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Abstract

The so-called ‘mesothermal’ gold deposits are associated with regionally metamorphosed terranes of all ages. Ores were
formed during compressional to transpressional deformation processes at convergent plate margins in accretionary and
collisional orogens. In both types of orogen, hydrated marine sedimentary and volcanic rocks have been added to continental
margins during tens to some 100 million years of collision. Subduction-related thermal events, episodically raising
geothermal gradients within the hydrated accretionary sequences, initiate and drive long-distance hydrothermal fluid
migration. The resulting gold-bearing quartz veins are emplaced over a unique depth range for hydrothermal ore deposits,
with gold deposition from 15-20 km to the near surface environment.

On the basis of this broad depth range of formation, the term ‘mesothermal’ is not applicable to this deposit type as a
whole. Instead, the unique temporal and spatial association of this deposit type with orogeny means that the vein systems are
best termed orogenic gold deposits. Most ores are post-orogenic with respect to tectonism of their immediate host rocks, but
are simultaneously syn-orogenic with respect to ongoing deep-crustal, subduction-related thermal processes and the prefix
orogenic satisfies both these conditions. On the basis of their depth of formation, the orogenic deposits are best subdivided
into epizonal (< 6 km), mesozonal (6—12 km) and hypozonal (> 12 km) classes. © 1998 Elsevier Science B.V. All rights
reserved.

Keywords: orogenic gold deposits; lode-gold mineralisation; ore formation; terminology; nomenclature

1. Introduction quartz—carbonate lode-gold deposit. The deposit type
in this issue alone is referred to as synorogenic,
turbidite-hosted, mesothermal and Archaean lode-
gold. This reflects the proliferation of such terms
throughout the economic geology literature during
mponding author. Tel.: +61-9-3802667; fax: +61-9- the last ten years and a subsequent increase in confu-
3801178. sion for the readers. For example, is a synorogenic

This thematic issue of Ore Geology Reviews in-
cludes a wide variety of papers on a single type of
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Mother-lode type gold deposit different from an
Archaean gold-only type or from a mesothermal
greenstone—gold type? Many researchers working on
such deposits would recognize these as essentially a
variety of subtypes of a single deposit type, i.e.
epigenetic, structurally-hosted lode-gold vein sys-
tems in metamorphic terranes (Kerrich, 1993). How-
ever, the consistent usage of a single and widely-
accepted classification term for this deposit type as a
whole is clearly warranted. ‘“Mesothermal’ is such a
term that has been widely adopted during the last ten
years, but is a term that, as originally defined by
Lindgren (1933) for deposits formed at about 1.2-3.6
km, is more applicable to sedimentary rock-hosted
‘Carlin-type’ deposits and the gold porphyry /skarn
environment (Poulsen, 1996).

A principal aim of this introductory paper is to
present and justify a unifying classification for these
lode-gold deposits. An attempt is made to place these
so-called ‘mesothermal’ deposits into a broader class
that emphasizes their tectonic setting and time of
formation relative to other gold deposit types. A
second aim is to review briefly their more significant
defining features in the light of current inconsistent
terminology and the recognition that this deposit
group may form over a wider range of crustal depths
and temperatures than commonly recognized
(Groves, 1993; Hagemann and Ridley, 1993; Gebre-
Mariam et al., 1995). The term orogenic is intro-
duced and justified as a term to replace ‘mesothermal’
and other descriptors for this deposit type. It is also
suggested that the terms epizonal, mesozonal and
hypozonal be used to reflect crustal depth of gold
deposition within the orogenic group of deposits.

2. Definition of so-called mesothermal gold de-
posits

The so-called ‘mesothermal’ gold deposits (Table
1) are a distinctive type of gold deposit which is
typified by many consistent features in space and
time. These have been summarized in a variety of
comprehensive ore-deposit model descriptions that
include Bohlke (1982), Colvine et al. (1984), Berger
(1986), Groves and Foster (1991), Nesbitt (1991),
Hodgson (1993) and Robert (1996). Kerrich (1993)

summarizes many of the steps that led to these
evolving modern-day models. A unifying tectonic
theme has recently been evaluated by workers such
as Wyman and Kerrich (1988), Barley et al. (1989),
Hodgson and Hamilton (1989), Kerrich and Wyman
(1990), Kerrich and Cassidy (1994) and Goldfarb et
al. (1998 - this issue).

2.1. Geological characteristics

2.1.1. Geology of host terranes

Perhaps the single most consistent characteristic
of the deposits is their consistent association with
deformed metamorphic terranes of all ages. Observa-
tions from throughout the world’s preserved Ar-
chaean greenstone belts and most recently-active
Phanerozoic metamorphic belts indicate a strong as-
sociation of gold and greenschist facies rocks. How-
ever, some significant deposits occur in higher meta-
morphic grade Archaean terranes (e.g. McCuaig et
al., 1993) or in lower metamorphic grade domains
within the metamorphic belts of a variety of geologi-
cal ages. In the Archaean of Western Australia, a
number of synmetamorphic deposits extend into
granulite facies rocks (Groves et al., 1992). Pre-
metamorphic protoliths for the auriferous Archaean
greenstone belts are predominantly volcano-plutonic
terranes of oceanic back-arc basalt and felsic to
mafic arc rocks. Clastic marine sedimentary rock-
dominant terranes that were metamorphosed to
graywacke, argillite, schist and phyllite host most
younger ores, and are important in some Archaean
terranes (e.g. Slave Province, Canada).

2.1.2. Deposit mineralogy

These deposits are typified by quartz-dominant
vein systems with < 3-5% sulfide minerals (mainly
Fe-sulfides) and < 5-15% carbonate minerals. Al-
bite, white mica or fuchsite, chlorite, scheelite and
tourmaline are also common gangue phases in veins
in greenschist-facies host rocks. Vein systems may
be continuous along a vertical extent of 1-2 km with
little change in mineralogy or gold grade; mineral
zoning does occur, however, in some deposits.
Gold:silver ratios range from 10 (normal) to 1 (less
common), with ore in places being in the veins and
elsewhere in sulfidized wallrocks. Gold grades are
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relatively high, historically having been in the 5-30
g/t range; modern-day bulk mining methodology
has led to exploration of lower grade targets. Sulfide
mineralogy commonly reflects the lithogeochemistry
of the host. Arsenopyrite is the most common sulfide
mineral in metasedimentary country rocks, whereas
pyrite or pyrrhotite are more typical in metamor-
phosed igneous rocks. In fact, the Salsigne gold
deposit in Cambrian sedimentary rocks of the French
Massif Central is the world’s largest producer of
arsenic (Guen et al., 1992). Gold-bearing veins ex-
hibit variable enrichments in As, B, Bi, Hg, Sb, Te
and W; Cu, Pb and Zn concentrations are generally
only slightly elevated above regional backgrounds.

2.1.3. Hydrothermal alteration

Deposits exhibit strong lateral zonation of alter-
ation phases from proximal to distal assemblages on
scales of metres. Mineralogical assemblages within
the alteration zones and the width of these zones
generally vary with wallrock type and crustal level.
Most commonly, carbonates include ankerite,
dolomite or calcite; sulfides include pyrite, pyrrhotite
or arsenopyrite; alkali metasomatism involves sericit-
ization or, less commonly, formation of fuchsite,
biotite or K-feldspar and albitization and mafic min-
erals are highly chloritized. Amphibole or diopside
occur at progressively deeper crustal levels and car-
bonate minerals are less abundant. Sulfidization is
extreme in BIF and Fe-rich mafic host rocks. Wall-
rock alteration in greenschist facies rocks involves
the addition of significant amounts of CO,, S, K,
H,0, SiO, + Na and LILE.

2.1.4. Ore fluids

Ores were deposited from low-salinity, near-neu-
tral, H,0-CO, + CH, fluids which transported gold
as a reduced sulphur complex. Fluids associated with
this gold deposit type are notable by their consis-
tently elevated CO, concentrations of >5 mol%.
Typical 8“0 values for hydrothermal fluids are
about 5—8 per ml in the Archaean greenstone belts
and about 2 per ml higher in the Phanerozoic gold
lodes.

2.1.5. Structure
There is strong structural control of mineralization
at a variety of scales. Deposits are normally sited in

second or third order structures, most commonly
near large-scale (often transcrustal) compressional
structures. Although the controlling structures are
commonly ductile to brittle in nature, they are highly
variable in type, ranging from: (a) brittle faults to
ductile shear zones with low-angle to high-angle
reverse motion to strike-slip or oblique-slip motion;
(b) fracture arrays, stockwork networks or breccia
zones in competent rocks; (c) foliated zones (pres-
sure solution cleavage) or (d) fold hinges in ductile
turbidite sequences. Mineralized structures have
small syn- and post-mineralization displacements,
but the gold deposits commonly have extensive
down-plunge continuity (hundreds of metres to kilo-
metres). Extreme pressure fluctuations leading to
cyclic fault-valve behavior (Sibson et al., 1988) re-
sult in flat-lying extensional veins and and mutually
cross-cutting steep fault veins that characterize many
deposits (e.g. Robert and Brown, 1986).

2.2. Tectonic setting and timing of ‘mesothermal’
vein emplacement

The so-called ‘mesothermal’ gold deposits (Table
1) occupy a consistent spatial /temporal position (Fig.
1), having formed during deformational processes at
convergent plate margins (orogeny) irrespective of
whether they are hosted in Archaecan or Proterozic
greenstone belts or Proterozoic and Phanerozoic sed-
imentary rock sequences (e.g. Barley and Groves,
1992; Kerrich and Cassidy, 1994). The placing of
these deposits in a plate tectonic setting was a logical
outgrowth of the acceptance of plate tectonic theory
in the early 1970’s. Guild (1971) initially discussed
the “‘orogen-associated endogenic mineral deposits
of Mesozoic and Tertiary age on the sites of
Cordilleran-type (continent/ocean) collisions”’.
Sawkins (1972) noted, soon after, how both these
Circum-Pacific gold ores and spatially associated
felsic magmas were probable products of subduc-
tion-related tectonism. Just as significant was
Sawkins (1972) observation that Archaean gold lodes
in the Superior Province, Canada, may have some
relationship to the southward younging of igneous
ages, interpreted as being reflective of a seaward-
migrating trench. It would be, however, another six-
teen years (cf. Wyman and Kerrich, 1988) before
workers would follow-up on this important concept
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Fig. 1. Tectonic settings of gold-rich epigenetic mineral deposits. Epithermal veins and gold-rich porphyry and skarn deposits, form in the
shallow (< 5 km) parts of both island and continental arcs in compressional through extensional regimes. The epithermal veins, as well as
the sedimentary rock-hosted type Carlin ores, also are emplaced in shallow regions of back-arc crustal thinning and extension. In contrast,
the so-called ‘mesothermal’ gold ores (termed orogenic gold on this diagram) are emplaced during compressional to transpressional regimes
and throughout much of the upper crust, in deformed accretionary belts adjacent to continental magmatic arcs. Note that both the lateral and
vertical scale of the arcs and accreted terranes have been exaggerated to allow the gold deposits to be shown in terms of both spatial position

and relative depth of formation.

and begin to widely look at Archaean gold as a
product of continental-margin deformational events.

The concept of a general spatial association be-
tween the gold deposits and subduction-related ther-
mal processes in accretionary orogens (oceanic-con-
tinental plate interactions) became commonplace in
the mid-1980’s. Fyfe and Kerrich (1985) presented a
model at that time to explain the massive fluid
volumes required for the numerous gold-bearing vein
swarms adjacent to crustal-scale thrust zones of con-
tinental margins. They hypothesized that underplated
hydrated rocks contained the required water and such
water was released during thermal reequilibration as
subduction ceased. Subsequent models for the Meso-
zoic and Cenozoic gold fields of westernmost North
America relied heavily on correlating gold vein em-
placement with subduction-driven processes (Bohlke
and Kistler, 1986; Goldfarb et al., 1988). Landefeld
(1988), expanding on the ideas in Fyfe and Kerrich
(1985), detailed how the seaward stepping of subduc-
tion accompanying terrane accretion could have been

crucial for the formation of the Sierra foothills gold
districts (including the Mother lode belt). With an
abundance of new geochronological data from west-
ern North America, recent models of gold genesis in
accretionary orogens have been able to look closely
at specific processes (e.g. changing plate motions,
changing collisional velocities, ridge subduction, etc.)
occurring during accretion /subduction that tend to
be most closely associated with veining (e.g. Gold-
farb et al., 1991b; Elder and Cashman, 1992; Haeus-
sler et al., 1995). Theoretically, as a subduction zone
steps seaward, a series of gold systems and plutonic
bodies should develop and young towards the
trench-part of a so-called Turkic-type (Sengor and
Okurogullari, 1991) orogen. This type of scenario
crudely characterizes Alaska, USA, a part of the
North American margin almost entirely composed of
accreted oceanic rock sequences (Plafker and Berg,
1994).

Collisional orogens (continent—continent colli-
sion), including the Variscan, Appalachian and
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Alpine, also are host environments for gold deposits.
In fact, collisional (or internal) and accretionary (or
peripheral) orogens may represent end-members of a
continuous process. Any continent—continent colli-
sion will be preceded by closure of an ocean basin,
and hence is nothing more than a final stage of a
peripheral orogen. The gold systems that are associ-
ated with the Phanerozoic internal orogens are actu-
ally all spatially associated with marine rocks that
have been caught up within the suture. In addition,
within peripheral orogens, accretion of microconti-
nents such as Wrangellia along western North Amer-
ica (Plafker and Berg, 1994) or Avalonia along
Laurentia (Keppie, 1993) may be viewed as a type of
small-scale continent—continent collision. A key
point in all examples is that hydrated marine sedi-
mentary and volcanic rocks were added to continen-
tal margins and, at some time during this growth, the
accreted rocks experienced relatively high geother-
mal gradients.

Oligocene veins in the western European Alps
(Curti, 1987) are the youngest recognized, economic
examples of this deposit type. They also serve to
point out that more than simple plate subduction is
required for vein formation. The closure of an ocean
basin between Europe and Adria (perhaps a part of
northern Africa) occurred during an 80-m.y.-long
period of Early Cretaceous—early Tertiary oceanic
crust subduction without any preserved evidence of
gold veining or magmatism; blueschist metamorphic
facies in the Alps now record the low thermal gradi-
ents. By the early Eocene, complete closure of the
ocean had led to continent—continent collision and a
partial subduction of the European continental mar-
gin between 55 and 45 Ma (Blanckenburg and
Davies, 1995). It was not until almost 100 m.y.
subsequent to the onset of convergence, perhaps due
to slab delamination resulting in the cessation of
subduction at 45-40 Ma (Blanckenburg and Davies,
1995), that magmatism and high temperature meta-
morphism impacted the obducted upper nappes of
the western Alps near the collisional suture. Much of
the Alpine gold veining occurred during the early
Oligocene peak of magmatism (Curti, 1987).

The understanding of gold-forming processes and
timing in older Phanerozoic orogens may be compli-
cated by the hundreds of millions of years of addi-
tional geological time, but certainly such Palacozoic

continental margins were favorable environments for
veining. Geochronological study of the gold deposits
in the Meguma terrane of Nova Scotia, Canada,
indicates veining between 380 and 362 Ma (Kontak
et al., 1990), during the late part of Acadian defor-
mation of the Appalachian orogen. The Meguma was
the final terrane accreted to the Atlantic margin
during the poorly-understood late Palaeozoic Lauren-
tia—Gondwanaland collision. Keppie and Dallmeyer
(1995), noting that magmatism and high-temperature
metamorphism were restricted to a narrow time range
of about 380—370 Ma, rather than the prolonged 100
m.y. of Meguma collision, suggest a distinct episode
of lower lithospheric delamination for the thermal
perturbation. This brief thermal event, occurring at
the same time as gold veining, is also likely to be
important to the ore-forming process. Whereas little
is certain about the subduction-related tectonics of
the northern Appalachians, mesothermal-type gold
ores such as the Hammer Down in northwestern
Newfoundland (Gaboury et al., 1996) indicate that a
broad belt of gold systems accompanied continental
growth.

Palaecozoic gold veins of the Tasman orogenic
system in eastern Australia make it clear that the
ore-forming process need not require a ‘Cordilleran-
style’ of terrane accretion. Unlike the collage of
small terranes that formed the accreted margin of
western North America, eastern Australia is mainly
composed of a single lithotectonic assemblage (the
Lachlan ‘terrane’) that represents a 2,000-km-wide
Palaeozoic turbidite fan sequence developed adjacent
to the Gondwanan craton (Coney, 1992). Such an
environment lacks deep-crustal terrane-bounding
faults located between accreted material and the
active margin, which, where present in the North
American Cordillera, expose a variety of crustal
levels and often serve as the focus of hydrothermal
fluid flow. Compression-related deformation is solely
intraplate rather than concentrated along sutures be-
tween terranes. The fact that such a large percentage
of gold has been concentrated in the Bendigo—Bal-
larat area of Victoria (Phillips and Hughes, 1996;
Ramsay, 1998 - this issue) indicates some significant
and still poorly-understood, local control on vein
emplacement in the orogenic system. Nonetheless,
similar to the North American Cordillera, the Tas-
man orogenic system is characterized by significant
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growth of the eastern Australian margin (addition of
the Lachlan ‘terrane’) and a subduction zone east of
the Lachlan assemblage throughout much of the
Palacozoic (Solomon and Groves, 1994).

The abundance of geological similarities between
the gold ores of the Phanerozoic orogens and those
in Archaean greenstone belts began to be interpreted
by the late 1980°s as evidence of a similar tectonic
setting for ore formation. Wyman and Kerrich (1988)
hypothesized that gold mineralization in the Superior
Province of Canada was ‘‘related to convergent plate
margin-style tectonics’’. At roughly the same time,
Barley et al. (1989) independently reached the same
conclusion to explain the development of gold lodes
in Western Australia. Subduction of oceanic rocks
into the zone of partial melting appeared to be
significant in the development of these gold ores
within orogens of all ages (Hodgson and Hamilton,
1989). Major fault zones spatially associated with
auriferous belts in the Archaean terranes were now
recognized by several researchers as ancient terrane
boundaries. Kerrich and Wyman (1990) pointed out
that, as observed in present-day convergent margins,
Archacan ore-forming fluids were products of deeper
crustal thermotectonic events which occurred subse-
quent to magmatism and metamorphism in ore-host-
ing supracrustal rocks. Detailed geochronological
studies now recognize such lower- to mid-crustal,
late deformational regimes in Archaean terranes
(Jackson and Cruden, 1995; Kent et al., 1996). Gold
deposits in any given Archaean province may all be
a part of the same supercontinent cycle (cf. Barley
and Groves, 1992), but can show a wide variation in
age (Table 1), reflecting a variety of thermal events
during many tens of millions of years of accretion
and subduction.

2.3. Crustal environment of ‘mesothermal’ gold de-
position

The majority of deposits of this ore style are sited
in ductile to brittle structures, have proximal alter-
ation assemblages of Fe sulfide—carbonate—sericite
+ albite (in rocks of appropriate composition to
stabilise the assemblage) and were deposited at 300
+ 50°C and 1-3 kbar, as indicated by fluid inclusion
and other geothermobarometric studies (Groves and
Foster, 1991; Nesbitt, 1991). They are consistently

syn- to post-peak-metamorphic and were emplaced
at temperatures generally within 100°C of peak
metamorphic temperatures experienced by the sur-
rounding host rocks. However, recent studies in
mainly Archaean greenstone belts have extended the
ranges of temperature and pressure, and hence ex-
tended the inferred crustal range of formation of the
deposits into higher- and lower-grade metamorphic
rocks (e.g. the crustal continuum model of Groves,
1993). The evidence for formation of these gold
deposits over P—T ranges of about 180—700°C and
< 1-5 kbar (Groves, 1993; Hagemann and Brown,
1996; Ridley et al., 1996) implies vertically exten-
sive hydrothermal systems that contrast sharply with
other continental-margin gold systems that are appar-
ently restricted to the upper 5 km or so of crust (Fig.
2).

Studies in the early 1990’s, summarized in Mc-
Cuaig et al. (1993), identified higher P-T examples
of these gold ores in amphibolite facies terranes of
Western Australia, the Superior and Slave Provinces
in Canada, India and Brazil. Most such mineraliza-
tion occurred between 450—600°C and 3-5 kbar. A
few examples in granulite terranes formed at even
higher P-T regimes (Barnicoat et al., 1991; La-
pointe and Chown, 1993). The gold ores were still
precipitated from the same low salinity, CO,- and
"O-rich fluids, but, because of the higher tempera-
tures and different mineral stabilities, there is a
scarcity of carbonate phases and an abundance of
calc-silicate minerals characterizing alteration haloes
(Mikucki and Ridley, 1993). Such assemblages are
similar to those typifying skarn systems (Mueller and
Groves, 1991).

It is somewhat problematic as to why a similar
continuum of gold deposits has not been widely
recognized in higher metamorphic-grade portions of
Phanerozoic orogenic belts. Was there something
inherently different between the tectonics of Ar-
chaean and Phanerozoic continental growth? Or do
such gold deposits occur in high-grade terrains of the
Phanerozoic and they have just been classified dif-
ferently? Perhaps a re-evaluation of the classification
of some of the gold-bearing ‘skarns’ or contact-
metamorphosed deposits in younger orogenic belts
might help to solve this problem. Ore fluid salinity
might be a key discriminator in the case of the
skarns, with relatively high ore-fluid salinities being
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associated with typical gold skarn deposits that are
more directly linked to intrusive sources (Meinert,
1993). The late Palacozoic Muruntau deposit in
Uzbekistan is apparently one example of a post-
Archaean, higher metamorphic grade ‘mesothermal-
type’ deposit. The abundance of thin quartz layering,
fluid inclusion data suggesting trapping temperatures
in excess of 400°C (Berger et al, 1994) and a
skarn-like, calc-silicate assemblage (Marakushev and
Khokhlov, 1992) from deeper parts of the ore system
all suggest that the deposit may represent a deeper
part of the crustal continuum.

Ore formation at temperatures of 200-250°C and
at crustal depths of only a few kilometers is not
uncharacteristic of these ores where hydrothermal
fluids have migrated to shallower crustal levels.
However, a few anomalies from shallow gold sys-
tems in the Yilgarn block of Western Australia are

Compressional/transpressional environments

- = 4 Depth
(km)
Orogenic Deposits 0

Au-As-Sb

\ ™ Au-As-Te
W=

4
+
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+
+
+

OROGENIC STAGE

Fig. 2. Schematic representation of crustal environments of hydrothermal gold deposits in terms of depth of formation and structural setting
within a convergent plate margin. This figure is by necessity stylised to show the deposit styles within a depth framework. There is no
implication that all deposit types or depths of formation will be represented in a single ore system. Adapted from Groves (1993),
Gebre-Mariam et al. (1995) and Poulsen (1996).

notable. Comb, cockade, crustiform and colloform
textures at the Racetrack deposit, deposited from
CO,-poor fluids in lower greenschist facies rocks at
depths < 2.5 km, are more like those developed in
classic epithermal vein deposits (Gebre-Mariam et
al., 1993). Similar textures at the Wiluna gold de-
posits in subgreenschist facies rocks, as well as
SISOqumZ measurements as light as 6—7 per ml,
provide some of the strongest evidence of meteoric
water involvement in some of the ‘mesothermal’
hydrothermal systems (Hagemann et al., 1992, 1994).

Gold solubility relationships at temperatures be-
low 200—250°C best explain the observation that the
continuum of this type of gold deposit does not
continue into the uppermost few kilometres of the
crust. The moderately-reducing and only moderately
sulphur-rich conditions likely to characterize
‘mesothermal’ gold ore-fluids at low temperature
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(Mikucki, 1998 - this issue), would favor low gold
solubilities at these low temperatures (e.g. Shen-
berger and Barnes, 1989). However, hydrothermal
fluids that have been depositing ‘mesothermal’ gold
along crustal-scale fault zones at depth, must still
advect along these faults to the surface. Such is
probably the case in the westernmost part of North
America where CO,-rich, isotopically-heavy fluids
migrated to near-surface environments of very low
P-T in the Cordilleran orogen. Cinnabar =+ stibnite-
bearing epithermal, silica—carbonate veins, which
were deposited within the upper few kilometres of
crust, define such flow (Nesbitt and Muehlenbachs,
1989). Examples include the Hg—Sb deposits of the
Kuskokwim basin in SW Alaska, the Pinchi belt of
British Columbia and the coast ranges of northern
California. In fact, it has been recognized now for
thirty years that many of the thermal springs within
the accreted margin of western North America have
a unique chemical character (White, 1967) and could
be the surface expression of deeper ‘mesothermal’
gold deposits. 6180quartZ values for Hg-rich veins
emplaced in the near surface are as heavy as +30
per ml because of greater quartz—water fractionation,
as temperatures of ore fluids cooled to as low 150°C.
Such heavy oxygen values are very distinct from
5180quanz values of other types of vein systems
deposited in classical epithermal environments, such
as those of the Nevada Basin and Range (Goldfarb et
al., 1990). The identification of this type of Hg—Sb
epithermal system in a continental margin terrane
with limited erosion may be a valuable guide to the
down-dip existence of a so-called ‘mesothermal’ gold
occurrence.

2.4. Comparisons with other lode-gold deposit types

Most deposit types that contain ore-grade gold
(Table 2), whether with gold as the principal metal
or together with copper, are sited along convergent
plate margins (Sawkins, 1990). There are notable
exceptions, such as gold-rich volcanogenic massive
sulfide deposits developed along spreading ocean
ridges (e.g. Bousquet) and other deposit styles asso-
ciated with possible anorogenic hot spots (e.g.
Olympic Dam). However, as a rule, many of the
Phanerozoic gold-bearing epithermal vein, Carlin-

type sedimentary rock-hosted and porphyry/skarn
deposits developed within the same active continen-
tal margins as the so-called ‘mesothermal’ deposits
(Fig. 1). Notable distinctions, however, can be made
that relate to local changes in tectonism within a
developing orogen and to crustal depth range (a
reflection of regional geothermal gradient) of the
auriferous hydrothermal systems.

As shown schematically in Fig. 1, a significant
proportion of epithermal and porphyry deposits are
distinct in that they form above subduction zones
distal to continental margins or within continental
margins, but during post-collisional extension. Many
other gold-rich epithermal and porphyry systems de-
velop in oceanic regimes within the top few kilome-
tres of crust of volcano-plutonic island arcs located
above intermediate- to steeply-dipping subduction
zones (e.g. Sawkins, 1990; Sillitoe, 1991), with a
vertical transition from porphyry-style to classic ep-
ithermal vein-style mineralization (e.g. White and
Hedenquist, 1995). Other epithermal lodes, including
some of the world-class deposits (Muller and Groves,
1997), are associated with alkalic, mantle-related
rocks that reflect extensional episodes in a conver-
gent orogen in either a near-arc region (e.g. Porgera:
Richards et al., 1990) or far inland of the accre-
tionary wedge (e.g. Cripple Creek: Kelley et al.,
1996). Certainly, many of the well-studied Tertiary
epithermal ores associated with volcanic rocks
throughout Nevada are products of post-orogenic
Basin and Range extension. Geochronological evi-
dence is beginning to favour a similar temporal
setting for Carlin-type mineralization (Hofstra, 1995;
Emsboo et al., 1996).

The gold-bearing epithermal vein and porphyry
systems that are, however, associated with colli-
sional, subduction-related tectonics (Sillitoe, 1993)
are typically located in different crustal regimes in
the orogen than the so-called ‘mesothermal’ gold
systems. Whether in an island arc, compressional
orogen, or a zone of back-arc rifting, the porphyry-
skarn-epithermal vein continuum normally is tele-
scoped into the upper 2—5 km of crust (Figs. 1 and
2; Poulsen, 1996). Magmatism (generally I-type) and
high temperatures impose a very steep geothermal
gradient on the upper crust, often locally far in
excess of 100°C /km. An abundance of subvolcanic
to volcanic rocks necessitates that much of the gold



19

D.I. Groves et al. / Ore Geology Reviews 13 (1998) 7-27

suo13a1 o1e-yoeq ur jueyrodwr
d1ow AJoANE[21 P[0T {$aINIX9)
Juowosedor AIejudWIPIsSUAs
pue d9ANR[RYXD 10q

saoeld ur deos
Aureq 10 AupAyue
011309 F A1 JO
QUOZ 191N0 UB YIIM

SoULIQ (IIM
uonoRINUI PIN[Y
QIoyMm sonIuI[es

19yS1y yonw

(2dA-1yssag
pue -snid£)) Suipeaids
100[JE9S UL

(uopams) uapijog
(VSN) 31D U210

Ajuowrwoo tsaprydins paureid-sury UOWWOD 1SOW ST 10 SIDBN %Im 100]J8aS -pru 10 (ad£y-oxoinyy) ‘(epeue)) 19nbsnog dATIR[RYXD
QAISSBW 10 ‘PIpUERQ ‘pajeuIwe] 9)LI0[Yo—91e}-Z)1enb ~1000°0 ‘ba g9-¢'¢ 189U 10 UO 0S¢ S SuISeq 111 91e-yorq ‘(epeue)) QUIOH Juurewqng
SIUAWUOIIAUD
[RUOISUAIXD [IIM
suonjd paonpar K10 ‘BOI[IS-MO] a10]e0 POJBIOOSSE UIJO INq (VSN) [9Maf umoi)
‘orjew Y)m pajerdosse A[eord£y —ajuoyo—oajoprdo D8N %IM pale[aI-uononpqns oIe ‘(VSN) opmuio] ureys
{SUIRYSOXd OI0[BI SB IN0O0 ISOW —ouoxorfd—joures 011> bagg < 0101 S—1 009-00€ [BIUSUIIUOD 10 OTUBIIO ‘(epeue)) K3[pay [oLI-p[oD)
sopydins
-n) YIIm paonpoxnul pjos ‘sewseur uonerde Jodea
odKy-1 Ajesousd fsjuouyoLiud onijAdoad reysip Q[qIOSIWUWI U0}O
p1o$ 10oaey Aew sewSew ‘Sunuudioao ayikd {SI0JEM Q0BJINS SIUOWIUOIIAUD (sourddiiyg) SurySury
JO 9)B)S UONBPIXO MO] $SUOISNIUT —9)10119S UOWW 00 Ayuifes Moy s [RUOISUIXD YT ‘(sourddrryq)
uonisodwod 9JBIPIUWIAIUT 01-O1I[IS ‘oyI0[yo—zienb £q XIW ued (BN PIIBIOOSSE UAJO Inq 1seayInog e g-ojuedo|
‘onuikydiod oy yuooelpe pue urpm popunoLns auoz %M ‘bo poje[aI-uonoONpgns oIe ‘(e1sauopuy) 819qsein K1kydiod
SIO[UIOA PUE SOPIJ[NS PIIBUIWIASSIP AM-0moIq [enudd  [°0—100°0 G¢ < SpInjy owos s—T 00L—00€ [BIUOUIIUOD IO DIUBIIO ‘(vSn) weysurg yoL-pjon
9jeu0qIed SUIpUNOLINS uoneziuijoey 1snIo (eury) YdJ) noyzinn
JO UONN[OSSIP Y001 PALJIOIIS QWOS ‘UONBOIJIONIS OBN [BIUAUIIUOD JO Furuulyy {(VSnN) uokue) pajsoy 001
AJasuaur ut pjo3 paureid-auly A1oA asudjur 01-1°0 %Im 'ba L = €T 00€-00T PUE UOISUIXI JIB-3dBq NLIB[ {(VSN) UlIe)  -KIejuswipag
plempue|
uny Jo sparpuny
syuowooe|dor odKy-ojuewn soSejquuosse N 10 oIe dnewSew
se pue sadid e10921q ur Ajuowtiod oniAdoxd pue YHD jo sooen 0 Judoelpe aq ued 11 ‘roxodwyg (parefal
$910 $$}001 SNOAUSI d1fE[E ‘WsHRWOose)oW JqeLrea £C0D ysiy [DEN wy ¢ 00T S UOISUI)XD ‘UOISUI)XD OIe {(DNJ) e1a810g -o1fey[e)
im pojerdosse sysodop you-a ], -3 ‘uoneuoqres K19A 9m ba o = —aoejIns Ajperouas yoeq ‘uononpgns-isod {(VSN) 921D 9rddu) Jewoyyrdyg
(PuB[BIZ MIN) SSOID
sowidal [euoissardwod udp[on ‘(0IXIN)
swaysAs ‘Jyns ysiy ur ur Ajuowrwods nq ofIusaI] ‘(VSN) 9po1
UOWWOD 210 PIAJBUIWASSIP U)X (3ms (:3ms ‘[EWLIOU SIUIWUOIIAUD 90)SWO)) = “J[NS MO]
[BOIIOA UL W (OS—00 A[[eI1oudd y31y) aurjoey yS1y) 91esuapuod [BUOISUIXD £)SNIO ‘(sourddiqryq) ojuedag
SOUOZ 910 {SHD0I JIUBO[OA  —d)unje—zienb snsioa srproe A[1eo [2IUAUIIUOD JO UOISUDIXD {(n1ad) edynf ‘(vSnN) (uonepiy[ns
Kqaeau 10 Sunsoy-o1o se ofe (‘JIns mor) zizenb 10BN wy ¢ 21® YorQ 10 ‘OIR duIanwwng (ysn) - y3iy pue moj)
JTefruats ore syuowooe[dar pue suroa —oyous—eLe[npe 1-20°0 %M ba 071 > —dgepms 00€-00T [BJUIUNUOD 018 DTUBIDO PIOYPIOD = JIns ysiy Tewoydsy
JIE [BJUAUIIUOD
wsnewSew onIueIs pue souoz sisodop JO 9pIS pIemeas
J[NeJ [LISNIOSULI) (IIM UONBIOOSSE amerodwo) 1oysSIy IN pue uo syoo1 orydrowelow
reneds uoixo [BONIOA WY 7T—] 2 ur sofejquiosse Y| YHD jo sooen ur A[jeord£y suroa ‘owSor (VSN) 9po] 1dy10 N
Jo sysodop [enpiAIpur ‘sjeiauiw -uIeys ‘uonepyns 20D Ylow [euorssardsuen ‘(euryD) NUBYSY
9PIJINS %G —¢ S SOUBIIA) ‘UONBZNIOLIdS S T ‘IDBEN 0} [euorssardwoo ‘(eprUBD) 10.P [BA
srydIowe)aw pawIofep Ul pajsoy| ‘uoneuoqIeo 011 %M "ba o1 —¢ 07-T 00L-00T ‘urSIew [ejuaUNU0D ‘(erjensny) a1l1003[ey sruagorQ
(uny) (Do)
uonisoduwoo Juowddedure uoneuLoy odKy
soInyeay Koy Ioy10 sod£) uonero)y Syiny pmyy 210 Jo ypdoq Jo "dwo], Surpos o1u039 |, sojdwexsy nsodoq
(9661) uds[nod

Pue (S661) SPIBYITY ‘(4661) UISISUIMOT pue Jsinbuspay “(€661) T8 12 WeyIry] (1661) ‘T8 12 13q0Y (1661) 19180, ] WOIf pazLeurung ‘sypisodop pros onouaSide Jo sonsudoeIey)

[4RICLAD



20 D.I. Groves et al. / Ore Geology Reviews 13 (1998) 7-27

ore is hosted in lithologies of roughly equivalent age.
The shallow level of the hydrothermal activity re-
stricts much of the lode-gold emplacement to rocks
that are unmetamorphosed to only slightly regionally
metamorphosed.

In contrast, the so-called ‘mesothermal’ ore de-
posit type is deposited over a very broad range of the
upper crust (Groves, 1993; Poulsen, 1996). Rather
than bringing a concentrated heat source to the near
surface, the fluids, granitic magmas and heat are
carried to higher crustal levels along major fault
zones that may have been suture zones between
accreted terranes. Crustal geotherms of perhaps >
30°C/km are elevated, but not to the levels of the
more telescoped group of ore deposit types. Where
hydrothermal fluids reach the near-surface environ-
ment, their relatively low temperature hinders signif-
icant gold transport; however, bisulphide complexes
still may carry significant Sb and Hg into the upper
few kilometres of crust (Fig. 2). Where such fluids
migrate into the realm of the typical porphyry-
skarn-epithermal continuum, complex overlapping of
deposit styles may develop. Such a situation may
characterize southwestern Alaska, where epithermal
Hg—Sb ores that suggest so-called ‘mesothermal’
gold deposits at depth (Gray et al., 1997) are spa-
tially associated with volcano-plutonic-related gold
deposits (Bundtzen and Miller, 1997), or northern
California where the McLaughlin gold deposit sits
among a series of Hg-rich hot springs (Sherlock and
Logan, 1995).

3. Problem of nomeclature

Prior to 1980, the so called ‘mesothermal’ group
of Archaean through Tertiary deposits was not widely
recognized as a single special type of gold ore. Most
classifications scattered the deposits among the
mesothermal and hypothermal regimes of Lindgren
(1933). Others, such as Bateman (1950), divided
these deposits into groups within a very broad ‘cav-
ity filling’ type of epigenetic ore deposit. Hence,
many Archaean lodes were classified as fissure fill-
ing type deposits, Otago was a shear zone deposit
type, Bendigo was a saddle reef deposit type, Tread-
well, Alaska was a stockwork type deposit, etc. The
relatively low price of gold correlated with a limited

research interest in gold genesis studies. In fact, in
the 75th Anniversary Volume of Economic Geology
(1981), there is notably no chapter that is devoted to
this economically important ore deposit type. Eco-
nomic geologists had begun to notice the basic asso-
ciation of the Phanerozoic deposits with subduction
zones and convergent margins during the growth of
plate tectonic theories. However, books on tectonics
and ore deposits barely mentioned these gold sys-
tems (e.g. Mitchell and Garson, 1981).

As the price of gold increased dramatically in the
late 1970’s, so did interest in the understanding of
these gold deposits. ‘Mesothermal’ lode-gold de-
posits began to receive extensive study by ore geolo-
gists, and were subsequently described by a variety
of terms during the last fifteen years as workers
began recognizing them as a single mineral deposit
type. The abundance of terms that define these ores
reflects both the great expansion of knowledge about
these systems accumulated during the 1980’s (e.g.
Robert et al., 1991) and the efforts by various groups
to establish ore deposit model volumes that classify
deposits by type (e.g. Cox and Singer, 1986). One
consequence of so many terms for the same deposits
is the resulting confusion for those not extremely
familiar with the gold literature. Certainly, a single
deposit type title would be helpful for all workers.

The paper by Nesbitt et al. (1986) on lode-gold
deposits of the Canadian Cordillera seemed to initi-
ate popularity of the phrase mesothermal. They de-
fine a group of Canadian ‘mesothermal’ gold de-
posits that formed between 200—-350°C within a se-
ries of accreted terranes. Prior to this paper, the
broad class of ‘mesothermal’ gold deposits did not
exist. Major gold volumes such as ‘Gold *82 (Fos-
ter, 1984), ‘Turbidite-hosted Gold Deposits’ (Keppie
et al, 1986) and ‘Gold 86 (Macdonald, 1986)
lacked any mention of such a deposit type. However,
since the Nesbitt et al. (1986) paper, the
‘mesothermal’ terminology has become well-en-
trenched in the literature. This may be a response, in
part, to the need to easily contrast this group of gold
deposits with the generally more shallowly-deposited
types of gold ores that had already been classified as
‘epithermal’ for many years previous. Because of
this widespread acceptance of the mesothermal label,
subsequent comprehensive descriptions of these gold
deposits have tended to group them under such a
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‘mesothermal heading’ (Groves et al., 1989; Kerrich,
1991; Hodgson, 1993).

Whereas ‘mesothermal’ has become the most
common term used in referring to this type of de-
posit during the last ten years, Poulsen (1996) has
recently shown how it is very inconsistent with the
meaning originally proposed by Lindgren (1907,
1933). Lindgren’s description of such a deposit type
is for that which formed at depths of about 1,200—
3,600 m and at temperatures of 200—300°C. Because
of the restrictive temperature range, high-temperature
alteration phases, including tourmaline, biotite, horn-
blende, pyroxene and garnet, were stated as being
absent in and surrounding mesothermal type ores.
Gold districts such as those of the California foothills
belt, the Meguma domain of Nova Scotia, central
Victoria, and Charters Tower in Queensland were
classified by Lindgren (1933) as mesothermal.

Many other gold districts, however, that are rou-
tinely classified as ‘mesothermal’ today were actu-
ally termed ‘hypothermal’ by Lindgren (1933). These
deposits were described as having formed at 300-—
500°C, thus exhibiting higher temperature alteration
assemblages, and at depths below 3,600 m. Most of
the world’s Archaean gold deposits were clearly
stated as being hypothermal deposits. In addition,
some Phanerozoic lodes, including those of the Bo-
hemian Massif and Juneau, Alaska, were included in
the class. The groupings into the mesothermal and
hypothermal temperature ranges by Lindgren are re-
markably accurate in light of many modern fluid
inclusion studies. But the key point is that many of
the deposits that are now termed ‘mesothermal’ did
not fit in the mesothermal category in the early 20th
century and still do not fit in the category today.

If one such Lindgren-type term was used to define
the broad observed range for P—T conditions of
these deposits, it probably is ‘xenothermal’. The
term, coined by Buddington (1935), covers the P—T
conditions from lepothermal (a vague P-T regime
between epithermal and mesothermal) to hypother-
mal. As such, it would include the broad range of ore
forming pressures and temperatures that is well-
documented in the Yilgarn block of Western Aus-
tralia, as summarised by Groves (1993). However,
other factors, such as structural control, wall rock
type and fluid chemistry play a major role in the
localization of a gold deposit and definition of a gold

deposit type solely on P-T environment is not
advisable (Bateman, 1950).

The contrasting tectonic setting between the sites
of most ‘epithermal’ gold deposits and the sites of all
so-called ‘mesothermal’ deposits presents another
basic problem with usage of the Lindgren model. As
envisioned by Lindgren (1907, 1933), the epither-
mal, mesothermal and hypothermal terms were in-
tended to define a continuum among deposits. How-
ever, as implied in Fig. 2, the term ‘epithermal’ is
now entrenched in the literature as a specific min-
eral-deposit type that most commonly describes
high-level veining and alteration broadly associated
with volcanism or subvolcanic magmatism (e.g.
Berger and Bethke, 1985). As discussed above, such
epithermal gold deposits may form in oceanic arcs
long before continental margin orogenesis or, as in
the Basin and Range of the USA, during post-oro-
genic extension, as shown schematically in Fig. 1.
Hence, there are typically neither consistent spatial
nor temporal relations between the two gold deposit
types.

Many other terms relating to host rocks, vein
mineralogy or ore-fluid chemistry are equally unac-
ceptable in the overall description of these deposits.
Commonly used terms, such as ‘greenstone gold’,
‘slate belt gold’, or ‘turbidite-hosted gold’, disguise
the fact that the deposits have many similarities
despite their different hosting sequences (the theme
of this special Ore Geology Reviews issue) and
should be used, if at all, to describe subgroups of the
major deposit type, and not the deposit type itself.
The use of ‘Archaean’ or ‘Mother lode-type’ gold
deposits is also unacceptable, clearly reflecting a
specific temporal or spatial preference, respectively.
‘Metamorphic gold’ implies an understanding of the
ore-forming process which is, however, still strongly
under debate. The fact that these deposits contain
only a few percent sulfide minerals, in most cases,
has led to classifications referring to them as ‘low
sulfide’ (Berger, 1986), and the fact that gold is
enriched by orders of magnitudes over base metals
and Au:Ag ratios are generally > 1 has led to their
classification as ‘gold only’ (Hodgson and MacGee-
han, 1982; Phillips and Powell, 1993) deposits.
However, many other types of gold deposits, includ-
ing the sedimentary rock-hosted ores at Carlin and
elsewhere in Nevada, show the same low sulfide
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content. Similarly, ‘lode-gold’” (McCuaig and Ker-
rich, 1994) may be interpreted to contain a variety of
gold deposit types.

A critical feature of all these deposits seems to be
their common tectonic setting, as described in detail
above. These deposits were classified as ‘pre-oro-
genic’ by Bache (1980, 1987), who recognized their
association with the world’s orogenic belts. How-
ever, at the same time, the classification assumed a
syngenetic exhalative origin for the auriferous lodes,
an assumption clearly in conflict with modern
geochronological data. Goldfarb et al. (1991a, 1998 -
this issue) have often preferred the term ‘synoro-
genic’, given the clear overlap of gold-forming events
in the North American Cordillera with a broad,
120-m.y.-long period of continental margin growth.
The term ‘post-orogenic’ has been used by other
workers (Gebre-Mariam et al., 1993; Groves, 1996)
who emphasize that deformation and metamorphism
of ore host rocks commonly predate hydrothermal
vein emplacement (Groves et al., 1984; Colvine,
1989; Hodgson and Hamilton, 1989).

4. Proposed classification

These gold deposits, throughout the world’s colli-
sional orogenic belts, can actually be viewed as both
syn- and post-orogenic in origin. Whereas host rocks
for ore may already be undergoing uplift and cooling
(thus post-orogenic’), the ore-forming fluids may be
generated or set in motion by simultaneous thermal
processes at depth (thus ‘syn-orogenic’) as described
by Stuwe et al. (1993). For example, Kent et al.
(1996) show that the main episode of gold mineral-
ization in the Yilgarn craton postdates thermal events
in the ore-hosting upper crust, but temporally corre-
lates with melting and magmatism of lower-middle
Archaean crust. Because of this, it is suggested that
the gold ores simply be classified as ‘orogenic’ lode
types, as was originally suggested by Bohlke (1982).

A remaining problem is whether to classify many
‘intrusion-related gold deposits’ within this group of
orogenic gold deposits. Sillitoe (1991) places de-
posits such as Muruntau and Charters Tower in such
an intrusion-related deposit type. McCoy et al. (1997)
distinguish ‘plutonic-related mesothermal gold de-
posits’ of interior Alaska, such as Fort Knox, as

those where ore fluids are derived from evolving
magmas. The Proterozoic gold lodes of northern
Australia and the Mesozoic deposits of the north
China craton and Korea are also commonly sug-
gested to be genetically associated with igneous pro-
cesses. Are such deposits, with ore fluid chemistries
essentially identical to those of typical orogenic gold
deposits, a different deposit type? Sillitoe (1991)
indicated that the intrusion-related gold deposits also
form in Phanerozoic convergent plate margins above
zones of active subduction, although regional exten-
sion is stressed as an important characteristic and
thus indicates some difference from the orogenic
class defined here. Sillitoe (1991) does stress that the
apparent overlap between orogenic and intrusion-re-
lated gold systems requires further attention. We
would certainly agree.

A convenient terminology that both retains the
prefixes ‘epi’, ‘meso’, and ‘hypo’ used by Lindgren
(1907, 1933), and subdivides the orogenic gold de-
posit type, is introduced by Hagemann and Ridley
(1993) and then further modified by Gebre-Mariam
et al. (1995). Its continued usage is recommended. In
such a scenario, epizonal deposits form within 6 km
of the surface at temperatures of 150—300°C, meso-
zonal deposits form at depths of 6—12 km and at
temperatures of 300—-475°C and hypozonal deposits
form below 12 km and at temperatures exceeding
475°C. 1t is critical to note that this terminology has
been defined solely as a subdivision for orogenic
gold deposits based on many modern geothermo-
barometric studies. Because of this, the depth zones
for these orogenic subclasses do not correspond to
those in Lindgren’s epithermal, mesothermal, and
hypothermal regimes.
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