to have high
Dﬂ_m (>7) (see Supplementary Fig. 4.3b).

The rhyodacite porphyry is more challenging to assess because of the
scatter in the dataset (Fig. 8), but the minima closest to the preferred
model fit have high initial melt H,O (4-7 wt%) and Cl (0.3-0.6 wt%) and
intermediate initial melt F (0.18-0.28 wt%) (Fig. 9). Runs with the
lowest log(RMSE) also have lower Dy H20 and higher Dyj.m F (Sup-
plementary Fig. 4.4a-b) and higher HyOg,¢ (> 5 wt%; see Supplementary
Fig. 4.4a).

Finally, the multistart results show trade-offs between the melt
compositions. For instance, there are strong trade-offs between the
fluorine melt composition and the melt HyO for all the deposits,
particularly for the hbl-bi porphyry and the rhyodacite (Supplementary
Fig. 5.1). In other words, the best models require either low F and low
H»0 or high F and high H20. The gabbrodiorites also shows trade-offs
between Cl and Hy0 (Supplementary Fig. 5.2) in the melt hence the
trade-off between Cl and F (Supplementary Fig. 5.3) whereas the other
units do not show clear correlation. Regarding the crystal-melt and the
fluid-melt partition coefficients, there are no clear trade-offs
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(Supplementary Fig. 5.4, 5.5) except between the fluid-melt partition
coefficients of F and Cl for the hbl porphyry (Supplementary Fig. 5.5).

5. Discussion

In this contribution, we have improved the model of Humphreys
et al. (2021) by including the non-ideal mixing of the volatile species in
apatite solid solution and temperature-dependence of Kps defined by Li
and Costa (2020, 2023) at each increment of bulk crystal fractionation.
We have also included the H,O saturation point as a variable within the
sensitivity analysis. A bespoke temperature-crystallinity curve can also
be used in place of a fixed temperature if desired. This allows us to track
the volatile evolution of the Coroccohuayco magmatic suite before,
during and after the mineralisation of a magmatic system (Fig. 10).
Nevertheless, a limitation of the model remains that the bulk partition
coefficients are assumed constant with fractionation, whereas D{l'm and
prm may, in principle, vary during differentiation. However, given the
degree of scatter in the apatite data — which could be related to any
combination of analytical uncertainty, local variations in temperature or
composition, or minor post-crystallisation modification — relative to the
trajectory of the model, we cannot resolve any such variations and
conclude that there is no evidence that the bulk partition coefficients
varied substantially during crystal-melt fractionation and fluid
exsolution.

5.1. Timing of apatite crystallisation and the potential for re-equilibration

The gabbrodiorites dataset considered in this study (i.e., unit
10CCO09, Fig. 1) only includes late-stage interstitial apatite grains found
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between plagioclase primocrysts (Chelle-Michou and Chiaradia, 2017).
Interstitial apatites have the potential to re-equilibrate during cooling or
late-stage fluid flow by exchanging halogens with their surroundings,
whereas inclusions within solid phases are unlikely to do this effectively
(Bernard et al., 2022; Stock et al., 2018). However, the late-stage
interstitial apatite grains considered here overlap in composition with
apatite inclusions found in the 10CC55 gabbrodiorite unit (Fig. 1). This
implies that re-equilibration in the late-stage interstitial apatite grains
was minor. On the contrary, the datasets of the porphyries and the
rhyodacite include both interstitial apatite grains and mineral-hosted
inclusions of apatite (Fig. 1) which overlap on Fig. 1. For each unit of
the porphyries, the similarity of chemistry between the apatites found in
the groundmass and as inclusions suggests relatively early apatite
saturation (Chelle-Michou and Chiaradia, 2017) and negligible re-
equilibration of the groundmass apatites. Some rhyodacite apatites
with anomalously high Cl and F (X¢/Xon > 0.8 and Xp/Xon > 15,
Fig. 1a) and elevated S, Mg and Na compared to the rest of the dataset
(Supplementary data of Chelle-Michou and Chiaradia, 2017) possibly
indicate that they could have been affected by late-stage processes such
as cooling (Stock et al., 2018) or by interaction with fluids. Based on the
distinct chemistry as well as their low abundance, we treated these as
outliers and excluded them from the modelling as the model does not
account for late-stage processes.

5.2. Water saturation and melt volatile composition

The target trends and multistart modelling show that in all units the
melt needs to be volatile-saturated (or very close to volatile saturation)
to fit the trends in apatite composition. The multistart modelling results
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Fig. 10. Volatile evolution in apatite (a, ¢, e) and melt (b, d, f, g, h) during apatite crystallisation of the Coroccohuayco magmatic suite. Note that the original
gabbrodiorite melt i.e., prior to apatite crystallisation, was volatile-undersaturated with lower volatile contents (see text for more details). For reference, the pre-
apatite evolution of the gabbrodiorites is represented as inserts in panels (g) and (h) as a dashed line.

(Figs. 2-9) show that the top 20 best fitting runs are volatile saturated or
reach volatile saturation after an average of 6% crystallisation for the
gabbrodiorites, 5% for the hbl porphyry, 8% for the hornblende-biotite
porphyry, and 4% for the rhyodacite. When volatile saturation is
reached, chlorine is extracted into the exsolving fluid according to its Dg.
mC1 (Table 1), and this is commonly seen as a decrease of X¢/Xog in
apatite (Figs. 2, 4, 6, and 10), although this also depends on other pa-
rameters chosen, as discussed above (Candela, 1986; Humphreys et al.,
2021; Stock et al., 2016). To illustrate this point, after 50% crystal-melt
fractionation, our models indicate that the initial gabbrodiorite melt has
lost approximately 40% of the Cl that it held at volatile saturation, while
the hbl porphyry, the hbl-bi porphyry and the rhyodacite melts have lost
~23%, 20%, and 29% of their Cl content, respectively (cf.
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Supplementary information). In contrast, because Dﬁ!m > Dhim > 1,
fluorine may initially keep increasing in the evolving melt despite also
being extracted into the fluid upon saturation (Humphreys et al., 2021).
After the same 50% crystal-melt fractionation (but starting from the
saturation of apatite), according to our models the residual melt in the
gabbrodiorites was only 2% depleted in fluorine relative to its concen-
tration at volatile saturation, the hbl porphyry had 14% lower fluorine,
the hbl-bi-porphyry and the rhyodacite melt were slightly elevated in
fluorine relative to their initial levels at volatile saturation. Therefore,
we infer that most of the melts had exsolved a relatively small fraction of
their total volatile budget (cf. Nathwani et al., 2023).

When a melt that is initially water-undersaturated then becomes
water-saturated, the modelled apatite trend shows a sharp or
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progressive change in slope (Supplementary Fig. 3). None of the datasets
shows a clear break in slope that can clearly demonstrate the onset of
water saturation. However, within the scatter of the data, we cannot
exclude a short period of initially volatile-undersaturated crystal-
lisation, and this is reflected in the multistart modelling results, for
which the initial melt H>O concentration of the best fits is typically at, or
just below, the HoO saturation level used in the model. This could relate
to the sweet spot described by Brookfield et al. (2023) who found that
the highest overpressure of volcanic systems is reached when the magma
is at its water solubility limit.

Overall, the inferred initial melt volatile contents based on apatite
geochemistry are very similar for the individual units (Table 1). How-
ever, it is important to note that this is the melt volatile content when
apatite saturates. A major distinction is that apatite in the gabbrodiorites
is relatively late crystallising (forms inclusions in interstitial amphibole
and fills other interstitial spaces) whereas apatite in the other units
crystallises early, alongside other major phases (Chelle-Michou and
Chiaradia, 2017). Therefore, apatites in the gabbrodiorite unit crystal-
lised from a more evolved interstitial melt (andesitic) that had previ-
ously fractionated an assemblage dominated by plagioclase (Chelle-
Michou et al., 2015a, 2015b). The original gabbrodiorite parental melt
would therefore have been volatile-undersaturated with significantly
lower initial volatile contents (cf. inserts in panels g and h from Fig. 10);
assuming 40% prior fractionation (Chelle-Michou et al., 2015a, 2015b),
application of suitable bulk pXm suggests that the initial gabbrodiorite
melt would have had ~0.245 wt% Cl, 3.5 wt% H20 and ~ 240 ppm F.
This means that the gabbrodiorite would only reach volatile saturation
after around 50% crystal-melt fractionation, when the magma had
already reached a mushy state.

5.3. Bulk crystal-melt and fluid-melt partition coefficients

The multistart results typically show that the model fit does not
depend strongly on the bulk crystal-melt partition coefficients, as there
is no variation of RMSE over the (wide) ranges explored (e.g. Supple-
mentary Figs. 4.1a, 4.2a, 4.3a, 4.4a). This is likely because the bulk
crystal-melt partition coefficients for Cl and F do not have a significant
control on the shape or orientation of the apatite trend, relative to other
parameters that dominate (cf. Supplementary Fig. 1). Moreover, bulk
crystal-melt partition coefficients for halogens and H»O in silicates are
very low (<<0.1) except for amphibole, apatite, and biotite. Based on
the observed compositions and modal proportions of these phases
(Chelle-Michou et al., 2015a, 2015b), realistic bulk crystal-melt parti-
tion coefficients would likely not exceed approximately 0.3-0.4 for Cl
and F, and ~ 0.25 for H,0. Therefore, the bulk crystal-melt Ds used for
our preferred fits (Table 1) are within reasonable limits. In contrast, the
fluid-melt partition coefficients can strongly influence the modelled
apatite trend (Supplementary Fig. 1). For all units, we require high D&™
(in the range 17-25, Table 1) which indicates strong degassing of Cl into
the fluid. These values are consistent with the values derived from
experimental data of similar composition, temperature and pressure (i.e.
10-25 at 200 MPa; Tattitch et al., 2021; Dolejs and Zajacz, 2018; i.e. 3.5-
22.7 between 150 and 400 MPa; Iveson et al., 2017). We also require
D™ values that appear high (i.e. D™ > 9, Table 1) compared to some
values reported in the literature (i.e. typically 0.1-1, Borodulin et al.,
2009 but with higher values e.g. 1.5-6 for rhyodacite and 12-31 for
basalt, Chevychelov et al., 2008a). However, these values are consistent
with elevated values (Df™ > 10) determined experimentally in pho-
nolitic magmas (Chevychelov et al., 2008b) and in basaltic melts
(Chevychelov et al., 2008a). The modelled fractionation trends suggest
that for all units, fluorine initially continues to increase in the melt after
volatile saturation, before starting to decrease at a rate that depends on
the combination of DE™ and D#™. To have a good fit of the apatite
trends with a lower Dff™ (i.e. ~ 1-2) would typically require a combi-
nation of extracting F more quickly from the melt relative to HyO via

crystal growth (i.e. using a higher bulk D¥'™) and extracting Cl more
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quickly from the melt either using a higher bulk D&™ and/or higher
Dgim. For example, the gabbrodiorites trend could be fitted using D{:l'm =

2 but this requires unreasonably high Dgim (~100), Délfm (0.4) and D

(0.8). We also note that the broad-bounds multistart analysis of the
hornblende-biotite porphyry and the rhyodacite clearly show that RMSE
are lower for higher DI 1 (see Supplementary Figs. 4.3a and 4.4a).

5.4. The role of magmatic halogens in the fertility of ore deposits

Hydrous, Cl-enriched melts are thought to be a key ingredient to
increase metal endowment leading to formation of economic metal de-
posits (Tattitch et al., 2021). In this study, there is no clear difference in
the modelled initial melt water and chlorine content (5 wt% H,0 and
0.25-0.45 wt% Cl) between the pre-mineralisation gabbrodiorites, the
later mineralising porphyries and the post-mineralisation rhyodacite),
while fluorine is significantly less abundant in the initial melt for the
gabbrodiorites (~ 350 ppm compared with ~1500 ppm). However,
considering that the gabbrodiorite apatite only started crystallising
when the melt reached andesitic composition (Chelle-Michou et al.,
2015a, 2015b, Chelle-Michou and Chiaradia, 2017), this implies that the
gabbrodiorite parental melt had lower H,O, Cl and F than that forming
the porphyries (see also above). However, the melt concentrations
inferred here are not anomalously high and are not necessarily respon-
sible for the fertility of the Coroccohuayco magmas, consistent with
Chelle-Michou and Rottier (2021). The fluorine concentrations seem to
be the main distinctive component value between the pre- and syn-
mineralising deposits based on the results of our model. We speculate
that fluorine may enhance ore fertility by impacting the transport of
metals (McPhie et al., 2011) or by increasing the porosity of the host
rock and enhancing mineral replacement reactions (Xing et al., 2019),
thus improving the leaching of metals and creating fluid pathways.
However, as discussed in Chelle-Michou and Rottier (2021), the fertility
of ore magmas is probably not due to a special chemistry and may
instead, be controlled by physical components such as the volume and
magma flux of a system, its lifetime, its thermal gradient and the
rheology of the intruded crust and the magma flux.

5.5. Fluid salinity and its copper loads

Fluid inclusions are unique and direct windows onto the composi-
tions of the fluids released incrementally during crystallisation and they
record the fluid composition at the time of capture. The fluids that
transport metals into porphyry copper deposits are equivalent to the
aggregation of these instantaneous fluids released during magmatic
differentiation (Tattitch et al., 2021). Volatile-bearing minerals such as
apatite represent an independent means to model volatile evolution in
fluids. Below, we use the results from our apatite modelling to calculate
both instantaneous and aggregated fluid salinities during crystallisation
of the porphyry-generating magmas, following Tattitch et al. (2021). We
thus calculate the instantaneous salinity of the fluid phase at each point
in the fractionation sequence from our modelled outputs as:

Mpqct
mg

3)

NaCly,, = Cl,, ® Dgl"" .

where m is molar mass and all Cl™ are assumed to be complexed with
Na*t (Chelle-Michou and Chiaradia, 2017). Then, we calculate the
aggregated fluid, following Egs. (15) and (16) of Tattitch et al. (2021):

1 n
NaClyggn = ZNaClﬂuid( o (Mpuig, — Mpuig, , ) ()]
Mfid, =
where,
NacCl id;
mﬂuidi = mwaterl + (nlwaterl - mwaterl 1) fuidy (5)

* 100 — NaClyq,

We also calculated the instantaneous and aggregated Cu fluid

-m
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Fig. 11. Modelled fluid salinity and fluid copper content of the Coroccohuayco
magmatic suite, after Tattitch et al. (2021) using D&™ = 0.1. The gab-
brodiorites and the rhyodacitic dykes were emplaced pre- and post-
mineralisation but are plotted for reference. The white triangles are the
aggregated fluid salinity and Cu inferred from the Monte Carlo simulations of
degassing and crystallisation from Tattitch et al. (2021) and the black circles
are analysed single-phase fluid inclusions for deep barren plutons, Cu—Au (Mo)
porphyries and associated skarn deposits (Kouzmanov and Pokrovski, 2012).
Small, coloured circles are instantaneous salinities at different melt fraction
whereas the larger ones are aggregated salinities calculated over the whole
target trend for each unit. The instantaneous salinities for the gabbrodiorite, the
hornblende-porphyry and the rhyodacite follow the same trend of decreasing
Cu content and fluid salinity with decreasing melt fraction.

content. We used an initial melt Cu concentration ~ 35 ppm (i.e.,
average of the range for intermediate arc magmas; Tattitch and Blundy,
2017), and assumed a constant Dél{lm (~ 0.1), and we computed the
salinity of the exsolved fluid to calculate D™ following Eq. (14) of
Tattitch and Blundy (2017), for which we ignored the HaS component
for simplicity. We then replaced NaCl by Cu in Egs. (3), (4) and (5) to
calculate the instantaneous and the aggregated Cu content in the fluid,
following Tattich et al. (2021). Although the gabbrodiorites and the
rhyodacitic dykes are pre- and post-mineralising units and did not
contribute to the mineralisation of the Coroccohuayco system, we report
them for reference. We obtain instantaneous fluid salinity ranging from
6.5 to 13.3 wt% NaCleq for the gabbrodiorite, 4.7 to 10.9 wt% NaCle, for
the hornblende porphyry, 1.9 to 7.1 wt% NaCleq for the hornblende-
biotite porphyry and 0.2 to 18.4 wt% NaCleq for the rhyodacitic dykes
(see Supplementary Material), in good agreement with both Tattitch
et al. (2021) and Nathwani et al. (2023). However, in contrast to
Nathwani et al. (2023) our modelled instantaneous fluids become less
saline with fractionation as Cl is progressively extracted from the melt.
This is likely because we do not address the variation of Dﬁ%m with melt
SiO, content and pressure and instead use constant values for each
fractionation model, although we do test a range of values through the
sensitivity analysis. We prefer this approach because both melt SiO,
content and pressure are relatively poorly constrained for our case
study, and the variation of SiOy with melt fraction in the approach of
(Tattitch et al., 2021) also adds significant uncertainty. The corre-
sponding aggregated salinities for the target trend for each magmatic
unit are 10 wt%, 8 wt%, 4 wt% and 5 wt% NaCleg, respectively (Table 1).
We obtain instantaneous Cu fluid ranging from 71 to 1883 ppm for the
gabbrodiorite, 50 to 1424 ppm for the hornblende porphyry, 81 to 822
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ppm for the hornblende-biotite porphyry and 0.6 to 2746 ppm for the
rhyodacitic dykes. The aggregated Cu fluid content is 421 ppm for the
gabbrodiorite, 305 ppm for the hornblende porphyry, 284 ppm for the
hornblende-biotite porphyry and 107 ppm for the rhyodacitic dykes.
These ranges agree well with the range of fluid salinities and fluid Cu
content calculated from degassing paths (Tattitch et al., 2021) and with
single-phase fluid inclusions from porphyry deposits and associated
skarns (Fig. 11).

Our data do not indicate systematic differences in fluid salinity be-
tween the mineralising and non-mineralising units in this locality. This
may mean that other factors not accounted for here, such as dissolved
melt sulphur concentrations, are important in determining copper
fertility. However, this work shows that apatite can be a good alternative
means of reconstructing the evolving magmatic fluid salinity and linking
this to its trace metal loads.

6. Conclusions

A crystal + fluid fractionation model is applied to interpret crystal-
lisation conditions for apatite-bearing magmas from the Coroccohuayco
Fe-Cu-Au porphyry-skarn deposit. Using the apatite dataset of Chelle-
Michou and Chiaradia (2017), we apply and further develop this model
for the first time to porphyry-forming magmas. The model includes the
T-dependent exchange coefficients Kps defined by Li and Costa (2020,
2023) to factor the non-ideal mixing of OH-F-Cl in apatite. Our apatite
model highlights the importance of determining the direction of the
apatite trend in the mole ratio space (i.e. whether the evolution tends
towards higher or lower Cl/OH or F/OH, either defined by textural
constraints or by apatite trace element chemistry). Additionally, we
show that the fluid-melt partition coefficients govern the evolution of
the apatite trend for fluid-saturated magmas, and may be a good
discriminatory tool in picking the best model. Our best-fitting models
require melts that are volatile-saturated (or very nearly so) at the time of
apatite saturation. However, the pre-mineralising gabbrodiorite had a
substantial prior phase of volatile-undersaturated crystallisation sug-
gesting that its original magma would have been initially
volatile-undersaturated as well as apatite-undersaturated. There is no
significant difference in volatile concentrations in the melt at the time of
apatite crystallisation, except for lower F in the evolved gabbrodioritic
melt compared to the F-rich porphyry-forming and rhyodacitic melts.
This may imply that F-rich melts may enhance fluid-rock interaction and
facilitate the mineralisation of metal-bearing fluids at the
magmatic-hydrothermal transition. Finally, we use apatite chemistry as
an independent proxy to interpret evolving fluid salinity and retrieve
instantaneous and bulk salinities that are consistent with independent
analysis of fluid inclusions in porphyry systems.
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