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ARTICLE INFO ABSTRACT

Keywords: The lithocap at Mankayan is a contiguous zone of alunite + quartz + pyrite that occur as pervasive alteration of
Alunite . the metavolcanic basement and dacitic pyroclastic rocks. Alunite + quartz + pyrite assemblage also occurs
Natroalunite within hydrothermal gold-bearing veins and breccias. Several high-sulfidation epithermal gold orebodies have

High-sulfidation
Quartz-pyrite-gold
Sulfur isotopes

been previously delineated in the Lepanto Main Enargite orebody, and in the Northwest, Carmen, Florence West
and Florence East quartz-pyrite-gold (QPG) veins. This study presents new data of mineral composition and
sulfur isotopic ratios of alunites from different zones of the lithocap at Mankayan. Elemental composition maps

Mankayan
Luzon and point analysis of alunites indicate compositional heterogeneity within a single alunite crystal. Common
Lepanto substituents to the K™ site are Na* and H3O", with few Ca®* substitution in some sites. Limited occurrences of

PO3 substitution to SO were also documented. Sulfur isotopic ratios (5>*Scpr) of alunite range from + 13 %o to
+ 24 %o, which are typical of hypogene alunite. Sulfur isotopic ratios of coexisting pyrite are mostly negative,
ranging from —5.4 to —1.0 %o. Few samples of alunite from the Northwest and Florence West quartz-pyrite-gold
veins have sulfur isotopic ratios similar to the values of its coexisting pyrite. The estimated temperature of
formation using sulfur isotope geothermometry of alunite-pyrite pairs ranges from 197 °C to 364 °C, with most of
the samples varying within 220 to 270 °C. The calculated bulk 534S of the hydrothermal fluid was found to be + 5
to + 6 %o for the different mineralization events in Mankayan.

The alunite crystals are heterogeneous even in the microscopic scale. Compositional maps show that K and Na
concentration vary within single crystals, as well as among different crystals of a sample. The variations of K and
Na content mostly follow the crystal growth structure, however, some alunite crystals with irregular variations
are also present. Some samples contain aluminum-phosphate-sulfate (APS) minerals intergrown with alunite.
Electron probe microanalysis of the alunite crystals showed a generally wide range of composition between the
alunite — natroalunite solid solution.

Using thermodynamic functions, a relationship between temperature and K*/Na™ of the hydrothermal fluids
was determined across the range of alunite-natroalunite solid solution system. The model curves suggest that at
temperatures less than ~ 250 °C a slight change in fluid composition and/or temperature can vary the number of
Na atoms per formula unit by 0.3 units. At higher temperatures, a more significant change in the physico-
chemical conditions is required for a substitution to occur. This explains the wide range of Na content in the
alunites from the different parts of the lithocap.

The characteristics compiled in this study reflect the fluctuations in temperature and fluid compositions that
occurred during the multiple hydrothermal events in the Mankayan District.
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1. Introduction

Alunite is a sulfate mineral with a chemical composition of KAls(-
S04)2(OH)g (Beudant, 1824; Bayliss et al., 2010; Back, 2014). It is also a
name of a mineral group with a general composition of DG3(TO4)2(OH,
H,0), where D can be monovalent (K", Na, NH4, Ag", H30") or
divalent (Pb2+, Ca®") cations (Jambor, 1999). When D is monovalent,
TO4 is dominantly SO4, while when D is divalent, substitutions by PO4
and AsO4 commonly occurs (Jambor, 1999). The progression of
replacement in the TOy site determines the change of classification from
alunite group to beudantite, plumbogummite and dussertite groups
(Scott, 1987; Bayliss et al., 2010). When TOy4 is (SO4)(PO4) or (SO4)
(AsOy), the mineral is classified as one of the beudantite group (Palache
et al., 1951; Jambor, 1999; Bayliss et al., 2010). When TOy4 is PO4, the
mineral belongs to the plumbogummite group, while when TO4 is AsOy,
the mineral belongs to the dussertite group (Scott, 1987, Bayliss et al.,
2010). The four groups, alunite, beudantite, plumbogummite and dus-
sertite, are collectively called as the alunite supergroup (Bayliss et al.,
2010).

Alunite is commonly found in acid-sulfate alteration zones associated
with high-sulfidation epithermal deposits (e.g. Rye et al., 1991; Arribas
et al., 1995a; Deyell et al., 2005; Chang et al., 2011). Hedenquist and
Arribas (2022) summarized different sources of fluids that cause acid-
sulfate alteration in a porphyry-type hydrothermal system. It includes
quartz and alunite formed from fluids that condensed hypogene
magmatic vapor into meteoric water and in steam-heated acid-sulfate
environment caused by the condensation of CO2 and HyS-bearing fluids
into meteoric water (Hedenquist and Arribas, 2022). Alunite also forms
as a weathering product of sulfides in atmospheric environments
(Ohmoto and Rye, 1979; Hayba et al., 1986; Hedenquist and Arribas,
2022). Alunite was also reported to have precipitated from Al-rich acidic
fluids in the lacustrine environment (e.g. Long et al., 1992; Benison
et al.,, 2007; Chambefort and Moritz, 2014; Sahlstrom et al., 2018;
Sahlstrom et al., 2020). Terrestrial alunite-jarosite has also been used as
analogs for the study of Martian jarosite (Papike et al., 2006). Recently,
alunite was also discovered in Mars using images and visible/shortwave
infrared spectra (Ehlmann et al., 2016). Studies on the effects of physical
and chemical conditions on alunite formation can help us further our
knowledge, not only of ore deposit formation, but of other planets, as
well.

Several studies have been previously conducted to determine what
factors affect the substitutions in the different sites of an alunite crystal
lattice (e.g. Hemley et al., 1969; Hladky and Slansky, 1981; Stoffregen
and Cygan, 1990; Deyell, 2001; Hedenquist et al., 2017). The most
accepted explanation is based on the experimental work of Stoffregen
and Cygan (1990) that reported the decrease of the equilibrium constant
of the reaction (1) as the temperature decreases.

KAI3(SO4)2(OH) + Na™ < NaAl3(SO4)2(0OH)s + K+ €))

This relationship indicates that the process of substitution of Na into
K site in alunite is endothermic, thus, an increase in temperature would
move the reaction towards the formation of natroalunite [NaAls(-
S04)2(0OH)gl. They noted, however, that their experimental conditions
may have led to an overestimation of the distribution coefficient (Kp,
defined as the molar ratio of Na to K in the solid over that in the solu-
tion), and uncertainties in their mixing parameters are significant at
temperatures below 250 °C.

Hemley et al. (1969) conducted experimental and computational
approaches to determine the stability field of alunite from 200 to 380 °C.
They mentioned that the rare occurrence of sodic alunites indicates a
narrower stability field relative to the potassic alunite phase and that
high Na to K ratio is required in the aqueous phase. Hladky and Slansky
(1981) calculated the required K and Na activity ratios to form natroa-
lunite at common temperature and pressure. They indicated that the
concentration ratio in natural waters (White et al., 1963) is 1400 times
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less than the required ratio for natroalunite to precipitate. Deyell and
Dipple (2005) calculated the concentration ratios of fluids required to
form varying alunite-natroalunite compositions at 100 °C to 300 °C, pH
3, 0.2 M chlorinity and 0.01 M total sulfate, using the experimental
parameters determined by Stoffregen and Cygan (1990). Their results
indicated that to form Na-rich alunite (Xn, greater than 0.5) at 200 °C to
250 °C in an acidic environment, the K/Na molar concentration ratio of
the fluids should be less than 102 order of magnitude. From reviewing
different data sets of fluid chemistry of volcanic discharges and fluid
inclusions in ore and gangue minerals, we found that fluids with K/Na
ratios lower than 102 are rare (e.g. White et al., 1963; Kouzmanov et al.,
2010; Audétat, 2019). However, the presence of Na-rich alunites has
been well-documented in the literatures (e.g., Moss, 1958; Parker, 1962;
Scott, 1992; Stoffregen and Alpers, 1992). Sodic alunites were reported
to occur with pyrophyllite in the metamorphic rocks of Bushmanland,
South Africa (Wise, 1975; Schoch et al., 1989). Diagenetic non-
hydrothermal natroalunite was reported in bedded sedimentary rocks
in Ras Sudar Sinai (Goldberry, 1980). Sodic alunites have also been
documented in different hydrothermal systems associated with various
high-sulfidation epithermal deposits (e.g., Lerouge et al., 2006; Vou-
douris, 2011; Hedenquist et al., 2017; Corral et al., 2016; Sahlstrom
et al., 2018; Georgieva et al., 2020), commonly occurring with its K-rich
counterpart. Currently, we have no fluid chemistry data that will allow
the direct comparison of the mineral chemistry of alunite with K/Na
ratios in aqueous solutions. The calculated K/Na ratios required to form
Na-rich alunite are not attained by measured composition of different
hydrothermal and geothermal fluids (e.g. White et al., 1963; Giggen-
bach, 1997; Deyell and Dipple, 2005; Kouzmanov et al., 2010). This may
either mean that the available chemistry data of hydrothermal fluid do
not represent hydrothermal solutions from which natroalunite was
formed, or that the calculations using the current thermodynamic pa-
rameters are not enough to describe the complexity of the interplay of
factors that affect the formation of alunite.

In this contribution, we present petrography, mineral chemistry and
sulfur isotopic data on alunites from the Mankayan District, Philippines.
Alunite is associated with quartz and pyrite in the ~ 2 km long lithocap
in the Mankayan District (Arribas et al., 1995b; Chang et al., 2011;
Hedenquist et al., 2017; Manalo et al., 2018, 2020). A quartz-alunite-
pyrite assemblage characterizes the most extensive alteration zone in
the district, and it surrounds the enargite-gold and quartz-pyrite-gold
(QPG) veins. Previous studies have documented that the alunites in
the Mankayan District formed at different ages (Arribas et al., 1995b;
Manalo et al., 2020). In this paper, we further explore how the mineral
chemistry and sulfur isotopic signature of these alunites vary. This
contribution aims to identify the implications of these chemical and
isotopic heterogeneities to the ore-forming conditions and fluid char-
acteristics of the different mineralization events in the Mankayan
District.

2. Geology and mineralization

The Mankayan District is located in the northern part of Luzon Is-
land, along with other several porphyry copper-gold and epithermal
gold deposits in the neighboring Baguio and Kalinga Mineral Districts
(Fig. 1). The Mankayan District is underlain by a Cretaceous to Eocene
metavolcanic basement called the Lepanto Metavolcanics (Garcia and
Bongolan, 1989). The basement is unconformably overlain by Neogene
volcaniclastic sequences of the Apaoan and Balili Volcaniclastics (Garcia
and Bongolan, 1989). The basement rocks are intruded by the Middle
Miocene Bagon Intrusives. Plio-Pleistocene magmatism was recorded by
the porphyritic domes and pyroclastic deposits of the Imbanguila Dacite
and Bato Dacite (Garcia and Bongolan, 1989). The Mankayan District is
being traversed by several northwest-trending steeply-dipping faults,
which controlled the epithermal gold mineralization in the Lepanto
Main Enargite orebody and the Northwest quartz-pyrite-gold deposit
(Fig. 1; Garcia and Bongolan, 1989; Subang, 2017).
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Fig. 1. Quartz-alunite-pyrite alteration map of the Mankayan District with plotted alunite ages reported by previous works (Arribas et al., 1995b; Cooke et al., 2004;
Manalo et al., 2018, 2020). Inset shows the location of the Mankayan District in northern Luzon, Philippines. Topography and bathymetry were from Amante and
Eakins (2009). Green dots show the location of other hydrothermal ore deposits from Jimenez et al., 2002. Abbreviations: SCS — South China Sea; PSP — Philippine
Sea Plate; PFZ - Philippine Fault Zone. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Four types of mineralization have been recognized in Mankayan
(Garcia and Bongolan, 1989; Imai, 2000; Subang, 2017; Manalo et al.,
2018). These include several porphyry-type deposits that vary in age and
depths (Sillitoe and Angeles, 1985; Arribas et al., 1995b; Cooke et al.,
2004). The depths of the tops of the porphyry-type deposits increases
from west to east, leading Subang (2017) to hypothesize an eastward
younging trend for the generation of the porphyry deposits. The oldest
porphyry-type deposits are probably the surface-exposed Buaki and
Palidan deposits (Subang, 2017). Younger porphyry-type deposits
include the Guinaoang and Bulalacao (now renamed as Fatima) de-
posits, which were formed in 3.5 + 0.9 Ma (Sillitoe and Angeles, 1985)
and 2.48 + 0.42 Ma (Cooke et al., 2004), respectively. The youngest
mineralization event occurred at 1.45 + 0.04 Ma forming the world-
class Far Southeast porphyry deposit (Arribas et al., 1995b).

In the southern part of the Mankayan District lies the Victoria and
Teresa deposits. These deposits are both characterized by carbonate-
base metal-gold-silver quartz veins (Claveria, 2001; Sajona et al.,
2002). The north-south trending Teresa veins were formed at 2.22 +
0.05 Ma (Chang et al., 2011), while the northeast-trending Victoria
veins were formed from 1.31 4 0.02 (Sakakibara et al., 2001) to 1.14 +
0.02 Ma (Hedenquist et al., 2001).

The mineralization in the northern portion of the Mankayan District
is dominated by the Lepanto Main Enargite orebody (Fig. 1; Garcia and
Bongolan, 1989). K-Ar ages on alunite proximal to the orebody range
from 1.56 + 0.29 Ma to 1.17 £ 0.16 Ma (Arribas et al., 1995b). Recent
exploration delineated other enargite orebodies in Carmen, Florence
East and Florence West areas. Further south of the Mankayan District,
presumably older enargite orebodies occur on top of the Guinaoang
deposit.

The fourth style of mineralization in Mankayan has been first
described by Garcia and Bongolan (1989) as post-enargite low copper,
high-gold epithermal veins. This type of veins was further explored in
2015 and collectively called as the quartz-pyrite-gold (QPG) veins. The
QPG veins have been delineated in the Northwest, Carmen, Florence
East and Florence West areas (Fig. 1). A radiometric 39Ar/*OAr age on
alunite from the Northwest QPG deposit is 2.2 4+ 0.1 Ma (Manalo et al.,
2018), while that from the Carmen QPG deposit is 1.62 + 0.04 Ma
(Manalo et al., 2020).

3. Materials and methods

Polished thin sections of alunite-bearing veins and altered host rocks
of the Northwest, Carmen, Florence West and Florence East areas were
prepared. Transmitted and reflected light petrography were conducted
using a Nikon Eclipse LV100N POL polarizing microscope. The presence
of alunite was confirmed using X-ray diffraction (XRD) spectroscopy of
powdered rock samples. XRD analysis was conducted using a Rigaku
Multiflex X-ray diffractometer with Cu-Ka radiation generated at 30 kV
and 16 mA. The samples were scanned from 2° to 60° 20 with a scan
speed of 2°/min and a step width of 0.010°.

Chemical composition of alunite crystals was determined on polished
thin sections using a JEOL JXA-8230 electron probe microanalyzer
(EPMA) operated in the wavelength-dispersion mode at 15 kV acceler-
ation voltage, 10nA beam current and 15 ym beam diameter. The
operating conditions were adapted from Deyell et al. (2005). The
analyzed elements include K, Fe, Al, Na, P, Ba, S, Pb and Ca, and were
standardized against KAISi3Og, FepOs, AlyO3, NaAlSizOg, CeP5014,
BaS0O4, BaSO4, PbS and CaSiOs, respectively. The average detection
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limits are 100 ppm for K20, 250 ppm for FeO, 260 ppm for Al,03, 260
ppm for NaO, 220 ppm for P20s, 520 ppm for BaO, 300 ppm for SO3
and 110 ppm for CaO.

Sulfur isotopic ratios of alunite and coexisting pyrite were deter-
mined. Alunite and pyrite crystals were carefully separated by hand-
picking under a binocular microscope. Individual crystals of pyrite are
usually larger than 150 ym and were easy to separate. Alunite crystals,
on the other hand, occur as finer crystals and are intricately associated

{ U16.118175.7m
- 3.4 glt Au

.

7 U-17-01 1144 m
1.2 g/t Au

LEP-030817-04C
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with quartz and kaolinite or dickite.

Twenty milligrams of pyrite were decomposed using 20 mL 16 M
HNO3 and 2 mL Br; at 90 °C. After overnight evaporation of the solution,
the residue was dissolved in 10 mL 6 M HCI. The acidified solution was
diluted to 100 mL and passed through a cation exchange column. Ten
milliliters of 10 % BaCl, solution was added to the 300 mL eluent to
precipitate BaSOyq.

Alunite-rich fragments were separated from lightly crushed rock

U-16-148,143.6 m

'U-16-118 109.35 m

U-16-05 188.8

Fig. 2. Photos of representative drill core samples from Northwest (A to D), Carmen (E), and Florence East (F). A. Alunite occurs as creamy white fine-grained
crystals filling in a fracture (drillhole U-16-118 175.7 m). B. Alunite occurs as creamy white patches within the quartz vein (drill hole U-16-118 143.6 m). C.
Alunite occurs as creamy white patches within the matrix surrounding the angular clasts (drillhole U-17-01 114.4 m). D. Alunite occurs as pervasive alteration of the
rock (drillhole U-16-118 109.35 m). Sulfide stringers are abundant. E. Alunite occurs within the quartz veins and filling-in vugs in the rock (LEP-030817-04C from
UG L900). F. Alunite occurs as fine-grained creamy white crystals that filled in the fractures of the rock (drillhole U-16-05 185.8 m).




P. Manalo et al.

samples by hand picking under a binocular microscope. Separates con-
taining approximately 250 mg equivalent of alunite were dissolved in
200 mL of freshly prepared 0.5 M NaOH solution at 80 °C for 12 h.
Undissolved impurities, such as quartz and clay minerals, were filtered
out. The filtered solution passed through a cation exchange column. The
eluent was then acidified by 10 mL 6 M HCI to prevent the precipitation
of AI(OH)3. Ten milliliters of 10 % BaCl, solution was added to the 300
mL eluent to precipitate BaSOyq.

The precipitated BaSO4 was collected using a syringe with membrane
filter. The BaSO4 (0.4 to 0.5 mg) recovered was packed with V505
powder in a tin foil. The packed samples were loaded into the automatic
sampler attached to a Thermo Fisher Flash 2000 Elemental Analyzer,
where the samples were combusted in a quartz tube at 1020 °C. The
combustion yielded SO, gas and was separated by gas chromatography.
Isotopic ratios were measured using a Thermo Fisher Scientific Delta V
Advantage isotope ratio monitoring mass spectrometer. Calibration
curves were constructed using IAEA NBS-127 (634SCDT = +20.30 %o),
IAEA SO-6 (8%*Scpr = -34.10 %0), and TAEA SO-5 (5%*Scpr = +0.50 %o)
(Halas and Szaran, 2001). Sulfur isotope ratio is presented relative to the
345/325 value of troilite of the Canyon Diablo meteorite (634SCDT in %o).
The analytical uncertainty is & 0.2 %o.

4. Results
4.1. Alunite occurrence

In hand samples, alunite occurs as a fine-grained creamy white
mineral, commonly found within veins and fracture-fills (Fig. 2A, 2B). It
also occurs as white patches of cement surrounding clasts of lithic
fragments (Fig. 2C). In some samples, alunite occurs as pervasive
alteration of the volcanic host rocks (Fig. 2D, 2E). Alunite was also found
overprinting volcanic rocks that host porphyry-type veins (Fig. 2E,
Manalo et al., 2020). Sulfides closely associated with alunite include
pyrite and enargite that occur as dissemination in the host rock (Fig. 2B),
as stringers (Fig. 2D) or as open-space fillings (Fig. 2F).

Under the microscope, alunite crystals vary in size. (Fig. 3A to 3F).
Anhedral crystals of fine-grained alunite occur as aggregates (Fig. 3A)
filling vugs or intergrown with anhedral quartz (Fig. 3B). Coarser alunite
usually occurs as tabular crystals intergrown with subhedral quartz and
pyrite in veins (Fig. 3C, 3D). The crystal size of sulfide minerals relative
to the size of alunite crystals also vary from one sample to another. In
some samples, coarse anhedral pyrite crystals are surrounded by fine
crystals of tabular alunite (Fig. 3E, 3F). The crystal size of alunite can
vary greatly within a single vein (Fig. 3G). Some samples from Carmen
contain anhedral anhydrite crystals that have been replaced by fine-
grained alunite (Fig. 3H).

4.2. Mineral chemistry

4.2.1. Compositional mapping

Secondary electron images (SEI) show intergrown tabular alunite
crystals (Fig. 4A). Compositional heterogeneity within a single crystal is
evident from the backscattered electron images (BSE; Fig. 4B).
Elemental mapping of alunite crystals indicates that the S and Al con-
tents are mostly constant throughout (Fig. 4C, 4D). The compositional
zones are mainly caused by the variations in the Na and K contents.
Some alunite crystals have a high-K core, surrounded by low to
intermediate-K zones (Fig. 4E). Most of the alunite crystals with rela-
tively low K content have high Na content (Fig. 4F). Alunite crystals with
homogeneous K or Na contents are also present. Compositionally ho-
mogeneous and heterogeneous alunite crystals are commonly found
intergrown with each other (Fig. 4E, 4F). This K-Na type of alunites is
abundant in Northwest, Carmen, Florence East and Florence West.

The Ca content of some alunite crystals is slightly elevated, but its
occurrence is not as abundant as those of K-Na alunites (Fig. 5A to 5E).
Calcium-bearing alunites were found in 830 m to 860 m elevation in
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Northwest, in 900 m elevation level in Carmen and 1131 m elevation in
Florence West. These alunite crystals coexist with anhedral quartz and
anhedral pyrite (Fig. 5A). These Ca-bearing alunites are homogeneous in
S and Al (Fig. 5B, 5C). The compositional variations observed in BSE
images are due to variable K, Na and Ca contents (Fig. 5D to 5E). Thin K-
rich zones are randomly distributed among the alunite crystals (Fig. 5D).

Few crystals of aluminum-phosphate-sulfate (APS) minerals were
also observed in the Northwest and Florence West areas. The APS
minerals appear very bright in BSE images (Fig. 6A). The APS minerals
are tightly intergrown with K-Na alunite crystals, often showing anhe-
dral morphology. Anhedral to subhedral pyrite and quartz commonly
coexist with the APS mineral crystals. The elemental maps of these
crystals show variable S contents. In zones where the S content is low,
the P content is high (Fig. 6B, 6C). The relative concentrations of K, Na
and Ca also vary within the crystals (Fig. 6D to 6F). The high Ca content
corresponds to the low K and low Na contents in the elemental maps.
The Al content, on the other hand, is constant within a crystal and
among different crystals. Some APS minerals occur within the core of
anhedral alunite crystals intergrown with quartz (Fig. 7A, 7B). The high
P content corresponds to low S content in the elemental maps (Fig. 7C,
7D). The surrounding alunite crystals have slight variations in K and Na
(Fig. 7E, 7F). While the K and Na contents of the core of APS are very
low, the amount of Ca is high (Fig. 7G). Small amounts of Ba were also
detected within the core of APS (Fig. 7H).

From the elemental map analysis, we found that morphology and
compositions of alunite group vary within a single crystal, as well as
from one crystal to another. From the several analyzed samples, we
found that the Al concentration remained constant. Sulfur was replaced
by P in few alunite crystals. Tabular alunites in different localities are
often characterized by either high K or high Na content. Alunite that
contains significant Ca are commonly anhedral in shape. Regardless of
composition, most alunites coexist with quartz and pyrite.

4.2.2. Point analysis

Point analyses of alunite crystals were conducted to quantitatively
determine the composition of alunite crystals in different samples
(Supplementary Data Table 1). The measured concentrations were
recalculated assuming that the OH content is stoichiometric. The total
recalculated number of atoms per formula unit (apfu) of SO4 and POy is
2 and that of Al is 3 apfu. The sum of K and Na is mostly 1 apfu, except
for crystals that contain significant amount of Ca. In the analyses of over
1000 points, no significant Fe content was detected, indicating the
absence of jarosite group in the samples.

A ternary plot of (Na 4 K)-(Sr + Ba + Pb)-Ca (Fig. 8) shows that most
of the crystals analyzed from Mankayan District belong to the alunite-
natroalunite group. The samples from the lower elevation level of the
Northwest (U-16-118 186.3 and U-16-118 197.8) also contain APS
minerals in addition to alunite — natroalunite (Fig. 8; Supplementary
Data Table 1). One sample from Florence West (U-16-106 55.5) contains
mostly alunite — natroalunite with a few Ca substitution. Another sample
(U-16-106 67.5 m) only contains woodhouseite [CaAl3(SO4)(PO4)
(OH)g], with no significant Na and K content. The woodhouseite crystals
occur as tiny inclusions in quartz (Fig. 8; Supplementary Data Fig. 2).

Since the variation of the chemical composition of the alunite sam-
ples are mostly due to K, Na and Ca, we plotted the composition on
ternary diagrams K-Na-Ca (Figs. 9 and 10). Six samples of the Northwest
QPG deposit from different elevation were analyzed (Fig. 9). Composi-
tions of most alunite crystals from the Northwest QPG deposit widely
vary from K-rich to Na-rich. In the lower elevation levels (830 m to 860
m), a few Ca-rich alunite and APS minerals are present. The K content of
alunite ranges from 0 to 0.98 apfu, with an average of 0.49 apfu. The K
content of the other samples likewise varies widely, averaging mostly at
the intermediate K-Na compositions. The average K content of the
sample U-17-01 114.4 m is the lowest at 0.38 apfu.

The chemical compositions of alunite from the Carmen QPG deposit
are variable between the K-rich and Na-rich end members, as well as the
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Fig. 3. Photomicrographs of alunite samples. A) Alunite occur as fine-grained anhedral open-space fillings. B) Alunite occurs as pervasive alteration of the host rock.
C and D) Crossed polars transmitted light photomicrograph and reflected light photomicrograph showing subhedral to euhedral pyrite occurring with tabular alunite
and quartz. E and F) Coarse pyrite and fine-grained tabular alunite occurring within a vein. G) Tabular and acicular alunite crystals occurring within the interstices of

anhedral quartz. H) Anhydrite being replaced by fine-grained alunite. A, B, C, D, E and G: Northwest; F: Florence East; H: Carmen. Mineral abbreviations are from
Whitney and Evans (2010).
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Fig. 4. Electron microscope images and elemental maps of alunite from the Northwest QPG veins (drillhole U-16-118 109.35 m). A) Secondary electron image of
tabular alunite. The circular features are caused by beam damage during point analysis. B) Backscattered electron image of alunite showing light grey and dark grey
bands within a crystal. C) Map of sulfur concentration in the alunite crystals shows that S content is constant throughout the crystals. D) Aluminum concentration
map shows homogeneous distribution. E) Potassium concentration varies within an alunite crystal and among individual crystals. The relatively larger alunite crystal
on the top right shows a high-K core (red), surrounded by a low-K zone (blue). F) Sodium concentration map shows that high-Na zones correspond to low-K zones.
(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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Fig. 5. Backscattered electron image (A) and elemental composition map (B - F) of alunite in U-16-106 55.5 m (Florence West). The crystals have uniform sulfur
content, with no detectable phosphorous. Aluminum content is also the same throughout the area. The zonation in the backscattered image corresponds with the

content of K and Ca.

Ca content (Fig. 10). The K content varies from 0.27 to 0.92 apfu, with
an average of 0.51 apfu. Significant Ca content of few crystals ranges
from 0.12 to 0.29 apfu. Alunite crystals from Florence East, on the other
hand, are mostly confined to the K-Na solid solution (Fig. 10). The K
content of the alunite from underground (L900 m) sample (Lep-
032017-09) ranges from 0.18 to 0.98 apfu, while that of the drillhole
sample (U-16-05 172.3 m) ranges from 0.005 to 0.77 apfu. The average
K content of both samples is 0.56 apfu. The compositions of alunite

Fig. 6. Backscattered electron image
(A) and elemental composition map (B —
F) of alunite and APS minerals in U-
16-118 197.8 m (Northwest) showing
the variation of sulfur and phosphorous
content in anhedral crystals. The K and
Na content of the S-rich parts are vari-
able with no clear zonation. Areas with
high P content coincide with high con-
centrations of Ca and low concentrations
of K and Na. Mineral abbreviations are
from Whitney and Evans (2010): qz -
quartz; alu - alunite; py — pyrite; APS —
aluminum phosphate sulfate.

crystals from one sample in Florence West (U-16-106 55.5 m) are var-
iable between the K-rich and Na-rich end members (Fig. 10). The K
content of the alunite varies from 0.12 to 0.98 apfu, with an average of
0.42 apfu.

4.3. Sulfur isotopes

Most of the 534S of alunite analyzed in this study range from + 13 %o
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Fig. 7. Electron microscope images (A and B) and elemental maps (C — H) of alunite in U-16-118 186.3 m (Northwest) showing a core with high PO4 and Ca content.
The core also contains detectable amount of Ba. The core is surrounded by alunite rich in S and K. Mineral abbreviations are from Whitney and Evans (2010): qz —
quartz; alu — alunite; py — pyrite; APS — aluminum phosphate sulfate.
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Table 1
Sulfur isotopic data of alunite and pyrite from the Mankayan lithocap.
Sample ID sulfide sulfate Isotopic Equilibrium Homogenization Temperature of Fluid Age
mineral  6*'Sgpr  mineral 5%%Scpr  Temperature (°C) Inclusions in Quartz (°C)
Carmen’
U-17-05 24.86 pyrite +2.1 anhydrite +14.1 455
U-17-05 56.8 pyrite —-4.1 anhydrite +24.5 192
U-17-05 57.60 pyrite -1.4 anhydrite +22.6 235
U-17-05 49.2 pyrite -2.2 anhydrite +24.3 210
Lep-030817- pyrite -3.7 alunite +22.9 197
04C
Lep-030817- Range: 320 - 360 °C
04B
U-16-62 160.9 alunite -39 supergene?
U-16-62 pyrite —4.2 alunite +20.5 220
168.57
U-16-62 185.2  pyrite -2.2 alunite +22.6 219 1.62 + 0.04 Ma
(“°Ar/3Ar)
U-16-62 187.3 Range: 293 - 360 °C
Florence West
U-16-106 55.5 pyrite -1.5 alunite +19.6 274
U-16-106 67.5 pyrite -5.8 woodhouseite —6.5 supergene?
U-16-106 59.0 pyrite —5.6 alunite -3.6 supergene?
Florence East
LEP- alunite +20.1
032017-09
U-16-05 188.8 pyrite -3.8 alunite +13.2 364 Mode: 250 - 270 °C
Range: 229 — 271 °C
U-16-05 172.3 enargite -3.4 alunite +23.3 226
Northwest
U-17-01 114.4 pyrite —5.4 alunite +19.8 214
U-16-118 pyrite -2.8 alunite +22.8 225
109.35
U-16-118 pyrite -1.8 alunite +15.5 382
117.5
U-16-118 pyrite -2.8 alunite +18.0 300
128.65
U-16-118 pyrite -1.2 alunite +16.7 366
138.8
U-16-118 pyrite -1.0 alunite +20.8 281
171.8
U-16-118 pyrite -1.8 alunite +20.6 271
175.7
U-16-118 pyrite -3.3 alunite +21.6 234 Mode: 220 — 230 °C
179.9 Range: 204 - 348 °C
U-16-118 pyrite -3.8 alunite +24.2 197 Range: 244 — 291 °C
186.3
U-16-118 pyrite -1.0 alunite +21.1 277
197.8
U-16-118 alunite 2.2+ 0.1 Ma
143.6 (*°Ar/*°Ar)
Lepanto Main Orebody*
U89-34-630 pyrite -1.8 alunite +23.4 218 1.56 + 0.29 Ma
(K-Ar)
U91-42-156 pyrite -0.5 alunite +24.6 224 1.17 £ 0.16 Ma
(K-Ar)

t Age data of alunite is from Manalo et al. (2020).
# Data of samples in italics are from Manalo et al. (2018).

* Sulfur isotopes and age data are from Hedenquist et al. (2017) and Arribas et al. (1995a), respectively.

to + 24 %o (Fig. 11; Table 1). The §3*S of pyrite and enargite coexisting
with alunite range from —5.4 %o to —1.0 %o, which are typical isotopic
signature of sulfides with sulfur isotopic fractionation from an HyS-rich
fluid exsolved from magma (Sakai and Matsubaya, 1977; Ohmoto and
Rye, 1979; Bethke et al., 2005). The 5%*S of one alunite sample from
Carmen (U-16-62 160.9 m; Table 1) and two alunite samples from the
Florence West area (U-16-106 67.5 and U-16-106 59.0 m) are negative
(-3.9 %o, —6.5 %o and —3.6 %o, respectively). The 534S of the alunite and
APS mineral from Florence West are nearly equal to those of the coex-
isting pyrite (Table 1). Manalo et al. (2018) also reported the 534S of one
alunite sample from Northwest (drillhole U-17-01 111.2) as —2.0 %o,

10

while that of its coexisting pyrite is —3.4 %o. This type of alunite typi-
cally indicates supergene formation (Rye, 2005). Due to the very fine
crystal size of these alunite crystals and their intricate intergrowth with
enargite and pyrite, it may be argued that the sulfur isotope results of
these samples may have suffered from the influence of micrometric
sulfide impurities. Watanabe and Hedenquist (2001) reported that their
analysis of alunite using NaOH dissolution were unaffected by trace
sulfide impurities, but they found APS cores are resistant to NaOH
dissolution. It is also possible that the negative §>S may not be repre-
sentative of the sulfur isotopic value of the APS minerals but may be
attributed to partial replacement of supergene alunite.
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Fig. 8. Ternary plot of Na + K, Sr + Ba + Pb and Ca showing the variation in the compositions of alunite — APS minerals in Mankayan District and other lithocaps.
Most of the crystals included in this study are alunite — natroalunite. The deeper samples from Northwest and samples from Florence West contain Ca-rich

natroalunite (previously known as minamiite) or woodhouseite.

The sulfur isotopic signatures of anhydrite — pyrite veins in Carmen
were also analyzed (Table 1). Earlier paragenetic studies indicate that
the anhydrite vein formation postdated the alunite crystallization
(Manalo et al., 2020). The 534S of anhydrite range from + 14.1 to + 24.5
%o, while those of the associated pyrite crystals range from —4.1 to + 2.1
%o.

The 8%*S of alunite and anhydrite in Northwest, Carmen, Florence
East and Florence West areas mostly range between + 20 and + 25 %o
(Table 1). The 534S of two alunite samples from Northwest (6345
+15.5 to + 16.7 %o), one alunite sample from Florence East (534 =
+13.2 %o) and one anhydrite sample from Carmen (534S = +14.1 %o) are
lower. The lower §3%S of sulfate (+13 to + 17 %o0) may indicate lesser
degree of fractionation between the sulfide and sulfate, which are
common at higher temperatures (Ohmoto and Goldhaber, 1997). The
535 of coexisting sulfide minerals in the four areas narrowly range from
—5.8 to —1.0 %o, except for one positive 534S of pyrite in Carmen (53*S =
+2.1 %o). Similar §3*S of anhydrite and §>*S of coexisting sulfides that
indicated small isotopic fractionation were also reported from the FSE
deposit (Imai, 2000).

The temperature of formation based on isotopic equilibrium was
calculated from the hypogene alunite-pyrite pairs using equation (2) and
equation (3) for temperatures greater than 400 °C and less than 350 °C,
respectively (Ohmoto and Rye, 1979).

276 x 10°

b 2

(A £1)'7? @
2.16 x 103

— i 3

(A—6 +£05)"? ®

For alunite — enargite pairs, we used the sulfur isotopic fractionation
factors of aqueous sulfate and sphalerite, since enargite is expected to
behave like sphalerite due to their similar structure (Hedenquist et al.,
2017), leading to equation (4).

5.16 x 100\ /?
T= (2"~
(A-6)
For anhydrite — pyrite pairs, we used equation (5) after Ohmoto and
Lasaga (1982) and Ohmoto and Rye (1979).

4
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The formation temperatures calculated from alunite-pyrite, alunite-
enargite, and anhydrite-pyrite pairs vary greatly across different local-
ities. In Carmen, isotopic equilibrium temperatures below 200 °C were
calculated from one alunite-pyrite pair (197 °C) and anhydrite-pyrite
pair (192 °C). Moderate temperatures (210-230 °C) were calculated
from both alunite-pyrite and anhydrite-pyrite pairs. The highest tem-
perature (455 °C) was calculated from the anhydrite-pyrite pair with the
lowest §3*S of anhydrite and the only positive 534S of pyrite (Table 1).
The alunite-pyrite pair from Florence West yielded an isotopic equilib-
rium temperature of 274 °C, which is a little higher than those of the
alunite-pyrite pairs from Carmen. In Florence East, the alunite-pyrite
pair yielded a calculated isotopic equilibrium temperature of 364 °C.
This is significantly higher than the isotopic equilibrium temperature of
an alunite-enargite pair (226 °C) that was taken about 15 m away.

5. Discussion
5.1. Alunite heterogeneity in the lithocap at Mankayan

5.1.1. Sulfur isotopes

The range of the 534S of alunite (4+13 to + 24 %o) and sulfides (-5.4 %o
to + 2.1 %o) are typical signatures of alunite and sulfides that formed
from hydrothermal processes (Field, 1966; Rye et al., 1992; Rye, 2005;
Hutchison et al., 2020). The hypogene nature of alunite is also consistent
with the coarse crystal size, tabular habit and intricate association with
hydrothermal quartz, enargite and pyrite (Rye, 2005; Manalo et al.,
2018). The 53*S of hypogene alunite are typically higher than those of
the coexisting sulfides because 3*S preferentially fractionates to the
sulfate phase (e.g., Hutchison et al., 2020).

For Northwest and Carmen, significant numbers of isotopic ratios of
sulfide and sulfate minerals have been determined, which allows us to
examine the variations. The sulfur isotopic ratios of sulfide minerals
range narrowly, indicating that HyS is the dominant sulfur species
(Sakai, 1968; Rye, 2005; Manalo et al., 2018). Furthermore, the bulk
52%s can be calculated following the methods described by Field and
Gustafson (1976). Manalo et al. (2018) already reported the bulk 534S in
the Northwest area as + 5 %. It is similar to the bulk 5>*S of the Far
Southeast porphyry Cu deposit (+6 %o) reported independently by Imai
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Fig. 9. Ternary diagrams showing the variations of K, Na and Ca contents of
alunite in the samples from the different drill hole samples in the Northwest
area. A widespread variation of composition along the Na-K substitution line is
common. Significant Ca content is seen in deeper drillhole samples. The sam-
ples are arranged according to increasing depth from top to bottom.

(2000) and Hedenquist et al. (2017). The bulk 534S for the Lepanto Main
Enargite orebody was determined by Hedenquist et al. (2017) as + 2 %o.
In this study, we add the data for the anhydrite-pyrite and alunite-pyrite
pairs from Carmen area and determined the bulk §*#S for Carmen as + 6
%o (Fig. 12). From these data, we see that the bulk 534S of the different
magmatic-hydrothermal systems in Mankayan are similar in value,
despite the varying radiometric ages of alunite. In other lithocaps,
Deyell et al. (2005) reported a bulk 84S of + 1 to + 3 %o for magmatic
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Fig. 10. Na-K-C ternary diagrams of alunite from Carmen, Florence East and
Florence West. Composition varies widely along the K-Na substitution line. The
alunite from Carmen and Florence West shows Ca substitution.
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steam alunite in the Tambo high sulfidation deposit in Chile, while
Corral et al. (2017) reported a bulk §3*S of —0.5 % for the Cerro Quema
Au-Cu deposit in Panama.

Although the number of data is limited, we plotted the data of the
alunite-pyrite pairs from Florence East and Florence West areas
(Fig. 12). If the conditions of sulfur isotopic fractionation are the same
for the samples from different areas, the alunite-pyrite and alunite-
enargite pairs would plot along the same range as the other deposits,
in the same way that the data from Far Southeast, Carmen and North-
west areas overlap each other. The data of the alunite-pyrite pair from
Florence West (U-16-106 55.5) and the alunite-enargite pair from
Florence East (U-16-05 172.3) are within the similar range as the
alunite-pyrite pairs of Carmen and Northwest. However, the 5°%S of an
alunite-pyrite pair of Florence East (U-16-05 188; +13.2 %o, —3.8%o) are
significantly out of trend. Furthermore, both the trendlines of the sul-
fates and sulfides in Florence East, drawn from an alunite-pyrite pair and
an alunite-enargite pair, have positive slope, and both measured &3S of
sulfides and sulfates are greater than the calculated bulk 5**S. This could
not be physically possible since fractionation from a single source should
lead to the enrichment of 3*S in the sulfate and depletion of 3*S in the
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Fig. 11. Range of sulfur isotopic ratios (6>4S) of the sulfides and sulfates from the different deposits in the Mankayan District. The data from the Northwest QPG
deposit were from Manalo et al. (2018) and those from the Lepanto Main Enargite orebody are from Hedenquist et al. (2017).

sulfides. This indicates that the alunite, pyrite and enargite from the
Florence East were not in isotopic equilibrium. The trendline intersec-
tion for Florence East (Fig. 12) does not represent the true value of the
bulk &%*S of the hydrothermal fluid. More data is necessary to get a
proper estimate of the isotopic characteristics of the hydrothermal sys-
tem at Florence East.

6. Temperature estimates

From the sulfide and sulfate pairs, we estimated the sulfur isotopic
equilibrium temperature. We also added new fluid inclusions data and
compiled data from previous studies (Manalo et al., 2018, 2020) to allow
comparison of the estimated temperatures (Fig. 13).

The estimated isotopic equilibrium temperatures of alunite-pyrite
pairs from the Northwest area are mostly below 300 °C. Higher tem-
peratures (greater than 350 °C) were calculated from alunite-pyrite pairs
with low §3*S of alunite (+15.5 and + 16.7 %o). Manalo et al. (2018)
reported fluid inclusion microthermometry data ranging from 220 to
250 °C for quartz associated with alunite, and 250 to 290 °C for quartz
associated with alunite + pyrophyllite. Some samples have a wide range
of homogenization temperatures due to boiling conditions and trapping
of variable amounts of vapor (Manalo et al., 2018; Fig. 13). Most of the
sulfur isotopic equilibrium temperatures generally agree with the range
of previously reported fluid inclusion homogenization temperatures,
except for the samples with low 534S of alunite with calculated isotopic
equilibrium temperatures of greater than 350 °C. At temperatures above
350 °C, SO, rather than SO%’ becomes the dominant oxidized species
(Ohmoto, 1986). The isotopic equilibrium temperature calculated using
fractionation factors of SO, would give 210 to 220 °C, which is at the
lower end of the range of homogenization temperatures and too low for
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SO, to be dominant. Thus, the fractionation factors may be between the
values for SO, and SOZ, indicating the possible mixing of different
sulfate-bearing fluids. This observation parallels that reported by
Ohmoto (1986), ie., the anhydrite and sulfide minerals in porphyry
copper deposits fall within the uncalibrated area between SO%-H,S and
SO2-H»S equilibrium fractionation curves. This also applies to the sam-
ple of U-17-05 24.86 in Carmen, where the anhydrite has an excep-
tionally low 534s (+14.1 %o) and an estimated sulfur isotopic
equilibrium temperature of 455 °C.

In Carmen, the isotopic equilibrium temperatures of alunite-pyrite
pairs range from 197 to 220 °C, while that of anhydrite-pyrite pairs
range from 192 to 235 °C. Manalo et al. (2020) reported homogenization
temperature of ~ 240 °C for a non-boiling fluid inclusion assemblage,
while a wide range of 300 to 360 °C for the fluid inclusion assemblages
with variable amounts of trapped vapor. The homogenization temper-
atures of fluid inclusions are generally higher than the sulfur isotopic
equilibrium temperatures. In Northwest, alunite occurs along the veins,
making it possible to discern which quartz crystals occur with alunite by
observing textural relationship. In Carmen, the alunite crystals occur as
pervasive alteration of the dacitic host rock, where remnants of
porphyry-type quartz veins have been preserved (Manalo et al., 2020). It
is, thus, difficult to identify which of the quartz crystals are truly coeval
with alunite precipitation. It is possible that some quartz analyzed for
fluid inclusions microthermometry reflect the higher temperature
environment before the pervasive alunite alteration.

The sulfur isotopic equilibrium temperature of an alunite-pyrite pair
from Florence West is 274 °C. There is currently no fluid inclusion data
available for comparison. For Florence East, an alunite-enargite (U-
16-05 172.3) and an alunite-pyrite (U-16-05 188.8) pair yielded sulfur
isotopic equilibrium temperatures of 226 °C and 364 °C, respectively.
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Fig. 12. 534S versus A&3*S [SO3-H,S] diagram based on sulfate — sulfide pairs from Far Southeast (Imai, 2000; Hedenquist et al., 2017), Northwest (Manalo et al.,
2018), Carmen, Florence West and Florence East. The trend of the data is similar for most of the deposits, except for an alunite-pyrite pair from the Florence East.

The modes of homogenization temperature of fluid inclusions in quartz
from U-16-05 188.8 is 250 to 270 °C, close to the isotopic equilibrium
temperature estimated from the alunite-enargite pair. However, the §°*S
of the alunite-pyrite pair of U-16-05 188.8 significantly deviated from
the other sulfide-sulfate pairs in the different areas of this study. As seen
in the photomicrographs (Fig. 3E and 3F), alunite and pyrite precipi-
tated along the same vein, and they seem to have been precipitated from
the same fluid. However, there are many factors that affect the §°*S
values of individual sulfur species, such as equilibrium fractionation
factors, sulfur speciation and the isotopic composition of the total S in
the fluid (Ohmoto, 1986). It is possible that more than one of these
factors affected the distinctly low 534S of alunite (+13.2 %o) from Flor-
ence East, making the calculated isotopic equilibrium temperature an
invalid estimate. Watanabe and Hedenquist (2001) interpreted that the
low 53%S of alunite could be due to the influence of the sulfur isotopic
signature of the supergene alunite that partially replaced the hypogene
alunite. However, in the case of this Florence East sample which has a
strikingly homogeneous chemical composition, it is unlikely that partial
supergene replacement affected the isotopic composition without
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inducing variations in the mineral chemistry. We also did not observe
replacement textures in the alunite crystals in optical and electron mi-
croscope observations.

7. Variations in Na content of alunite

We compare the mineral compositions with the sulfur isotopic ratios
of the hypogene alunite in the Northwest (Fig. 14), Carmen, Florence
East and Florence West areas (Fig. 15). The histograms reflect the wide
variation in the amount of Na that substituted K in the alunite samples
from the Northwest area. Alunites of samples U-16-118 143.6 m and U-
17-01 114.4 m are richer in Na, while U-16-118 197.8 m and U-16-118
186.3 m are mostly richer in K. Alunites from samples U-16-118 109.35
m and U-16-118 175.7 m are in the intermediate composition. There is
no clear trend between the Na content and the depth of the sample. We
compare the Na content of the alunite with the temperatures of forma-
tion calculated using sulfur isotopic geothermometer on alunite-pyrite
pairs (Supplementary Data Fig. 3). The K-rich alunites of U-16-118
186.3 m and U-16-118 197.8 m were formed at 197 °C and 277 °C,
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Fig. 13. Representative photomicrographs and histograms of homogenization temperatures of fluid inclusions in quartz coexisting with alunite from Northwest

(Manalo et al., 2018), Carmen (Manalo et al., 2020) and Florence East.

respectively. The histograms show that the ranges of Na content of
alunite in samples U-16-118 186.3 m and U-16-118 197.8 m are similar,
but the temperatures calculated from the isotopic thermometry vary by
80 °C. The Na-rich alunite of U-17-01 114.4 m was formed at temper-
atures of around 214 °C. The formation temperatures of alunites that
have intermediate Na content (U-16-118 109.35 m and U-16-118 175.7
m) are 225 °C and 271 °C, varying by about 45 °C.

The Na content of alunite from Carmen (Lep-030817-04C) exhibits
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wide variation and sulfur isotopic thermometry yielded a relatively low
temperature of formation (197 °C). The Na contents of alunite crystals
from the drillhole sample in Florence East (U-16-05 188.8 m) are
remarkably uniform across different crystals, ranging between 0.4 and
0.5 apfu. Sulfur isotopic geothermometry on this sample yields a rela-
tively high temperature of formation at 364 °C. However, the alunite-
pyrite pair from this sample showed isotopic disequilibrium. Thus, a
better estimate of the temperature of formation is from the
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Fig. 14. Histograms showing the Na content of alunite from the different samples in the Northwest areas. The sulfur isotopic ratios of the alunites and the corre-
sponding temperature calculated using sulfur isotope geothermometry of alunite-pyrite pairs are indicated.
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17

Ore Geology Reviews 146 (2022) 104959

homogenization temperature of fluid inclusions in co-existing quartz
(260 to 270 °C; Fig. 13). The 534S of this alunite is the lowest among all
the samples measured (+13.2 %o). Manalo et al. (2020) reported that fO,
of hydrothermal fluids based on fluid inclusions gas analysis on quartz
from Florence is higher than those from Carmen and Northwest.
Changes in the oxygen fugacity would have influenced the sulfur iso-
topic ratios and alunite composition. The Na contents of alunite in
another sample from the underground tunnels in Florence East range
more widely. However, we were not able to apply the sulfur isotope
geothermometer due to the very small amount of sulfides in this sample.

The Na contents of most of the alunite from the drill hole sample
from Florence West (U-16-106 55.5 m) are intermediate and these al-
unites were formed at 274 °C. Another drillhole sample, U-16-106 67.5
m, contains only woodhouseite with the Na concentration below the
detection limit. The 5*S of the woodhouseite from this sample is —6.5
%o, which is near that of the coexisting pyrite (-5.8 %o). As discussed
above, the negative 8°%S of this sample is not representative of the
woodhouseite since APS minerals have shown resistance to NaOH
dissolution (Watanabe and Hedenquist, 2001). It also shows hypogene
mineral association with quartz, alunite, pyrite and enargite. The results
may either be influenced by sulfide impurities or by supergene
replacement.

Chang et al. (2011) reported the chemical compositions of alunite
related to the Lepanto Main Enargite orebody that shows a wide range of
K-Na-Ca composition (Supplementary Data Fig. 1). The K-poor alunite
usually contains significant Na and Ca. Two temperature estimates were
obtained using sulfur isotope geothermometer on alunite-pyrite pairs
reported by Hedenquist et al. (2017). One sample (U89-34-630) yielded
a temperature of formation at 218 °C and its Na content ranges from 0.3
to 0.6 apfu (Chang et al., 2011). The other sample (U91-42-156) con-
tains alunites formed at 224 °C (Hedenquist et al., 2017) with Na content
ranging from 0.2 to 0.5 apfu (Chang et al., 2011).

The general broad variations in the chemical composition of alunite
and the formation temperatures indicate that the properties of the
lithocap at Mankayan are not homogeneous, although it apparently
occurs as a contiguous alteration zone.

7.1. Physicochemical factors affecting alunite composition

Temperature is often cited as the main controlling factor that affects
Na substitution in alunite (e.g., Stoffregen and Cygan, 1990; Hedenquist
etal., 2017). Deyell (2001) and Deyell and Dipple (2005) illustrated that
the composition of the hydrothermal fluid also affects the degree of Na
substitution in alunite. Using thermodynamic relationships, we inves-
tigated how the temperature and fluid composition vary among the
alunite in the lithocap at Mankayan.

The equilibrium between a solid solution and an aqueous solution of
its ions have been earlier presented by Berndt and Stearns (1973) and
Glynn and Reardon (1990). For the consistency of representation, we
follow Deyell and Dipple (2005) in expressing the equilibrium constant
of the substitution reaction (1) as:

(dk\ ) — K, |:aKaln,s:|
ANgt fluid ANaln,s

where ay,+ and ax: refer to the activities of Na* and K in the hy-
drothermal solution, respectively, and K; is the equilibrium constant of
reaction (1). The parameters ax,, s and ayqns are the activities of alunite
and natroalunite in the mineral, respectively. The activities of alunite

and natroalunite in the solid solution can be calculated using the for-
mula (7a) and (7b), respectively,

©

(7a)

AKaln,s = XKuIn,.& Y Kain

(7b)

ANains = XNalns YNain

where Xgan,s and Xnains are the mole fractions of alunite and
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natroalunite in the solid solution, respectively. The parameters ygan, and
YNaln are the activity coefficients of alunite and natroalunite at a specific
temperature. For solid solutions, a subregular Margules mixing model
can be used to determine the respective activity coefficient of alunite
and natroalunite (Stoffregen and Cygan, 1990) following the formula:

(8)

where Wgkaim and Wgnaln are the mixing parameters for alunite and
natroalunite, respectively (Anderson and Crerar, 1993). These mixing
parameters have been determined by Stoffregen and Cygan (1990) at
temperatures of 250, 350 and 450 °C. The mixing parameters at different
temperatures were estimated by least squared regression of the pub-
lished Wggain and Wgnain data (Stoffregen and Cygan, 1990; Deyell,
2001). From these equations, the activities of alunite and natroalunite in
solid solution can be determined.

The equilibrium constant, Ky, was calculated at different tempera-
tures using the R package CHNOSZ (Dick, 2019) using the OBIGT
thermodynamic database, which includes alunite and natroalunite
thermodynamic data recommended by Stoffregen et al. (2000). We
added the molar volume data of natroalunite determined by Stoffregen
and Cygan (1990). The calculations were performed assuming that
pressure is 500 bars. Deyell (2001) previously illustrated that pressure
variations do not significantly affect the calculation results. After
determining the K; at different temperatures, we calculated the

RTIny g, = (2WGNaIn - ZWGKaIn)X[%/a[n + 2(2WGKaln - 2WGNu[n)X,2<a1n

(?—i) at varying compositions of alunite — natroalunite solid solu-
‘Na
Sfluid

tion. From here, the model curves depicting the relationships of tem-
perature and fluid compositions were constructed (Fig. 16).

The model curves show that at temperatures below 250 °C, the K
content of the alunite-natroalunite solid solution can vary from 0.3 apfu
to 0.6 apfu within a narrow range of (ax+/ayg+)q,q Values. This means
that a very little change in fluid composition at constant temperature can
result a variable degree of Na substitution of alunite below 250 °C.
Conversely, a slight increase in temperature within the range from 200
to 250 °C at a constant fluid composition can vary the Na content of
alunite by as much as 0.3 apfu. At higher temperatures, the model curves
are more far apart from each other, indicating that a considerable
change in fluid composition is necessary for Na™ substitution of alunite.
The model curves also suggest that the end members of the solid solution
can be formed from fluids with either significantly low or significantly
high K™ concentration. If the K™/Na™ ratios of fluids vary within the
1*10"! order of magnitude, a slight change in temperature (~50 °C)
and/or fluid composition can change the Na content of alunite by 0.3
apfu.

This explains why a wide range of compositions within a single
sample, as seen in the histograms of the Na content of alunite (Figs. 14
and 15), is common in the samples from the lithocap at Mankayan. The
heterogeneity within a single crystal of alunite suggests local fluctuation
in the temperature and fluid composition. Similar compositional varia-
tion of alunite in lithocaps has also been observed in other deposits
(Supplementary Data Fig. 4). A wide range of alunite-natroalunite solid
solution in the Cerro Quema high-sulfidation Au-Cu deposit, Panama
(Corral et al., 2016) was reported to have an average sulfur isotopic
equilibrium temperature of 239 °C (Corral et al., 2017). A wide range of
Na content of alunite was also reported from Chelopech, Bulgaria
(Georgieva et al., 2020) and from Konos Hill, Greece (Mavrogonatos
et al., 2018), although no direct comparison to temperature has been
made.

Deyell et al. (2005) documented different types of alunite in the
Tambo high-sulfidation deposit, Chile, which also exhibit wide range of
compositions. The Stage 1 magmatic-hydrothermal alunite in Tambo
has been described to be chemically heterogeneous and has the highest
average Na content in the deposit (average Na content = 0.19 apfu,
maximum = 0.81 apfu; Deyell et al., 2005). They reported an unusual
wide range of 8%%S from + 1 %o to + 23 %o and a temperature of
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Fig. 16. Relationship between temperature and activity ratios of K™ and Na™ in
the hydrothermal fluid across varying composition of the alunite-natroalunite
solid solution. The dashed lines with numbers indicate the K/(K + Na) mole
fraction of alunite in the solid solution. The range of K/Na activity ratios of
fluids were calculated for the Northwest, Carmen and Florence West areas using
the temperature from sulfur isotope geothermometer of alunite-pyrite pairs and
composition of alunite measured by the electron probe microanalyzer. The
temperature used for Florence East was from the homogenization temperature
of fluid inclusions. Data from Chang et al. (2011) and Hedenquist et al. (2017)
were used to plot the range for the Lepanto Main Enargite orebody. The K*/Na™
activity ratios of fluids of the Rosia Poieni deposit was calculated from the
concentration of the fluid inclusions in enargite reported by Kouzmanov et al.
(2010). The temperature of the Rosia Poieni deposit was obtained by micro-
thermometry of fluid inclusions in enargite (Kouzmanov et al., 2010).

deposition from 200 to 280 °C (Deyell et al., 2005). On the other hand,
Stage 2 of the Tambo deposit has Na-poor (less than0.2 apfu) but Ba-rich
alunite and shows a nearly complete solid solution composition between
alunite and walthierite (Deyell et al., 2005). The 534S of alunite ranges
from + 26 to + 27 %o with a calculated depositional temperature of 180
to 250 °C based on the A'®0g04.0n, which is the isotopic fractionation of
180 petween the SO* and OH of alunite (Deyell et al., 2005). There are
no reported chemical composition of alunite with a formation temper-
ature greater than 300 °C. Hedenquist et al. (2017) reported sulfur
isotopic equilibrium temperature of up to 411 °C for alunite-pyrite pairs
near the Far Southeast deposit, but no corresponding mineral chemistry
is available. It would be interesting to see the chemical compositions of
these very high temperature alunite in future studies.

We calculated the estimated range of fluid composition of the hy-
drothermal fluid (Fig. 16) using the measured chemical composition of
alunite in the lithocap at Mankayan and the temperature calculated from



P. Manalo et al.

the sulfur isotopic thermometry on alunite-pyrite pairs. For the sample
from Florence East (U-16-05 188.8), we used the homogenization
temperature of fluid inclusions in quartz for the calculations, since the
alunite-pyrite pair showed sulfur isotopic disequilibrium (Fig. 12). The
ratios of the activities of K™ and Na™ of the fluid vary from 0.05 to 0.2.
The plot reflects that alunite from the different parts of the lithocap in
Mankayan formed in conditions with varying temperature and fluid
composition.

The absence of hydrothermal fluid composition data in the Man-
kayan District precludes the direct comparison of the calculated K*/Na™
ratios with actual measurements. However, Kouzmanov et al. (2010)
measured the element concentrations of the fluid in enargite-hosted
fluid inclusions of the Rosia Poieni deposit, Romania using LA-ICPMS.
Alunite also occurs in the Rosia Poieni deposit, which makes it a good
area for comparison. We used the measured Na and K concentration of
the fluids trapped in enargite crystals (Kouzmanov et al., 2010) to
represent the possible composition of fluids in the high-sulfidation epi-
thermal environment. The average Na and K concentration of the fluid
inclusions hosted in enargite at Rosia Poieni are 2634 ppm and 1164
ppm, respectively (Kouzmanov et al., 2010). Using the Truesdell — Jones
equation, we calculated the activity coefficient of Na* and K" at 317 °C,
using the homogenization temperature of fluid inclusions hosted in
enargite reported by Kouzmanov et al. (2010) and ionic strength
determined at 0.2 M chlorinity and 0.01 M sulfate concentration (Deyell,

Ayg

2001). The calculated (a“‘ ) of the fluid inclusion hosted in enargite
Sfluid

from Rosia Poieni is 0.25. Kouzmanov et al (2010) noted the restricted
range of K/Na ratios in the hydrothermal fluids in Rosia Poieni, which
was due to the overprinting of epithermal event onto earlier potassic or
phyllic alteration.

Thermodynamic relationships indicate a close interplay between
temperature and fluid composition in determining the composition of
the alunite — natroalunite solid solution system. The composition of the
host rocks is also a key factor in determining the alunite composition
because it affects mineral stability during water-rock interaction.
Alunite in Mankayan, as well as in other lithocaps associated with Au
and Cu mineralization, is commonly heterogeneous even at microscopic
scale. Thus, caution is required in using alunite and natroalunite as
regional vectors for mineralization.

8. Conclusions

This study reported the variations in the mineral chemistry and
sulfur isotopic ratios of alunite in the lithocap at Mankayan, which hosts
high-sulfidation epithermal gold orebodies in the Northwest, Carmen,
Florence East and Florence West areas. Alunite crystals occur as inter-
stitial to vein quartz, or as pervasive alteration of the host rock.
Elemental composition maps indicate the heterogeneity of mineral
composition within a single crystal and among interlocking alunite
crystals. Sodium substitution varies widely, while Ca and hydronium
substitute to some extent.

Sulfur isotopic ratios (5°S) of the hypogene alunites mostly vary
from + 13 %o to + 24 %o. The &°*S of few alunite and APS mineral
samples from Northwest and Florence West are negative, which is
similar to those of the coexisting pyrite. The bulk §3*S of the hydro-
thermal fluid that formed the lithocap in Carmen is + 6 %o, similar to the
values previously reported for the Northwest and the Far Southeast
deposits. This indicates that across the different mineralization events,
the bulk isotopic composition of the fluid is broadly identical.

Most of the calculated isotopic equilibrium temperatures vary be-
tween 220 and 270 °C, which correspond to the homogenization tem-
perature of fluid inclusions in quartz. Anomalously high isotopic
equilibrium temperatures (greater than 350 °C) and low 5*S are likely a
product of sulfate-bearing fluids that differs from the fractionation
behavior of the SO4-H,S system.
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The variation in the extent of Na and Ca substitution are not strongly
correlated with temperature. The variable composition of alunites re-
flects the fluctuating temperature conditions and fluid composition
throughout the mineralization in the Mankayan District.
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