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A fundamentally distinct, sulfide-poor variant of intense acid (advanced argillic) alteration occurs at the
highest structural levels in iron oxide-rich hydrothermal systems. Understanding the mineralogy, and
geochemical conditions of formation in these sulfide-poor mineral assemblages have both genetic and
environmental implications. New field observations and compilation of global occurrences of low-
sulfur advanced argillic alteration demonstrates that in common with the sulfide-rich variants of
advanced argillic alteration, sulfide-poor examples exhibit nearly complete removal of alkalis, leaving
a residuum of aluminum-silicate + quartz. In contrast, the sulfur-poor variants lack the abundant pyri-
te ± other sulfides, hypogene alunite, Al-leached rocks (residual ‘‘vuggy” quartz) as well as the Au-Cu-
Ag ± As-rich mineralization of some sulfur-rich occurrences. Associated mineralization is dominated by
magnetite and/or hematite with accessory elements such as Cu, Au, REE, and P. These observations pre-
sented here indicate there must be distinct geologic processes that result in the formation of low-sulfur
advanced argillic styles of alteration.
Hydrolysis of magmatic SO2 to sulfuric acid is the most commonly recognized mechanism for generat-

ing hypogene advanced argillic alteration, but is not requisite for its formation. Low sulfur iron-oxide
copper-gold systems are known to contain abundant acid-styles of alteration (e.g. sericitic, chloritic),
which locally reaches advanced argillic assemblages. A compilation of mapping in four districts in
northern Chile and reconnaissance observations elsewhere show systematic zoning from near surface
low-sulfide advanced argillic alteration through chlorite-sericite-albite and locally potassic alteration.
The latter is commonly associated with specular hematite-chalcopyrite mineralization. Present at deeper
structural levels are higher-temperature styles of sodic-calcic (oligoclase/scapolite – actinolite) alteration
associated with magnetite ± chalcopyrite mineralization. These patterns are in contrast to the more
sulfur-rich examples which generally zone to higher pyrite and locally alunite-bearing alteration.
Fluid inclusion evidence from the systems in northern Chile shows that many fluids contain 25 to

>50 wt% NaCleq with appreciable Ca, Fe, and K contents with trapping temperatures >300 �C. These
geological and geochemical observations are consistent with the origin of the low-sulfur advanced argillic
assemblages from HCl generated by precipitation of iron oxides from iron chloride complexes from a
high-salinity fluid by reactions such as 3FeCl2 + 4H2O = Fe3O4 + 6HCl + H2. Such HCl-rich (and relatively
HSO4

=-poor) fluids can then account for the intense acid, Al-silicate-rich styles of alteration observed at
high levels in some iron-oxide-coppe-gold (IOCG) systems. The geochemical differences between the
presence of sulfide-rich and sulfur-poor examples of advanced argillic alteration are important to
distinguishing between system types and the acid-producing capacity of the system, including in the
modern weathering environment. They have fundamental implications for effective mineral exploration
in low-sulfur systems and provide yet another vector of exposed alteration in the enigmatic IOCG clan of
mineral deposits. Furthermore, understanding the geochemistry and mineralogy of this distinct geologic
environment has applications to understanding the acid generating capacity and deleterious heavy
metals associated with advanced argillic alteration.
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1. Introduction

Intense acid (advanced argillic: Meyer and Hemley, 1967) alter-
ation is widespread in the uppermost parts (<1 km) of calc-alkaline
volcanic arcs and related hydrothermal systems, where it is com-
monly sulfur-rich (abundant pyrite, alunite) and contains a distinc-
tive suite of elements of economic interest (Au, Cu, Ag) and
environmental concern (As, Hg, S; Arribas, 1995; Plumlee, 1999;
Simmons et al., 2005). In contrast, similar intense acid alteration
assemblages form in the near surface, overlying sulfur-poor iron-
oxide (Cu-Au-Co-U-REE) systems (Barton and Johnson, 2000;
Kreiner, 2011; Barton, 2014). Advanced argillic assemblages asso-
ciated with low-sulfide systems share many of the same character-
istics to the more common variants found in sulfur-rich settings,
such as an assemblage characterized by Al-Si phases (e.g. kaolinite,
pyrophyllite, andalusite, dumortierite), however they are distinct
in the scarcity of sulfide and sulfate minerals (Kreiner and
Barton, 2011).

Early work on advanced argillic alteration has been on sulfide-
rich systems (e.g. Meyer and Hemley, 1967; Hemley et al., 1980)
and recent work has focused on the interpretation and understand-
ing of these sulfur-rich examples (e.g. White, 1991; Hedenquist
et al., 1998; Chang et al., 2011; Hedenquist and Taran, 2013). A
smattering of examples of sulfide-poor alteration have been
described previously without genetic interpretation (e.g., Sykes
and Moody, 1978; Kerr, 1998; Ray and Dick, 2002; Zhou et al.,
2007; Zhang et al., 2011). Barton and Johnson (1996, 2000) noted
the sparse occurrence of S-poor advanced argillic alteration assem-
blages in IOCG systems worldwide, where they were inferred to be
the S-poor equivalents of what occurs at high structural levels in
porphyry copper deposits (commonly referred to as lithocaps, e.g.
Sillitoe, 1995).

This study grows from broader investigations in the western
USA and northern Chile examining the relationships between IOCG
mineralization and their broader hydrothermal context (Barton
et al., 2011; Kreiner, 2011). Seventeen examples of low-sulfur,
advanced argillic alteration related to IOCG-style systems in both
North and South America are reviewed here. Our study presents
new geologic and geochemical observations of the low-sulfide
advanced argillic IOCG occurrences and details their association
with structurally deeper iron-oxide (magnetite or hematite) rich,
Cu(±Au)-bearing styles of mineralization. These observations pro-
vide a context to understanding the zoning relationships of high-
level portions of the systems to associated underlying Cu-
bearing, iron-oxide rich mineralization, and deeper and distal
metal-depleted feldspar-stable alteration. We then discuss the
similarities and differences between the high- and low-sulfide
styles of advanced argillic alteration, including comparisons of
the various styles of low-sulfide advanced argillic alteration and
the genetic implications. The vertical zoning patterns observed
around the low-sulfide advanced argillic alteration in the Cordil-
lera of North and South America are similar despite different geo-
logic environments (e.g. magmas, tectonic settings, compositions
of host rocks), which require a genesis independent of these fea-
tures (Barton et al., 2013). Distinct, non-sulfur-bearing sources of
acid (e.g. dissociation of HCl resulting from the precipitation of
metals in a brine-dominated system) are required to generate the
IOCG, and perhaps other styles, of low-sulfur assemblages (Kreiner,
2011).
2. Diversity of advanced argillic alteration

Meyer and Hemley (1967) defined advanced argillic alteration
as replacement of feldspars and micas by one or more of the
aluminum-silicate minerals, andalusite, pyrophyllite, or kaolinite.
The Al-Si phases indicate a more acid assemblage at any given tem-
perature, when compared to feldspar or muscovite bearing assem-
blages in the K2O-Al2O3-H2O-SiO2 system. Associated minerals
commonly include alunite, pyrite with accessory rutile, Al-P-S
phases, dumortierite, zunyite, lazulite, and hematite.

Most studies have focused on volcanic (fumarolic)-related
advanced argillic alteration and the locally associated Cu-Au-rich
epithermal and porphyry deposits (Rye et al., 1992; Arribas,
1995; Hedenquist et al., 2000). In such settings, acidic alteration
is characterized by abundant pyrite and alunite, and is most-
common at shallow depths. Advanced argillic styles of alteration
form in most near-surface hydrothermal environments over a
broad range of temperatures, sulfidation states, total sulfur con-
tents, oxidation states, and silica saturation (Hemley et al., 1980).
Thus, a single origin for these intense acid alteration assemblages
should not be expected.

Advanced argillic alteration in many varieties of porphyry and
epithermal systems, volcanogenic massive sulfide systems, and
other near-surface environments (e.g. crater lakes) is commonly
characterized by abundant sulfur-bearing minerals, which implies
an origin from sulfuric acid-rich fluids which may result from the
condensation of low-density SO2-rich fluids (Einaudi et al., 2003;
Heinrich, 2005; Seedorff et al., 2005; Hedenquist and Taran,
2013). Systems with sulfur-rich styles of advanced argillic alter-
ation may be associated with Cu, Au, and Ag, and other metals such
as As, Hg, Bi, and Sb that readily form sulfide-complexes (Arribas,
1995; Simmons et al., 2005; Seedorff et al., 2005) and are com-
monly deposited in genetically-related, but often later mineraliz-
ing events associated with higher-density S-bearing fluids (e.g.
Heinrich, 2005; Hedenquist and Taran, 2013). These systems show
predictable zoning patterns to associated mineralization, and gen-
erally, genetically-associated tectonic or igneous processes related
to the magmatic-hydrothermal systems.

The occurrence of advanced argillic alteration associated with
iron oxide-bearing alteration and low total sulfide implies a dis-
tinct geologic environment that has a sulfide-poor source of acid,
yielding hematite or magnetite instead of pyrite and alunite. The
low-sulfur variants are genetically and spatially related to underly-
ing iron-oxide dominated mineralization associated with low sulfi-
dation states and total sulfur (Kreiner and Barton, 2011; Barton,
2014). Characteristic of the low-sulfur variety are metals (Cu, Ag,
Au), and other elements that readily form chloride complexes but
a scarcity of those more closely linked to sulfide complexing
(Hitzman et al., 1992; Barton and Johnson, 1996; Barton, 2014).
Low-sulfide styles of advanced argillic alteration are commonly
observed in the upper levels of iron oxide(-copper-gold) (= ‘‘IOCG”)
systems (Barton and Johnson, 2000; Barton, 2014).
3. Sulfide-poor advanced argillic alteration

Advanced argillic alteration with low total sulfur, unrelated to
weathering, has occurred globally at several locations. This study
has documented 17 localities in northern Chile and the western
USA (Table 1) through detailed and reconnaissance observations
and geochemical analysis. Although earlier studies have reported
Fe-oxide-stable, low-sulfide advanced argillic alteration (Table 1),
none have described the occurrences in detail nor have they
addressed the genetic implications of the distinctive mineralogy.
3.1. Mineralogy

Low sulfide advanced argillic alteration is characterized by Al-Si
phases including kaolinite, pyrophyllite, andalusite, diaspore,
dumortierite and corundum (Figs. 1 and 2; Table 1). Specular
hematite (±magnetite) are present in these low-sulfide examples,



Table 1
Mineral assemblages of advanced argillic alteration from representative low total sulfur systems.

Name Location Assemblage Associated
Mineralization

Key elements in
advanced argillic
assemblages

Total sulfide,
(Sulfate)

Host rock References

Jesús María Copiapó, Chile Early Qz-Dum-Prl(-Hm), Late
Trm-And-Qz-Cc-Hm

Mt-Apt-Act(Cu),
Cc-Hm-Qz-Cu

Fe, As, B <1%, (0%) Andesitic volcanic and volcaniclastic rocks
interbedded with clastic units

Kreiner and Barton (2011)

Viñita Azul Copiapó, Chile Qz-Prl-Chl-Laz(-Hm) Unknown Fe, P <1%, (0%) Interbedded andesitic volcanic, volcaniclastic, and
clastic units, diorite sills

Kreiner and Barton (2011)

Ojancos Nuevo Copiapó, Chile Qz-And-Hm ± Prl Unknown Fe <1%, (0%) Andesite Kreiner and Barton (2011)
Ojancos Viejo Copiapó, Chile Qz-Prl( ± Hm) Hm-Mt-Chl-Bt-Cu Fe 1–2%, (0%) Mixed volcaniclastic and epiclastic rocks Kreiner and Barton (2011)
Zafiro Copiapó, Chile Crd(sapphire)-Dia-Alun(-And) Unknown N/A <1%, (1–5%) Andesitic volcanic and clastic units Kreiner (2011)
Carmen Diego de

Almagro, Chile
Prl-Qz-Hm(-Kln) Mt-Apat/Mt-

Hm ± Cu
Hm <1%, (0%) Andesitic to dacitic volcanic units Kreiner (2011)

El Laco Chile Qz-Kln Mt ± Cu N/A <1%, (5–10%) Volcanic rocks Sillitoe and Burrows (2002)
Productora Vallenar, Chile Qz-Prl-Dum Mt-Apat; Mt-Cu-Au N/A <1%, (0%) Tuffs and clastic rocks Fox (2000), Ray and Dick

(2002)
Palen Mts California, USA Prl-Qz-Hm ± Trm (?) Mt-Apat-Act Fe <1%, (0%) Andesitic volcaniclastic Kreiner (2011), Girardi, 2014
Champion Mine California, USA Qz-And-Prl(Crd-Tpz-Rt-Dia-

APS-Laz-Ap)
Hm N/A <1%, (n.r.) Metamorphosed rhyolites, muscovite-albite-quartz

and chlorite-chloratoid schists
Wise (1977), Dunning (1987)

Kofa Mts Arizona, USA Qz-Kyn-Dum Unknown N/A <1%, (0%) Diorite Kreiner (2011)
Pea Ridge Missouri, USA And-Qz Hm-Py N/A 1–2%, (n.r.) Sub-alkaline rhyolitic flows and ash flow tuffs Kerr (1998)
Haile Mine South Carolina,

USA
Qz-Prl-And(-Kln-Tpz) Py(-Hm) N/A 1–5%, (n.r.) Metavolcanic units Sykes and Moody (1978)

Brewer Mine South Carolina,
USA

Qz-Kyn-And(-Tpz-Rt) Mt(-Hm)-Py Fe 1–5%, (n.r.) Rhyolite, pyroclastic breccia, tuff Sykes and Moody (1978)

Benson Mine New York, USA Sil-Qz-Chl Mt-Ilm-Rt Ti <1%, (n.r.) Granitic gneisses Hagni et al. (1969), Crump
and Beutner (1968)

Lyon Mountain New York, USA Sil-Qz Mt Fe <1%, (n.r.) Granitic gneisses McLelland et al. (2002)
Moonta South Australia Kln-Qz ± Alun ± Sid ± Cu-oxide Hm-Mt-Cp-Py-Qz-

Chl veins
±Cu 1–5%, (n.r.) Porphyritic rhyolite-rhyodacite ignimbrites or

subaerial flows
Both et al. (1993)

La Perla Mexico Qz-Kln-Flu Mt-Apt(-Hm) P <1%, (n.r.) Intermediate to moderately silicic volcanic to sub-
volcanic rocks

Van Allen (1978)

Lishui region,
China

China Kln-Qz-Cc Py(-Mt) N/A <1%, (n.r.) Andesitic volcanic rocks Zhou et al. (1996)

Xiaoling Luzhong, China Qz-Kln Mt-Py N/A <1%, (n.r.) Jurassic volcaniclastic rocks Ren et al. (1991)
Yueshan Anhui, South

China
Qz-Kln(-Carb) Hm-Mt(-Py) Fe <1%, (n.r.) Triassic limestone and dolomite, diorites Zhou et al. (2007), Zhang et al.

(2011)

Act = actinolite; Alun = alunite; And = andalusite; Apt = apatite; Bt = biotite; Cc = calcite; Chl = chlorite; Cp = chalcopyrite; Dum = dumortierite; Flu = fluorite; Hm = hematite; Ilm = ilmenite; Kln = kaolinite; Kyn = kyanite;
Laz = lazulite; Mt = magnetite; Prl = pyrophyllite; Qz = quartz; Rt = rutile; Ser = sericite; Sid = siderite; Sil = sillimanite; Trm = tourmaline; Key elements present in advanced argillic assemblages represents geochemically or
economically important elements occurring directly within the zone of advanced argillic alteration in the system. Note other key elements (particularly economically) may be present in the associated mineralization. N/A indicates
no data available, or no elements reported; Total sulfide and sulfate are estimates based on authors visit to the site or review of available literature. n.r. indicates no sulfate reported, whereas 0% indicates the authors observed no
sulfate at the location.
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Fig. 1. Hand specimen examples of low S advanced argillic alteration assemblages. A. Zafiro, northern Chile, showing sapphire-variety corundum (Crd) veins in an alunite-
bearing groundmass (Alun-gm). B. Lazulite (Laz)-specular hematite (Hm) vein with a quartz (Qz) envelope cut by a hematite ± pyrophyllite (Prl) vein in a quartz-lazulite
altered volcaniclastic rock from the La Azul prospect in the Vinita Azul district. C. Pyrophyllite (Prl) – dumortierite (Dum) – hematite – quartz altered breccia with a late
calcite – tourmaline (Trm) – pyrophyllite (Prl) cement from Jesús María, northern Chile. D. A metamorphosed example of low S advanced argillic alteration from Vitrifax Hill,
located in southeastern California, illustrating a quartz (Qz) – kyanite (Kyn) mineral assemblage. The low total S character of the rock persists through the metamorphic
overprint. E. Palen Mountains, southeastern California, showing quartz (Qz) – pyrophyllite (Prl) – specular hematite (Hm) alteration with no sulfide minerals. F. Texturally
destructive pyrophyllite (Prl) – sericite (Ser) – quartz (- goyazite; Goy) altered andesitic or dacitic volcanic unit from the Artesia Lake unit in the Yerington district. Goyazite –
pyrophyllite alteration is most intense in the white zones, zoning to pyrophyllite-sericite and weaker sericitic alteration in the center of the image. This sample is from the
Top Claim prospect structurally overlying the Minnesota Mine in the Yerington district. Scale bars in all images are 5 cm.

D.C. Kreiner, M.D. Barton / Ore Geology Reviews 88 (2017) 174–187 177
commonly with a lack of sulfides. Sulfate minerals, particularly
alunite, are uncommon (Table 1; e.g., El Laco, Chile; Sillitoe and
Burrows, 2002). Similarly, rare is vuggy silica, massive silica
replacement, or Al-leaching in any form. Assemblages are typically
composed of quartz-pyrophyllite-hematite, with lesser magnetite
and may locally contain trace phases of dumortierite
(Figs. 1c, 2a and b), tourmaline (Fig. 2B, f), lazulite (Figs. 1b, 2c),
and calcite (Fig. 2b). The alteration is commonly texturally destruc-
tive, obscuring the identification of the host rocks. The Al-silicates
replace feldspar sites, whereas the iron oxides replace the mafic
components in the rock.

Opaque minerals are dominated by hematite, with lesser mag-
netite and rare to no pyrite in the alteration assemblages (Figs. 1e;
2g, h). In some cases, earlier formed magnetite is replaced by
hydrothermal hematite (martite). The hematite or magnetite are
commonly intimately intergrown with the Al-silicate mineral
phases. Rarely, quartz veins with iron oxide-dominated assem-
blages are observed in the advanced argillic zones, but most com-
monly iron oxides are disseminated throughout the wall rock.

Minor components such as P and B show similar patterns to
what is observed in other styles of advanced argillic alteration,
and reflect the differences in compositions of the associated miner-
alizing systems. Lazulite (Figs. 1b and 2c), a phosphate mineral, is
more common in apatite-rich systems (Hitzman et al., 1992;
Barton and Johnson, 2000). Boron minerals, such as tourmaline,
and under highly acidic conditions, dumortierite,
(Figs. 1c and 2a and b), are more common in association with
tourmaline-bearing mineralization. Dumortierite is inherently
more stable in hydrous, acidic conditions than is tourmaline
(Taner and Martin, 1993; Collins, 2010). Dumortierite is deficient
in alkalis, Fe, and Mg (Taner and Martin, 1993), consistent with
the coeval Al-silicate mineralogy. In northern Chile, tourmaline



Fig. 2. Photomicrographs of selected low S advanced argillic alteration assemblages. A. Plane polarized image from Jesús María with coarse-grained dumortierite (Dum)
+ Andalusite (And) breccia matrix filling space between two fine-grained silicified (Qz) clasts with specular hematite (Hm). Photomicrograph is from the hand sample in
Fig. 3c. B. Plane polarized image of boron-rich advanced argillic alteration from the Jesús María district, assemblages are characterized by early dumortierite (Dum)-
pyrophyllite ± magnetite partially replaced by a metamorphic overprint of tourmaline (Trm) – andalusite (And) – quartz (Qz) – calcite (Cc) ± hematite. C. Plane polarized
image of lazulite (Laz) – pyrophyllite (Prl) – quartz (Qz) – hematite (Hm) (- chlorite (Chl)/kaolinite (Kln)) alteration with local jarosite replacing volcaniclastic rock in the Mina
Azul prospect of the Vinita Azul district. The sample contains coexisting liquid vapor (LV) and vapor-liquid (VL) fluid inclusions. D. Plane polarized photomicrograph with
andalusite (And) crystals within fine-grained pyrophyllite (Prl) near a cross-cutting younger pluton in the Vinita Azul district, northern Chile. E. Cross-polarized
photomicrograph of D. F. Foititic tourmaline (Foi) (alkali deficient) overgrowing dravitic tourmaline (Dra) within a vug surrounded by texturally-destructive pyrophyllite
(Prl)-muscovite/illite (Ser)-hematite (Hem) alteration. G. Reflected light photomicrograph of martite (hematite (Hm) after magnetite) in two clots in the center of the image.
Pyrophyllite-sericite has replaced a feldspar site in the lower left portion of the image and quartz-hematite have replaced mafic minerals in a matrix of fine-grained sheet
silicate alteration in the northern Ojancos Nuevo district, northern Chile. H. Cross-polarized reflected-light photomicrograph of G.
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analyses from the advanced argillic altered zones show a strong
trend to foitite compositions, representing an alkali (Na, Ca, K) defi-
cient tourmaline (Collins, 2010).

The presence of chlorite, common in the acid assemblages inmany
of these occurrences, reflects higher Mg contents in intermediate or
mafic host rocks (e.g., Dilles et al., 1995; Seedorff et al., 2005;
Kreiner, 2011), whereas sericite (used throughout to refer to
K-bearing sheet silicates which can be illite, muscovite, or mixtures
of these minerals with clays) may be present in systems hosted in
more felsic rocks. Although uncommon, there are a few silica-
undersaturated assemblages with corundum or diaspore (e.g. Zafiro,
Chile: Fig. 1a; Table 1). In some examples, andalusite (Fig. 2d, e), kyan-
ite (Fig. 1d) and locally sillimanite is present in low sulfide advanced
argillic zones. Commonly these phases have overgrown, or replaced
earlier-formed Al-silicate minerals such as kaolinite or pyrophyllite.

3.2. Spatial distribution

As is common in other shallow ore-forming systems, the
advanced argillic alteration in these low-sulfur systems overlies
or is distal to iron oxide-rich, (-Cu-Au-Co-U-REE) bearing deposits
and related, deeper or distal voluminous sodic to calcic alteration
(Barton et al., 2013; Barton, 2014). The advanced argillic alteration
is localized at the highest structural levels observed within the sys-
tem, commonly in contemporaneous volcanic rocks (Table 1).

In the Coastal Cordillera of North and South America, a complex
tectonic history has juxtaposed various structural levels across the
Mesozoic arcs (Barton et al., 2011, 2013). This juxtaposition has
allowed for detailed and reconnaissance observations of the verti-
cal and lateral zoning relationships between the low sulfide
advanced argillic alteration and underlying related mineralization
and higher temperature alteration. The exposed levels of the sys-
tems containing advanced argillic alteration represent the upper
1–2 km of the crust (Kreiner, 2011; Barton et al., 2013). The zones
of advanced argillic alteration may be directly overlying mineral-
ization, or distal to associated copper-bearing iron-oxide dominant
mineralization. Advanced argillic alteration zones vertically down-
ward and laterally out into feldspar- and mica-stable alteration
such as Fe-Ca, K(-H), Na-H-Ca (Barton and Johnson, 1996, 2000;
Kreiner and Barton, 2011; Barton et al., 2013).

Zones of advanced argillic alteration tend to be more restricted
than the sericite- and chlorite-dominated assemblages which often
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extend laterally outward and vertically below the intense acid
assemblages (Barton et al., 2013). The alteration is often struc-
turally controlled along lithologic contacts, faults or breccias
(Kreiner and Barton, 2011) and is observed over tens of square kilo-
meters within the systems.

3.3. Global occurrences

Low-sulfide advanced argillic alteration has been described
globally. Descriptions of the characteristics, geochemistry,
Miid Jurasssic-Early
Cretaccous Arc

Neoggene Arc

Fig. 3. Distribution of IOCG deposits in the Coastal Cordillera of South America (Clark
location of the Mid Jurassic-Early Cretaceous arc (Sillitoe, 2003) and the Chilean Iron Belt
ores from the magnetite-apatite occurrences. Systems with low sulfur advanced argillic al
Arcs of the high Andes (e.g. El Laco, Sillitoe and Burrows, 2002).
alteration zoning key locations mapped in detail in northern Chile
and summaries of global examples follow.
3.3.1. Northern Chile
In northern Chile, 12 areas of advanced argillic alteration with

low total sulfur have been identified in iron oxide-dominated
hydrothermal systems, mainly within the Chilean Iron Belt and
broadly coeval Mesozoic arc (Fig. 3; Table 1). A notable younger
example is the intense advanced argillic alteration which occurs
N

EW

S

et al., 1990; Hawkes et al., 2002; Dow and Hitzman, 2002; Sillitoe, 2003) and the
(Bookstrom, 1977). Systems are differentiated by copper-bearing or principally iron
teration are plotted (labeled in bold italics), including those in the Miocene-Pliocene
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at high levels in the Pliocene El Laco district (Fig. 3; Sillitoe and
Burrows, 2002).

Within the Mesozoic arc in the Copiapò region, four occurrences
of Early Cretaceous age are associated with the Copiapò batholith
(Fig. 4). Advanced argillic alteration in these zones is localized in
faults with <100 meters of displacement (Ojancos Viejo, Fig. 5a,
and Viñita Azul, Fig. 5c), hosted in pipe-like breccia bodies
Fig. 4. Copiapò area low-sulfide advanced argillic occurrences and associated vein sy
advanced argillic alteration range from magnetite-apatite to hematite-chalcopyrite. Adv
near the interface between the batholith and coeval supracrustal volcanic rocks.
(Ojancos Nuevo, Fig. 5b) or stratigraphically controlled in favorable
lithologies (Jesús María, Fig. 6). Major mineral components of the
advanced argillic assemblages are similar in the four localities,
characterized by quartz-pyrophyllite, with local andalusite and
kaolinite. Minor mineral components in the assemblages vary
and reflect the host rock composition and associated mineraliza-
tion. The Viñita Azul area contains significant lazulite, whereas
stem mineralization assemblages and zoning. Veins associated with the zones of
anced argillic alteration is localized in the upper levels of the mineralizing system



Fig. 5. Plate of Copiapò area districts alteration zoning. A. Alteration map of the southern portion of the Ojancos Viejo district in northern Chile. Advanced argillic alteration is
localized in volcanic rocks overlying the La Brea two-pyroxene diorite. Alteration is characterized by quartz – chlorite – pyrophyllite – hematite ± pyrite zoning outwards to
quartz (Qz) – muscovite/illite (Ser), albite (Ab) – pyrite (Py), and voluminous albite – chlorite with more intense chlorite – muscovite – hematite (Hm) localized along
mineralized structures. B. Geology and alteration of the northern Ojancos Nuevo district in northern Chile. Advanced argillic alteration is developed in volcanic rocks
overlying a coeval two-pyroxene diorite. Alteration is characterized by quartz – muscovite – andalusite – hematite, zoning outwards to muscovite/illite (Ser) – hematite (Hm)
– chlorite (Chl) and ultimately to chlorite – albite (Ab) – hematite – illite/muscovite. The alteration is truncated by the younger San Gregorio fault (thick blue line). Andalusite
is interpreted to represent a metamorphic overprint due to the emplacement of the younger San Gregorio pluton east of the fault zone (Kreiner, 2011). C. Alteration zoning
map of the Viñita Azul district in northern Chile. Areas of advanced argillic alteration (AAA) are characterized by pyrophyllite – chlorite – quartz – hematite – lazulite
(MgAl2(PO4)2(OH)2) in structurally controlled zones. The advanced argillic assemblages transition outward into chlorite (Chl) – albite (Ab) ± hematite (Hm) – illite/muscovite
in mafic rocks and muscovite – hematite ± chlorite assemblages in more felsic units. A late biotite (Bt) alteration overprint is observed, emanating from plutons to the south of
this map view. There is sparse hematite – copper occurrences, such as La Azul associated with these zones of alteration. (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. 6. Photograph and geologic sketch overlay showing the surface distribution
and zoning and of advanced argillic alteration in the Jesús María district (note the
truck in center of photograph for scale). Advanced argillic assemblages zone
laterally and vertically into chlorite-sericite-hematite and sericite hematite. The
latter two assemblages are compositionally controlled by more mafic and felsic
volcanic host rocks, respectively. Structurally deeper levels of the district are
characterized by magnetite-apatite veins zoning upwards through hematite ± chal-
copyrite into the advanced argillic assemblages (Kreiner, 2011). Chl = chlorite,
Hem = hematite, Ser = muscovite/illite, Qa = Quaternary alluvium.
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the Jesús María area contains dumortierite and alkali deficient
tourmaline (e.g. foitite, Collins, 2010). In the Copiapò localities,
the opaque mineral assemblages are dominated by iron oxide min-
erals, hematite has generally replaced earlier-formed magnetite
(e.g. Fig. 2g and h), and sulfides are absent to rare.

In some cases, the low-sulfur advanced argillic alteration and
associated iron-oxide dominant styles of mineralization are spa-
tially related to high-sulfur, alunite-bearing, advanced argillic
assemblages, apparently related to an underlying porphyry system
(Table 1; e.g. Productora, Chile and the Alice porphyry occurrence).
The distinctive low-sulfur style in the Productora area contains
mineral assemblages characterized by quartz – pyrophyllite –
dumortierite ± hematite and with the absence of pyrite. These con-
trast with pyrite-dominant, alunite – pyrophyllite – dickite styles
in the same district (Fox, 2000; Ray and Dick, 2002).

Within the occurrences observed in the Chilean Iron Belt, acid
styles of alteration are found within the supracrustal rocks and
typically zone vertically downward into sericite/chlorite-
hematite alteration. Associated IOCG styles of mineralization are
variable, but always present. Deeper IOCG mineralization varies
from magnetite-apatite styles to hematite-chalcopyrite, and
magnetite-chalcopyrite (Fig. 4).

Advanced argillic alteration formed throughout the emplace-
ment of the composite batholith in the Copiapò area. In the Jesús
María district, alteration formed at about 127 Ma based on an U-
Pb zircon date on an intra-mineral dike in the IOCG mineralization
(Kreiner, 2011). Overprinting and overgrowing the primary pyro-
phyllite – dumortierite – hematite assemblage is a new assemblage
of tourmaline – andalusite – quartz – calcite ± hematite (Fig. 2b).
This andalusite and perhaps some of the pyrophyllite may repre-
sent a metamorphic overprint by the voluminous 118–115 Ma plu-
tons that are related to the adjacent Copiapó batholith (Kreiner,
2011; Barton et al., unpublished). Similarly, alteration attributed
to the younger San Gregorio pluton cuts and overprints the
pyrophyllite-dominated advanced argillic alteration related to the
117 Ma La Brea diorite in the northern Ojancos Nuevo area
(Fig. 5b), resulting in andalusite-bearing assemblages.

The occurrences documented during this study in the Copiapò
region share many features to other occurrences throughout north-
ern Chile, including shallow formation near or above the contem-
poraneous plutons and vertical zoning from shallow, proximal
advanced argillic assemblages outwards and downwards into more
widespread muscovite – chlorite-hematite and larger volumes of
sodic-hydrolytic alteration (albite – chlorite – hematite(– mus-
covite)). Zones of advanced argillic alteration lack large veins or
Cu(-Au) mineralization. Typical extents are a few km2, with fingers
and stockwork-like zones extending downward and locally over-
printing muscovite – illite – hematite alteration.

3.3.2. Western United States
Similar to the occurrences associated with the Mesozoic Cordil-

lera of South America, numerous occurrences are found in the Cor-
dillera of southwestern North America (Fig. 7 and Table 1),
primarily associated with the Jurassic batholith and contempora-
neous volcanic rocks (Barton et al., 2011; Kreiner, 2011). Mineral
assemblages are characterized by quartz, pyrophyllite, kyanite,
and dumortierite with associated magnetite and hematite. Similar
to the Chilean examples, these occurrences are stratigraphically
and structurally controlled. Most of the occurrences are associated
with iron-oxide rich mineralization (e.g. Palen Mountains: Barton
et al., 2013; Girardi, 2014; Table 1) whereas others are associated
with gold mineralization without known iron-oxide rich mineral-
ization (Vitrifax Hill; Table 1).

A belt of kyanite-rich advanced argillic assemblages (Fig. 7) is
localized along the Colorado River extensional corridor, which is
superimposed on the eastern edge of the Mesozoic fold and thrust
belts. These occurrences exhibit the same vertical and lateral zon-
ing relationships and association with deeper iron-oxide bearing
mineralization and are primarily hosted within volcanic and coeval
supracrustal rocks (Kreiner, 2011). Previous workers have inter-
preted the kyanite as a primary alteration product which led to
the postulation that these occurrences formed at mid-crustal levels
(10–12 km paleodepth; Reynolds et al., 1988).

3.3.3. Other examples
Low-sulfide styles of advanced argillic alteration are only spar-

sely documented, but descriptions of systems with similar styles of
alteration occur globally (Table 1). The eastern United States con-
tain examples of low-sulfide advanced argillic alteration in the Car-
olina Slate Belt and Virginia Piedmont region (Owens and Pasek,
2007) and at the Benson and Lyon Mines in the Adirondack Moun-
tains of New York (Crump and Beutner, 1968; McLelland et al.,
2002; Table 1). Similar examples of advanced argillic assemblages
lacking sulfides have been reported in iron-oxide copper-gold belts
in China and Australia (e.g. Table 1). These examples share the
same characteristics of aluminum-silicate minerals associated with
underlying magnetite-rich mineralization (Table 1; Ren et al.,
1991; Zhou et al., 1996, 2007; Zhang et al., 2011). Similar to other
global examples, the low-sulfur advanced argillic assemblages are
hosted in volcanic and supracrustal rocks overlying the associated
iron-oxide mineralization.

Many of the global occurrences are hosted in older terranes (e.g.
Proterozoic or Archean), where exposures are limited and a full
understanding of the tops and bottoms of IOCG systems remain



Fig. 7. Distribution of occurrences of low total S and other advanced argillic alteration in southwestern North America. Low total sulfur IOCG systems are coincident with the
Jurassic arc rocks and are related to saline basinal fluids formed in the extensional back-arc basin. Multiple other styles of advanced argillic alteration are also present in the
region, including zones related to Jurassic porphyry systems (Yerington, Bisbee) and Tertiary epithermal and steam-heated systems (Summitville, Marysvale, Steamboat
Springs, and Goldfield). Base mapmodified from Barton et al. (2011). Abbreviations in legend: Low to no S = IOCG type environment, Meta Low to no S = metamorphosed IOCG
examples, HS = high sulfur, Main Stage/Load = replacement, manto or veins of massive sulfide and associated advanced argillic alteration (i.e. the Magma Vein, Arizona), IS-
HS = intermediate to high sulfur. Size of symbol (excluding low S examples) correlates to size of occurrence. Key deposits are labeled.
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enigmatic (Barton et al., 2013). While the genetic relationship to
iron-oxide copper-gold styles of mineralization is unknown in
many of these occurrences, these examples of low-sulfur advanced
argillic alteration share many of the same characteristics to the
examples documented in in the better-exposed, Mesozoic Cordil-
lera of North and South America.
4. Discussion

4.1. Petrology and comparison with sulfide-rich systems

Advanced argillic alteration associated with low-sulfur IOCG
systems share many parallels with other hydrothermal environ-
ments that contain sulfide-rich hypogene advanced argillic alter-
ation, such as in porphyry and Au-Ag epithermal settings.
However, the paucity of sulfide and sulfate minerals and the abun-
dance of hematite and magnetite indicate the fluids are undersat-
urated with respect to sulfur (Fig. 7) and thus requires a different
set of geochemical conditions than sulfur-rich variants. Mineral
assemblages and fluid inclusion analyses in the genetically associ-
ated and underlying vein systems in the low-sulfide districts in the
Copiapó area provide a geochemical framework for the genesis of
low-sulfur advanced argillic alteration. These systems have
sulfur-poor, oxidized (SO4

�2 > H2S) fluids characteristic of IOCG sys-
tems worldwide (Kreiner, 2011; Barton, 2014). Evidence for this
includes the sulfidation state of the systems (Hitzman et al.,
1992; Barton, 2014), low total sulfide in the associated high-
temperature magnetite-bearing assemblages (Barton, 2014) and
the overall scarcity of sulfide and/or sulfate minerals in the hydro-
lytic assemblages (Kreiner, 2011).

Low-S and high-S types of advanced argillic alteration share
similar temperatures and pressure of formation. Temperatures
and pressures in the systems can be constrained by the presence
of pyrophyllite and other mineral phase equilibria which indicate
maximum temperatures of formation of 290–360 �C (Kreiner,
2011). In the low-S systems, locations containing andalusite within
the mineral assemblage have been shown through detailed map-
ping of the paragenesis and supported petrographic work to be
late, overgrowing and/or replacing earlier formed pyrophyllite.
Andalusite-bearing occurrences are generally observed near
cross-cutting, younger igneous or hydrothermal events, further
supporting a metamorphic overprint of the assemblage, and sug-
gesting the hydrothermal temperature maxima of formation is
�360 �C. Within high-S systems, andalusite is locally present
within advanced argillic assemblages that formed at deeper struc-
tural levels in the system, where it is indicative of higher-
temperature styles of advanced argillic alteration (e.g. El Salvador,
Chile: Gustafson and Quiroga, 1995). Primary andalusite at deeper
structural levels has not yet been observed in the low-S systems.

In the low-sulfur systems, mineral assemblages and compo-
nents are characteristic of systems with highly saline fluids with-
out a significant sulfur input. Advanced argillic alteration
associated with low-sulfur, IOCG systems has a dearth of quartz
veins, thus fluid inclusions were analyzed from the genetically-
associated mineralization at deeper structural levels to better
understand the chemical composition of the fluids in the
hydrothermal system. Halite-bearing fluid inclusions predominate,
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with lesser vapor-rich inclusions in quartz veins spread across the
paragenesis. Daughter crystals of hematite and a complete lack of
observed chalcopyrite daughters (common in sulfur-rich magmatic
hydrothermal systems, e.g. Seedorff et al., 2005; Bodnar et al.,
2014) further suggest the low total sulfur in the fluids. Heating
and freezing analyses of the fluid inclusions related to advanced
argillic alteration in the Copiapò area constrain the salinity from
25 to >50 wt% NaCleq (Kreiner, 2011). Petrographic observations
indicate salt-bearing fluid inclusions in pyrophyllite assemblages,
as well as the presence of coexisting liquid-vapor and V-rich inclu-
sions. In some cases, coexisting liquid-vapor and vapor-liquid
inclusions have been observed within lazulite-pyrophyllite-quart
z-hematite(-chlorite/kaolinite), suggesting phase separation can
occur at relatively low temperature. If phase separation occurs,
the HCl would preferentially partition to the vapor, leaving behind
a higher-density phase.

Low sulfur variants contain primary specular hematite and les-
ser magnetite, which form instead of pyrite and other sulfide/sul-
fate minerals, indicating the sulfur-limited nature of the system
(Fig. 8). Relative to more proximal parts of the system, the
advanced argillic alteration is relatively Fe-poor in most systems
with <5% Fe-oxides present. In contrast, porphyry, acid-sulfate
epithermal, and volcanogenic massive sulfide systems contain
variable, but generally intermediate to high sulfidation states
(Fig. 8) and commonly 5–15% total sulfides, with locally abundant
hydrothermal sulfate minerals (Rye et al., 1992). These high-
sulfidation state assemblages typically lack coeval iron oxide min-
erals (Fig. 1). This is in contrast with the low-sulfide systems which
have <5% total sulfides and sparse to absent sulfate minerals in
IOCG systems and plot below sulfide stabilities (Fig. 8). Whereas
base and precious metals of economic interest are key components
in many of the styles associated with classic occurrences of
advanced argillic alteration (e.g. Summitville, CO Stoffregen,
1987; Rodalquilar, Spain, Arribas et al., 1995; Oyu Tolgoi, Mongo-
lia, Khashgerel et al., 2008), these metals have not been reported
in appreciable concentrations in low-sulfide advanced argillic
alteration. This may help explain why this style of alteration has
previously been so rarely documented.
Fig. 8. Ore mineral stabilities plotted on fS2 vs. fO2 diagram. Common environments
with associated advanced argillic alteration are shown in broad fields. Note that
many of these environments plot in the sulfate-dominated portion of the diagram,
and the presence of alunite indicates oxidized conditions. The term sulfidation state
does not apply to the low-sulfur systems dominated by hypogene iron oxides in the
lower portion of the diagram. Diagram after Barton and Skinner (1979) calculated
using SUPCRT (Johnson et al., 1992) with temperature fixed at 300 �C and pH = 5.4,
buffered by muscovite-potassium feldspar. Abbreviations: Po = pyrrhotite;
Mt = magnetite; S = native sulfur; Cv = covellite; Cc = chalcocite; Bn = bornite;
Cp = chalcopyrite; En = enargite; Tn = tennantite.
Distinctive low-sulfide advanced argillic alteration mineral
assemblages are preserved in the metamorphic record. In many
of the Phanerozoic examples, the presence of andalusite, or kyanite
can be attributed to contact metamorphism (e.g. Chile) or as a
result of post-mineral tectonic burial and subsequent exhumation
(e.g. southwestern North America; Figs. 1d and 7). Andalusite is
observed overgrowing earlier-formed pyrophyllite or kaolinite
(Fig. 2b) and primary hematite may be converted to magnetite
(Fig. 2g and h). The fundamental change observed in the mineral
assemblage is the conversion of the Al-silicate minerals to higher
temperature and pressure phases, however the majority of the
trace phases such as dumortierite, tourmaline, magnetite, hematite
and the lack of sulfide minerals remains.

Many more enigmatic examples of advanced argillic alteration
with low-S mineral assemblages are found throughout the eastern
USA (Table 1; e.g. Carolina Slate Belt: Sykes and Moody, 1978;
Adirondack Mountains: Hagni et al., 1969; Crump and Beutner,
1968; McLelland et al., 2002; and the Mid-Continent: Kerr, 1998).
Whereas direct links to associated iron-oxide mineralization are
enigmatic in some cases, the assemblages share the same charac-
teristics of hematite, tourmaline and a distinct lack of sulfide and
sulfate minerals. One should expect to find other examples of the
tops of systems preserved throughout the metamorphic record.

4.2. Implications for origin

The formation of advanced argillic alteration requires large
quantities of a strong acid. At elevated temperatures, only sulfuric
and hydrochloric are viable (Hedenquist and Taran, 2013), other
common acids (e.g., carbonic) are not sufficiently strong to gener-
ate Al-silicate assemblages (Giggenbach, 1997). Sulfur-rich
advanced argillic alteration forms either by H2SO4-rich hydrother-
mal fluids derived by the disproportionation of magmatic SO2

(Fig. 9; e.g., Rye et al., 1992; Einaudi et al., 2003) or by oxidation
of H2S or sulfides (Giggenbach, 1992). In contrast, sulfide-poor
advanced argillic alteration implies the chloride acids dominate.
Magmatic gases contain modest amounts of HCl given that they
are buffered by melt and igneous minerals (e.g., Burnham and
Ohmoto, 1980), thus another source is needed. The most likely
source for generating abundant HCl at moderate temperatures is
precipitation of metals from chloride complexes, notably iron, by
reactions such as:

3FeCl2 þ 4H2O ¼ Fe3O4 þ 6HClþH2: ð1Þ
Iron and other base metals are transported as chloride com-

plexes (Heinrich and Seward, 1990; Ding and Seyfried, 1992) and
the precipitation of large amounts of iron oxides would necessarily
generate appreciable HCl by reaction (1) or would require the acid
generated to be consumed by reaction with local wallrocks. This is
consistent with the large volumes of sericitic or chloritic alteration
seen in the upper parts of many IOCG systems (Kreiner and Barton,
2011; Barton, 2014). An alternative mechanism, analogous to that
in some Au-Ag epithermal environments, would be boiling of mod-
erately acid fluids with selective partitioning of HCl into the vapor
phase (cf. Reed and Spycher, 1985; Drummond and Ohmoto, 1985)
and thus local generation of high acidities. This seems less likely
given the relatively large masses of vapor required to generate
the observed volumes of advanced argillic alteration.

If, as seems reasonable, acid is generated by the precipitation of
iron oxides, then the relative masses can be estimated. For each
mole of Fe+2 precipitated, two moles of H+ are generated – suffi-
cient in total to drive the conversion of two moles of alkali feldspar
or one mole of anorthite to an aluminum silicate (though typically
via an intermediate sericite):

2NaAlSi3O8 þ 2Hþ ¼ Al2Si4O10ðOHÞ2 þ 2SiO2 þ 2Naþ ð2Þ



Fig. 9. Synoptic models for the genesis of advanced argillic alteration in IOCG and
porphyry environments. SO2-rich magmatic-hydrothermal fluids (right) yield
sulfuric acid and high sulfidation assemblages. In contrast, chloride-rich brines,
here shown as being of external derivation, yield a metal chloride fluid that
generates acid on cooling. These contrasting environments result in sulfide-rich and
sulfide-poor advanced argillic alteration, respectively. Abbreviations for mineral
assemblages: musc = muscovite, pyroph = pyrophyllite, qz = quartz, chl = chlorite,
carb = carbonate, hm = hematite, cpy = chalcopyrite, py = pyrite, bi = biotite,
act = actinolite, Kf = potassium feldspar, ab = albite, mt = magnetite, olig = oligo-
clase, scap = scapolite, hbl = hornblende, px = pyroxene, apat = apatite, en = enar-
gite, cv = covellite, S� = native sulfur, bn = bornite. Double backslash separates
proximal assemblage before from distal assemblage after (proximal nn distal).
Single forward slash delineates sulfide-oxide minerals from silicate and carbonate
alteration mineral.
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Accounting for the relative densities and molecular weights of
iron oxides and feldspars, this means that the amount of feldspar
fully acidified will be 5–10 times the volume of Fe oxide precipi-
tated. Given that many IOCG systems, even relatively small ones,
contain many Mt of iron-oxides (Barton, 2014) it is reasonable to
expect acidification of large volumes of rock under fluid-
dominated conditions. This is consistent with the observed
advanced argillic alteration over tens of square kilometers within
the examples described in the North and South American Cordil-
lera (e.g. Fig. 5).

Sulfate-bearing assemblages are rare in the low-sulfur variants
of advanced argillic alteration. High-salinity brines have high Cl/S
due largely to the relatively low solubility of anhydrite (Barton
and Johnson, 1996). The substantial mobility of Ba, as demon-
strated by whole rock geochemistry (Barton, 2014) and high Ba
measured in fluid inclusions (Williams et al., 2001) further sup-
ports a low-sulfate fluid in many IOCG systems. Sulfate (principally
as anhydrite and/or barite) is present in some systems, which may
reflect mixing with a sulfate-bearing fluid or primary fluids with
moderate aqueous sulfate concentrations (Barton, 2014), however
the presence of sulfate in the advanced argillic portions of the sys-
tems is apparently uncommon.

In some cases, where sulfates are abundant, a steam-heated ori-
gin has been proposed for advanced argillic alteration in IOCG sys-
tems (e.g., El Laco: Sillitoe and Burrows, 2002). The generation of
alunite in a steam heated zone requires the presence of H2S as
the product of boiling from a sulfide-bearing fluid, common in
the shallow portions of some epithermal systems (Simmons
et al., 2005). This mechanism intrinsically drives the system to high
sulfidation states (Rye et al., 1992) resulting in sulfur-rich assem-
blages, inconsistent with those observed in the low-sulfur systems.
It is reasonable then, that the alunite present in the El Laco system
may represent a superposition of events, such as the degassing of
the andesitic chamber, and be unrelated to the magnetite-
dominated mineralization.

The most plausible fluids associated with the IOCG styles of
mineralization and the genetically-related, overlying low-S styles
of advanced argillic alteration are basinal brines (Fig. 9). The min-
eral assemblages require a S-poor fluid, and the association of large
volumes of IOCG-styles of mineralization are consistent with the
transport of metals in a chloride-dominated solution. Strontium
isotopic data from the systems associated with the low-S advanced
argillic alteration suggest that 18–85% of the Sr observed in associ-
ated calcic alteration is derived from a non-magmatic source
(Barton et al., 2005; Chiaradia et al., 2006; Kreiner, 2011; Barton,
2014). Additionally, the salt-dominated fluid inclusions with Ca
and K ions further supports a chloride-rich fluid.

Systems characterized by sulfur-rich and sulfur-poor environ-
ments will have systematic and predictable alteration zoning as a
consequence of their geochemical signatures along the flow path
(Fig. 9), such as the strong relationship to pyrite-rich sericitic and
potassic alteration in the sulfur-rich, magmatic fluid systems ver-
sus the metal-depleted, voluminous sodic-calcic and hypogene
iron-oxide (specular hematite and magnetite) assemblages in the
sulfur-poor, brine dominated example (Fig. 9). These characteris-
tics are due to the fundamental distinct geochemical settings and
sources of hydrothermal fluids (Fig. 9).

These distinctions may have further environmental ramifica-
tions. High-sulfur systems may be associated with relatively abun-
dant environmentally deleterious heavy metals, such as Hg and As
associated with the presence of high pyrite contents. In the weath-
ering environment, pyrite will break down, yielding acidic condi-
tions capable of leaching and transporting toxic metals in surface
waters. In comparison, relatively little is known about the concen-
trations of As, Hg, Sb and other heavy metals in the fluids associ-
ated with low-sulfur systems. Arsenic, Bi, and Te are reported in
many deposits, however only a few are known to contain signifi-
cant amounts (such as Tennent Creek; Huston et al., 1993;
Skirrow and Walshe, 2002; and the Great Bear magmatic zone;
Mumin et al., 2010). Arsenic, if present, is generally most enriched
in distal Co – Ag – As (– Ni – U) deposits found in some districts
(such as Great Bear, Mumin et al., 2007). Deleterious elements
are not reported in appreciable concentrations, nor have minerals
containing these elements been identified in the low-S styles of
advanced argillic alteration to date. In order to better understand
the transport and potential repository of deleterious elements in
the low-sulfur systems, a systematic examination and analysis of
well-defined traps (i.e. sulfide-bearing assemblages) and trace ele-
ment compositions of fluid inclusions is warranted. The qualitative
evidence is compelling that the lack of observed deleterious ele-
ments combined with the low sulfide contents of these systems
results in a more benign geochemical setting when exposed to
modern weathering, naturally or through mineral extraction
processes.
5. Conclusions

In contrast to the familiar sulfur-rich types of advanced argillic
alteration, recent work on IOCG systems in northern Chile and
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southwestern North America demonstrates that an analogous low-
sulfur, iron oxide-stable style of advanced argillic alteration is
widespread. The latter shares mineralogy and major-element com-
positions, but lacks both economic and environmentally sensitive
elements found in the more common magmatic-hydrothermal set-
tings (e.g. porphyry Cu-Mo-Au: Seedorff et al., 2005; epithermal
Au-Ag: Simmons et al., 2005). Low-S assemblages occur overlying
IOCG-style mineralization and are structurally controlled, strati-
graphically controlled, or hosted in breccia pipes at the shallow
structural levels of the system. The mineral assemblages are char-
acterized by quartz – pyrophyllite/kaolinite – hematite/magnetite
with local P and B phases such as lazulite, foitite (alkali-deficient
tourmaline) and dumortierite and distinctly lack the presence of
sulfide minerals.

Previous studies have documented that the sulfur-rich
advanced argillic alteration is produced by an acidic fluid related
to either SO2-bearing magmatic vapors or the oxidation of
sulfide-rich vapors or sulfides in the near-surface environment
(Rye et al., 1992; Hedenquist and Taran, 2013). However, the gen-
eration of the hyper-acidic fluids in these sulfur-dominated sys-
tems, which results in extreme leaching and the generation of a
siliceous residue is solely related to condensation of magmatic
vapors rich in SO2 and HCl (Hedenquist and Taran, 2013). Cooling
and dissociation of acidic species (HCl, SO2, etc.) will produce an
increasingly reactive fluid (Hemley et al., 1969; Hemley et al.,
1969, 1980). The primary source envisaged for the generation of
intense acid alteration has often been related to condensation from
vapor phases (SO2 or HCl) directly associated with magmatic
hydrothermal systems (e.g. porphyry Cu-Mo-Au and epithermal
systems; Burnham and Ohmoto, 1980; Hemley and Hunt, 1992;
Watanabe and Hedenquist, 2001; Einaudi et al., 2003). The diverse
mineralogic and geochemical characteristics, such as the range of
sulfidation and oxidation states associated with the genesis of
advanced argillic alteration indicate a role for additional factors
beyond simply a magmatic source of sulfur-acid. In low-sulfide
systems, the likely candidate is acid (HCl) derived by the precipita-
tion of iron oxides from iron chloride complexes from deeper iron-
oxide rich mineralization. Recognition and understanding of this
distinct style of advanced argillic alteration and its relationship
to underlying mineralization highlights the structural level of IOCG
systems preserved in the crust and provides unique exploration
vectors.
Acknowledgments

Funding for this project has been provided by National Science
Foundation grants EAR98-15032 and EAR08-38157, USGS (MRERP
08HQGR0060), Science Foundation Arizona, Freeport McMoRan
Exploration, Minera Carmen Bajo, and Far West Mining (now Cap-
stone Mining). Freeport geologists Robert Jenkins, Ralph Stegen,
Walter Martin, andMark Thoman provided valuable help and input
in Chile. Eric Jensen for Chile and David Johnson for the USA con-
tributed to early stages of the regional field work which is reported
elsewhere. We thank Eric Seedorff, Jeff Hedenquist, and Jeremy
Richards for thoughtful reviews on earlier versions of this paper.
Thoughtful reviews by David Cooke and David Huston have helped
improve the clarity of the paper.
References

Arribas Jr., A., 1995. Characteristics of high sulfidation epithermal deposits, and
their relation to magmatic fluid. In: Thompson, J.F.H. (Ed.), Magmas, fluids, and
ore deposits, vol. 23. Mineralogical Association of Canada Short Course, pp.
419–454.

Arribas Jr., A., Cunningham Jr., C.G., Rytuba, J.J., Rye, R.O., Kelly, W.C., Podwysocki, M.
H., McKee, E.H., Tosdal, R.M., 1995. Geology, geochronology, fluid inclusions,
and isotope geochemistry of the Rodalquilar gold alunite deposit, Spain. Econ.
Geol. 90, 795–822.

Barton, M.D., 2014. Iron oxide(-Cu-Au-REE-P-Ag-U-Co) systems. In: Scott, S.D. (Ed.),
Ore Deposits (2nd edition): Treatise on Geochemistry, vol. 11. Elsevier, Oxford,
pp. 515–541.

Barton, M.D., Johnson, D.A., 1996. An evaporitic-source model for igneous-related
Fe-oxide-(REE-Cu-Au-U) mineralization. Geology 24, 259–262.

Barton, M.D., Johnson, D.A., 2000. Alternative brine sources for Fe-oxide(-Cu-Au)
systems: implications for hydrothermal alteration and metals. In: Porter, T.M.
(Ed.), Hydrothermal Iron Oxide Copper-Gold Deposits: A Global Perspective.
Australian Mineral Foundation, Adelaide, pp. 43–60.

Barton Jr., P.B., Skinner, B.J., 1979. Sulfide mineral stabilities. In: Barnes, H.L. (Ed.),
Geochemistry of Hydrothermal Ore Deposits. second ed. Wiley and Sons, New
York, pp. 278–403.

Barton, M.D., Jensen, E.P., Ducea, M., 2005. Fluid sources for IOCG (Candelaria, Punta
del Cobre) and porphyry Cu-style mineralization, Copiapó batholith, Chile. Geol.
Soc. Am. Abstr. Programs 37, 316.

Barton, M.D., Dilles, J.H., Girardi, J.D., Haxel, G.B., Johnson, D.A., Kreiner, D.C.,
Seedorff, E., Zurcher, L., 2011. Jurassic igneous-related metallogeny of
southwestern North America. In: Steininger, R.C., Pennell, W.M., (Eds.), Great
Basin Evolution and Metallogeny: Geological Society of Nevada, Symposium,
Reno/Sparks, May 2010, Proceedings, vol. 1, pp. 373–396.

Barton, M.D., Johnson, D.J., Kreiner, D.C., Jensen, E.P., 2013. Vertical zoning and
continuity in Fe oxide(-Cu-Au-Ag-Co-U-P-REE) (or ’IOCG’) systems: Cordilleran
insights. In: Proceedings of the 12th Biennial Meeting. Society for Geology
Applied to Ore Deposits, pp. 1348–1351.

Bodnar, R.J., Lecumberri-Sanchez, P., Moncada, D., Steele-MacInnis, M., 2014. Fluid
inclusions in hydrothermal ore deposits. In: Holland, H.D., Turekian, K.K. (Eds.),
Treatise on Geochemistry. . second ed., vol. 13 Elsevier, Oxford, pp. 119–142.

Bookstrom, A.A., 1977. The magnetite deposits of El Romeral, Chile. Econ. Geol. 72,
1101–1130.

Both, R.A., Hafer, M.R., Mendis, D.P.J., 1993. The Moonta copper deposits, South
Australia: Geology and ore genesis of the Poona and Wheal Hughes ore bodies.
In: Fennoll Hach-Alie, P., Torres-Ruiz, J., Gervilla, F. (Eds.), Current Research in
Geology Applied to Ore Deposits, Proceedings for the 2nd Biennial Meeting of
the Society for Geology Applied to Mineral Deposits. Granada, Spain, pp. 49–52.

Burnham, C.W., Ohmoto, H., 1980. Late-stage processes of felsic magmatism. Mining
Geol. 8, 1–11. Special Issue.

Chang, Z., Hedenquist, J.W., White, N.C., Cooke, D.R., Roach, M., Deyell, C.L., Garcia, J.,
Gemmell, J.B., McKnight, S., Cuison, A.L., 2011. Exploration tools for linked
porphyry and epithermal deposits: example from the Mankayan intrusion-
centered Cu-Au district, Luzon. Econ. Geol. 106, 1365–1398.

Chiaradia, M., Banks, D., Cliff, R., Marschik, R., de Haller, A., 2006. Origin of fluids in
iron oxide-copper gold deposits: constraints from d37Cl, 87Sr/86Sri and Cl/Br.
Miner. Depos. 41, 565–573.

Clark, A.H., Farrar, E., Kontak, D.J., Langridge, R.J., Arenas, F., France, L.J., Woodman, P.
L., Wasteneys, H.A., Sandeman, H.A., Archibald, D.A., 1990. Geologic and
geochronologic constraints on the mtallogenic evolution of the Andes of
southeastern Peru. Econ. Geol. 85, 1520–1583.

Collins, A.C., 2010. Mineralogy and Geochemistry of Tourmaline in Contrasting
Hydrothermal Systems: Copiapò Area, Northern Chile (Unpublished MS thesis),
vol. 225. University of Arizona.

Crump, R.M., Beutner, E.L., 1968. The Benson mines iron ore deposit, Saint Lawrence
County, NewYork. In: Ore Deposits of the United States, 1933–1967, vol. 1, pp. 49–71.

Dilles, J.H., Farmer, G.L., Field, C.W., 1995. Sodium-Calcium Alteration by Non-
Magmatic Saline Fluids in Porphyry Copper Deposits: Results from Yerington,
Nevada, vol. 23. Mineralogical Association of Canada Short Course Series, pp.
309–338.

Ding, K., Seyfried Jr., W.E., 1992. Determination of Fe-Cl complexing in the low
pressure supercritical region (NaCl fluid): iron solubility constraints on pH of
subseafloor hydrothermal fluids. Geochim. Cosmochem. Acta 56, 3681–3692.

Dow, R.J., Hitzman, M.W., 2002. Geology of the Arizaro and Lindero prospects, Salta
Province, northwest Argentina: Mid-Miocene hydrothermal Fe-Ox copper-gold
mineralization. In: Portern, T.M. (Ed.), Hydrothermal Iron Oxide Copper-Gold
and Related Deposits: A Global Perspective, vol. 2. PGS Publishing, Adelaide, pp.
153–161.

Drummond, S.E., Ohmoto, H., 1985. Chemical evolution and mineral deposition in
boiling hydrothermal systems. Econ. Geol. 80, 126–147.

Dunning, G.E., 1987. Phosphosiderite from the Champion Mine, California. Mineral.
Record 18, 137.

Einaudi, M.T., Hedenquist, J., Inan, E., 2003. Sulfidation state of fluids in active and
extinct hydrothermal systems: transitions from porphyry to epithermal
environments. In: Simmons, S.F., Graham, I.J. (Eds.), Volcanic, Geothermal, and
Ore-Forming Fluid. Society Economic Geologists Special Publication 10, pp.
285–313.

Fox, K.A., 2000. Fe-Oxide (Cu-U-Au-REE) Mineralization and Alteration at the
Productora Prospect (Unpublished M.Sc. thesis). Colorado School of Mines, pp.
1–153.

Giggenbach, W.F., 1992. Magma degassing and mineral deposition in hydrothermal
systems along convergent plate boundaries. Econ. Geol. 87, 1927–1944.

Giggenbach, W.F., 1997. The origin and evolution of fluids in magmatic-
hydrothermal systems. In: Barnes, H.L. (Ed.), Geochemistry of Hydrothermal
Ore Deposits. third ed. John Wiley & Sons, New York, pp. 737–796.

Girardi, J.D., 2014. Comparison of Mesozoic Magmatic Evolution and Iron Oxide (-
Copper-Gold) (’IOCG’) Mineralization, Central Andes and Western North
America (Unpublished Ph.D. thesis). University of Arizona.

http://refhub.elsevier.com/S0169-1368(16)30328-6/h0010
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0010
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0010
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0010
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0015
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0015
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0015
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0015
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0020
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0020
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0020
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0025
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0025
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0030
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0030
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0030
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0030
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0035
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0035
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0035
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9005
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9005
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9005
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0045
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0045
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0045
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0045
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0050
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0050
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0050
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0055
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0055
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0060
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0060
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0060
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0060
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0060
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0065
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0065
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0070
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0070
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0070
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0070
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9010
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9010
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9010
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9010
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9010
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9010
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9010
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0075
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0075
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0075
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0075
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0080
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0080
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0080
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0085
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0085
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0090
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0090
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0090
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0090
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0095
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0095
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0095
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0100
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0100
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0100
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0100
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0100
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0105
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0105
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0110
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0110
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0115
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0115
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0115
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0115
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0115
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0120
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0120
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0120
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0125
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0125
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0130
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0130
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0130
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0135
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0135
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0135


D.C. Kreiner, M.D. Barton / Ore Geology Reviews 88 (2017) 174–187 187
Gustafson, L.B., Quiroga, G.J., 1995. Patterns of mineralization and alteration below
the porphyry copper orebody at El Salvador, Chile. Econ. Geol. 90, 2–16.

Hagni, R.D., Masiello, R.A., Tumialan, P.H., 1969. Metamorphic aspects of the
magnetite-hematite deposit at Benson mines, New York. Econ. Geol. 64, 183–
190.

Hawkes, N., Clark, A.H., Moody, T.C., 2002. Marcona and Pampa de Pongo: giant
Mesozoic Fe(-Cu-Au) deposits in the Peruvian coastal belt. In: Porter, T.M. (Ed.),
Hydrothermal Iron Oxide Copper-Gold and Related Deposits: A Global
Perspective, vol. 2. PGC Publishing, Adelaide, pp. 1497–1500.

Hedenquist, J.W., Taran, Y.A., 2013. Modeling the formation of advanced argillic
lithocaps: volcanic vapor condensation above porphyry intrusions. Econ. Geol.
108, 1523–1540.

Hedenquist, J.W., Arribas Jr., A., Reynolds, T.J., 1998. Evolution of an intrusion-
centered hydrothermal system: Far Southeast-Lepanto porphyry and
epithermal Cu-Au deposits, Philippines. Econ. Geol. 93, 373–405.

Hedenquist, J.W., Arribas Jr., A., Gonzales-Urien, E., 2000. Exploration for epithermal
gold deposits. Rev. Econ. Geol. 13, 245–277.

Heinrich, C.A., 2005. The physical and chemical evolution of low-salinity magmatic
fluids at the porphyry to epithermal transition: A thermodynamic study. Miner.
Depos. 39, 864–889.

Heinrich, C.A., Seward, T.M., 1990. A spectrophotometric study of aqueous iron (II)
chloride complexing from 25–200�C. Geochim. Cosmochem. Acta 54, 2207–
2221.

Hemley, J.J., Hunt, J.P., 1992. Hydrothermal ore-forming processes in the light of
studies in rock-buffered systems; II, some general geologic applications. Econ.
Geol. 87, 23–43.

Hemley, J.J., Hostetler, P.B., Gude, A.J., Mountjoy, W.T., 1969. Stability relations of
alunite. Econ. Geol. 64, 599–612.

Hemley, J.J., Montoya, J.W., Marinenko, J.W., Luce, R.W., 1980. Equilibria in the
system Al2O3-SiO2-H2O and some general implications for alteration/
mineralization processes. Econ. Geol. 75, 210–228.

Hitzman, M.W., Oreskes, N., Einaudi, M.T., 1992. Geological characteristics and
tectonic setting of Proterozoic iron oxide (Cu-U-Au-REE) deposits. In: Gaal, G.,
Schulz, K. (Eds.), Precambrian Research. Elsevier Science Publishers,
Amsterdam, pp. 241–287.

Huston, D.L., Bolger, C., Cozens, G., 1993. A comparison of mineral deposits at the
Gecko and White Devil deposits: implications for ore genesis in the Tennant
Creek district, Northern Territory, Australia. Econ. Geol. 88, 1198–1225.

Johnson, J.W., Oelkers, E.H., Helgeson, H.C., 1992. SUPCRT92: A software package for
calculating the standard molal thermodynamic properties of minerals, gases,
aqueous species, and reactions from 1 to 5000 bars and 0� to 1000�C. Comput.
Geosci. 18, 899–947.

Kerr, I.A., 1998. Mineralogy, Chemistry, and Hydrothermal Evolution of the Pea
Ridge Fe-Oxide-REE deposit, Missouri, USA (Unpublished MS thesis). University
of Windsor.

Khashgerel, B.E., Kavalieris, I., Hayashi, K.I., 2008. Mineralogy, textures, and whole-
rock geochemistry of advanced argillic alteration: Hugo Dummett porphyry Cu-
Au deposit, Oyu Tolgoi mineral district, Mongolia. Miner. Depos. 43, 913–932.

Kreiner, D.C., 2011. Epithermal Style Iron Oxide (-Cu-Au) (=IOCG) Vein Systems and
Related Alteration (Unpublished Ph.D. Dissertation). University of Arizona.

Kreiner, D.C., Barton, M.D., 2011. High-level alteration in iron-oxide(-Cu-Au)
(’IOCG’) vein systems, examples near Copiapó Chile. In: Barra, F., Reich, M.,
Campos, E., Tornos, F. (Eds.), Proceedings of the 11th Biennial Meeting. Society
for Geology Applied to Ore Deposits, pp. 497–499.

McLelland, J., Morrison, J., Selleck, B., Cunningham, B., Olson, C., Schmidt, K., 2002.
Hydrothermal alteration of late- to post-tectonic Lyon Mountain granitic gneiss,
Adirondack Mountains, New York: Origin of quartz-sillimanite segregations,
quartz-albite lithologies, and associated Kiruna-type low-Ti Fe-oxide deposits. J.
Metamorph. Geol. 20, 175–190.

Meyer, C., Hemley, J.J., 1967. Wall rock alteration. In: Barnes, H.L. (Ed.),
Geochemistry of Hydrothermal Ore Deposits. Holt, Rinehart, and Winston,
New York, pp. 166–235.

Mumin, A.H., Corriveau, L., Somarin, A.K., Ootes, L., 2007. Iron oxide copper-gold-
type polymetallic mineralization in the Contact Lake Belt, Great Bear Magmatic
Zone, Northwest Territories, Canada. Explor. Min. Geol. 16, 187–208.

Mumin, A.H., Somarin, A.K., Jones, B., Corriveau, L., Ootes, L., Camier, J., 2010. The
IOCG-porphyry-epithermal continuum of deposit types in the Great Bear
Magmatic Zone, Northwest Territories, Canada. Short Course Notes, vol. 20,
pp. 59–78.

Owens, B.E., Pasek, M.A., 2007. Kyanite quartzites in the Piedmont province of
Virginia: evidence for a possible high-sulfidation system. Econ. Geol. 102, 495–
509.

Plumlee, G.S., 1999. The environmental geology of mineral deposits. In: Plumlee, G.
S., Logsdon, M.J. (Eds.), The Environmental Geochemistry of Mineral Deposits,
Part A, Processes, Techniques, and Health Issues: Reviews in Economic Geology,
vol. 6A, pp. 71–116.

Ray, G.E., Dick, L.A., 2002. The Productora Prospect in North-Central Chile: An
example of an intrusion-related, Candelaria type Fe-Cu-Au hydrothermal
system. In: Porter, T.M. (Ed.), Hydrothermal Iron Oxide Copper-Gold and
Related Deposits: A Global Perspective, vol. 2. PGC Publishing, Adelaide, pp.
131–151.

Reed, M., Spycher, N., 1985. Boiling, cooling, and oxidation in epithermal systems: a
numerical approach. Rev. Econ. Geol. 2, 249–272.

Ren, Q.J., Liu, X.S., Xu, Z.W., 1991. Evolution and Mineralization in the Mesozoic
Volcanic Basin of Luzhong, Anhui. Geological Publishing House, Beijing, pp. 1–
206 (in Chinese).

Rye, R.O., Bethke, P.M., Wasserman, M.D., 1992. The stable isotope geochemistry of
acid sulfate alteration. Econ. Geol. 87, 225–262.

Seedorff, E., Dilles, J.H., Proffett Jr., J.M., Einaudi, M.T., Zurcher, L., Stavast, W.J.A.,
Johnson, D.A., Barton, M.D., 2005. Porphyry-Related Deposits: Characteristics
and Origin of Hypogene Features. In: Hedenquist, J.W., Thompson, J.F.H.,
Goldfarb, R.J., Richards, J.P. (Eds.), 100th Anniversary Volume. Society of
Economic Geologists, pp. 251–298.

Sillitoe, R.H., 1995. Exploration of Porphyry Copper Lithocaps, 9/95. Australian
Institute of Mining and Metallurgy, pp. 527–532.

Sillitoe, R.H., 2003. Iron oxide-copper-gold deposits: an Andean view. Miner.
Deposita 38, 787–812.

Sillitoe, R.H., Burrows, D.R., 2002. New field evidence bearing on the origin of the El
Laco magnetite deposit, northern Chile. Econ. Geol. 97, 1101–1109.

Simmons, S.F., White, N.C., John, D.A., 2005. Geological characteristics of epithermal
precious and base metal deposits. In: Hedenquist, J.W., Thompson, J.F.H.,
Goldfarb, R.J., Richards, J.P. (Eds.), 100th Anniversary Volume. Society of
Economic Geologists, pp. 485–522.

Skirrow, R.G., Walshe, J.L., 2002. Reduced and oxidized Au-Cu-Bi iron oxide deposits
of the Tennant Creek inlier, Australia: an integrated geologic and chemical
model. Econ. Geol. 97, 1167–1202.

Stoffregen, R.E., 1987. Genesis of acid-sulfate alteration and Au-Cu-Ag
mineralization at Summitville, Colorado. Econ. Geol. 82, 1575–1591.

Sykes, M.L., Moody, J.B., 1978. Pyrophyllite and metamorphism in the Carolina slate
belt. Am. Mineral. 63, 96–108.

Taner, M.F., Martin, R.F., 1993. Significance of dumortierite in an aluminosilicate-
rich alteration zone, Louvicourt, Quebec. Can. Miner. 31, 137–146.

Van Allen, B.R., 1978. Hydrothermal Iron Ore and Related Alterations in Volcanic
Rocks of La Perla, Chihuahua, Mexico (Unpublished MS thesis). University of
Texas.

Watanabe, Y., Hedenquist, J.W., 2001. Mineralogic and stable isotopic zonation at
the surface over the El Salvador porphyry copper deposit, Chile. Econ. Geol. 96,
1775–1797.

White, N.C., 1991. High sulfidation epithermal gold deposits: Characteristics, and a
model for their origin. Geol. Soc. Jpn. Rep. 277, 9–20.

Williams, P.J., Dong, G., Ryan, C.G., et al., 2001. Geochemistry of hypersaline fluid
inclusions from the Starra (Fe oxide)-Au-Cu deposit, Cloncurry district,
Queensland. Econ. Geol. 96, 875–883.

Wise, W.S., 1977. Mineralogy of the champion mine White Mountains, California.
Mineral. Record 8, 478–486.

Zhang, L., Zhou, T., Yuan, F., Fan, Y., Cooke, D.R., 2011. Petrogenetic-metallogenetic
setting and temporal-spatial framework of the Yueshan district, Anhui Province,
east-central China. Int. Geol. Rev. 53, 542–561.

Zhou, J.C., Zhou, J.P., Liu, J., Zhao, T.P., Chen, W., 1996. Copper (gold) and non-metal
deposits hosted in Mesozoic shoshonite and K-rich calc-alkaline series from
Lishui in the lower Yangtze region, China. J. Geochem. Explor. 57, 273–283.

Zhou, T., Yuan, F., Yue, S., Liu, X., Zhang, X., Fan, Y., 2007. Geochemistry and
evolution of ore-forming fluids of the Yueshan Cu-Au skarn- and vein-type
deposits, Anhui Province, South China. Ore Geol. Rev. 31, 279–303.

http://refhub.elsevier.com/S0169-1368(16)30328-6/h0140
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0140
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0145
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0145
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0145
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0150
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0150
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0150
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0150
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0155
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0155
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0155
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9015
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9015
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9015
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0160
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0160
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9020
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9020
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9020
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0165
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0165
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0165
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0170
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0170
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0170
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0180
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0180
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0185
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0185
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0185
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0185
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0185
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0185
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0185
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0190
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0190
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0190
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0190
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0195
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0195
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0195
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9025
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9025
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9025
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9025
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0200
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0200
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0200
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0205
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0205
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0205
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0210
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0210
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0215
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0215
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0215
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0215
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0220
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0220
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0220
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0220
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0220
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0225
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0225
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0225
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0230
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0230
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0230
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0235
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0235
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0235
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0235
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0240
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0240
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0240
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0245
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0245
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0245
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0245
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0255
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0255
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0255
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0255
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0255
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0260
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0260
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0265
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0265
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0265
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0270
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0270
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0275
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0275
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0275
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0275
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0275
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0280
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0280
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0285
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0285
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0290
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0290
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0295
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0295
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0295
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0295
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0300
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0300
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0300
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0305
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0305
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0310
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0310
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9035
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9035
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0315
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0315
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0315
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0320
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0320
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0320
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9000
http://refhub.elsevier.com/S0169-1368(16)30328-6/h9000
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0330
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0330
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0330
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0340
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0340
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0345
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0345
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0345
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0350
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0350
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0350
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0355
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0355
http://refhub.elsevier.com/S0169-1368(16)30328-6/h0355

	Sulfur-poor intense acid hydrothermal alteration: A distinctive hydrothermal environment
	1 Introduction
	2 Diversity of advanced argillic alteration
	3 Sulfide-poor advanced argillic alteration
	3.1 Mineralogy
	3.2 Spatial distribution
	3.3 Global occurrences
	3.3.1 Northern Chile
	3.3.2 Western United States
	3.3.3 Other examples


	4 Discussion
	4.1 Petrology and comparison with sulfide-rich systems
	4.2 Implications for origin

	5 Conclusions
	Acknowledgments
	References


