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Preface

Within the last decade, the high and continuing demand for gold has prompted a
global gold rush on a scale never before seen, not even in the heady days of Ballarat,
California and the Yukon. Gold is being sought on every continent and, with very few
exceptions, in every country around the world. Such interest and fierce competition
has demanded considerable innovation and improvement in exploration techniques
paralleled by a rapid expansion of the geological database and consequent genetic
modelling for the many different types of gold deposits now recognized.

This proliferation of data has swamped the literature and left explorationist and
academic alike unable to sift more than a small proportion of the accumulating
information. This new book represents an attempt to address this major problem by
providing succinct syntheses of all major aspects of gold metallogeny and exploration,
ranging from the chemical distribution of gold in the Earth’s crust, and the
hydrothermal chemistry of gold, to Archaean and Phanerozoic lode deposits,
epithermal environments, chemical sediments, and placer deposits, and culminates in
chapters devoted to geochemical and geophysical exploration, and the economics of
gold deposits. Each chapter is written by geoscientists who are acknowledged
internationally in their respective fields, thus guaranteeing a broad yet up-to-date
coverage. In addition, each chapter is accompanied by reference lists which provide
readers with access to the most pertinent and useful publications.

Quite clearly this book is not intended to be the ultimate authoritative statement on
gold metallogeny and exploration, nor can it hope to embrace all aspects of gold
mineralization. For access to a wealth of new information the reader is encouraged to
turn to the relevant journals and to the excellent publications arising from many major
symposia held within the last decade. The more recent of these include the
proceedings of the Gold *86 meeting in Toronto, the Pacific Rim Congress *87 in Gold
Coast, Australia, and the Gold ’88 symposium held in Melbourne.

The stimulus provided by the demand for gold in the 1980s has opened up exciting
new avenues of research and generated a wealth of hard facts, innovative ideas,
conceptual models, and advances in instrumental techniques. The resultant databases
and the success arising from this surge in exploration are a timely reminder to the
world at large of the importance of applied research and of exploration underpinned
by sound science. I hope that this volume provides both a useful state-of-the-art
review and an insight into the scientific and industrial excitement inspired by the
1980s gold rush.

Finally, I should like to thank the following for providing the all-important
refereeing of contributions which is essential to ensure the quality of such a
publication: B.R. Berger, H.F. Bonham, Jr.,, C.A. Boulter, PR.L. Browne, A.H.C.
Carter, H. Colley, D.S. Cronan, M.J. de Wit, P.I. Eimon, W.R. Fitches, A.O. Fuller,
A.P. Gize, D.D. Hawkes, J.W. Hedenquist, J.J. Hemley, R.W. Henley, P. Lhotka, A.
Panteleyev, D.A. Pretorius, R.H. Sillitoe, M. Smith, D.A.V. Stow, J.F.H. Thompson.

R.PF
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1 Distribution of gold in the Earth’s crust
J.H. CROCKET

1.1 Introduction

The distribution of gold in the lithosphere bears critically on models for gold ore
deposits. One group of workers advocates derivation of gold from large masses of
rock through fluid—rock reactions in the deep crust (Kerrich, 1983; Groves and
Phillips, 1987; Colvine et al., 1988) while others stress the importance of relatively
restricted petrogenetic groups of rocks termed source rocks that concentrate gold
above the norm (Viljoen et al., 1970; Keays, 1984). It is therefore important to know
the average gold contents for rock types of the lithosphere, and what concentrations
are potentially indicative of mineralization. Tilling et al. (1973) noted that unaltered
igneous rocks generally have less than 5 parts per billion (ppb) gold and that 10 ppb is
exceeded only rarely. A survey of more recent data presented here confirms that
statement. As ore deposits may concentrate gold 10* times the rock background, gold
contents of only a few tens of ppb may indicate ore-forming processes.

This chapter reviews gold in igneous, sedimentary and metamorphic rocks and
rock-forming minerals. Based mainly on post-1972 data, it also incorporates selected
major data bases published earlier. The data are compiled in Section 1.7 at the end of
this chapter and cover minerals, igneous, sedimentary and metamorphic rocks
respectively.

The igneous rock data are grouped according to regional tectonic setting except for
Precambrian rocks which are treated as a specific group for reasons noted in
subsequent text. Previous reviews emphasizing abundance data include
Korobeynikov (1986, 1982, 1981, 1980, 1976), Barnes et al. (1985), Boyle (1979),
Crocket (1978) and Gottfried et al. (1972).

The data in Section 1.7 represent extensive averaging of original literature. Aver-
ages for large groups of analyses given in original literature are used directly, but gen-
erally the appendices represent data from several papers and are averages calculated
by the author. The data estimate abundances of gold applicable to non- mineralized
average crustal rocks. Omissions represent deletions of mineralized and altered
samples. Author judgement (and bias) is unavoidable in some cases of data selection.

1.2 Gold in rock-forming minerals
The mineral data in Section 1.7.2 draw heavily on papers by Korobeynikov (1976,

1980, 1981, 1982) which present original work and reviews of the Russian literature.
Averages refer to the number of localities or geological units (rock types, plutons,
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intrusive complexes) represented. For example, the first entry under Quartz gives an
average of 0.23 ppb gold for five granitic plutons from the western US. Averages for
each pluton were first calculated from the original literature (Gottfried et al., 1972)
and then a group average was computed giving equal weight to each pluton. The entire
group consists of 13 samples from 5 plutons. The mineral data, except for skarns, are
illustrated in Figure 1.1.

Figure 1.1 Range and average gold content of rock-forming minerals (ppb). Symbols
represent geological occurrence or locality averages (see text): granitoids @(an overall average
for USSR granitoids, which represent much of the data base, is indicated by a linked
triangle/circle symbol) mafic rocks O , sedimentary rocks ® ; trends, granitoids shaded, mafic,
solid line; granitoid localities, A-Altai-Sayan, K- Kazakhstan, Ka-Kamchatkha, W-Western
US. Data are from Section 1.7.2, but skarns are omitted.

The main trends and characteristics of gold distribution in rock-forming minerals
are as follows:

(i) The gold content of the same mineral, especially accessory and
ferromagnesian minerals, may vary from 2 to 10 times, and reflects the
whole-rock gold level. In general, if the whole-rock gold content is above
average for the rock type, the same trend is shown by all the essential
minerals.
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(i) There is a general trend of decreasing gold content from accessory (magnetite,
sphene, zircon), through ferromagnesian (biotite, hornblende), to felsic
(quartz, feldspar) minerals in a given geological host (see granitoid trend,
Figure 1.1).

(iii) The concentrator minerals, those with higher gold than the whole rock, are the
accessory and ferromagnesian minerals, mainly magnetite and biotite. The
carrier minerals, with gold contents close to or below the whole rock, are
quartz and feldspar. In silicic and intermediate rocks, the carrier minerals are
of high modal proportion and account for 50 to 80% of whole-rock gold.

(iv) Accessory minerals often carry 1.5-10 times the gold content of the essential
minerals, and in granitic rocks a large variation in gold content of accessory
minerals is typical of productive plutons (Korobeynikov, 1980).

A well-established trend in igneous rocks is a decrease in gold from mafic silicates
and iron oxides, usually early crystallizing minerals, to late crystallizing quartz and
feldspar (Shcherbakov and Perezhogin, 1964; Tilling et al., 1973). A less well
documented trend is a decrease in the gold content of specific minerals such as
feldspar (Korobeynikov, 1981) and biotite (Shilin and Osipov, 1978) from mafic to
felsic host rocks. Such trends led Tilling ef al. (1973) to conclude that gold does not
concentrate in residual magmatic fluids during fractional crystallization.

Accessory minerals such as sphene, apatite, zircon and magnetite are often high in
gold relative to their host rocks (Korobeynikov, 1980). As a variety of different crystal
structures and chemical compositions are involved, and as the gold contents of such
minerals are highly variable but generally correlated with whole-rock gold abundance,
accessory minerals may be gold concentrators due simply to early crystallization.

1.3 Gold in igneous rocks

1.3.1 Introduction

Igneous rock data are divided into orogenic, non-orogenic and Precambrian
greenstone categories. Orogenic environments are those associated with plate
convergence and compressive stress regimes. They include island arcs and active
continental margins, and encompass the obductive emplacement of ophiolites. Non-
orogenic environments include stable craton settings and divergent plate margins
where extensional stress regimes predominate. Rifting and the early stages of
continental rupture are also included in non-orogenic regimes. The Precambrian
greenstone subdivision is without tectonic connotation as correlation between
Archaean and Phanerozoic regimes is tenuous.

1.3.2 General characteristics of gold distribution in the lithosphere

The data base for igneous rocks is summarized in Table 1.1 and Figure 1.2. A
restricted range of gold is typical of fresh igneous rocks. Gottfried et al. (1972) found
that a 10- fold variation from 0.5 to 5 ppb is typical of igneous rock averages. The data
in Figure 1.2 tend to confirm this generalization. Averages for all Phanerozoic
volcanic rocks range from 1.2 ppb (MORB) to 3.5 ppb (flood basalt), decreasing to 0.5
ppb (spinel lherzolites) when plutonic rocks are considered. Ranges applicable to
individual groups are larger with variations from 0.1 to 10 ppb typical of volcanic
rocks, although MORB has a greater range (0.04—15 ppb). Precambrian volcanic rocks
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have higher group averages (4.2-12.4 ppb) than Phanerozoic volcanics and, on a
locality basis, somewhat greater ranges (0.5-37 ppb).

Table 1.1 Average gold content of igneous rock groups (ppb)

Rock group Comment X R N Ir/Au

Rocks from non-orogenic environments

MORB MAR, 98; EPR, 112 1.2 0.04-15 210 0.03
Intraplate basalt Mainly Hawaii 2.0 0.2-6.6 69 0.38
Flood basalt 3 Provinces 35 0.5-11 49 0.02
Initial magma; layered  Anakita, Bushveld, 4.6 2.8-8.0 4 0.08!
gabbroic complex Jimberlana, Skaergaard
Kimberlites and
mantle xenoliths

Kimberlites Siberia; 50 pipes 3.1 0.8-9.1 55

Gamet peridotite Siberia 2.7 0.6-8.1 47

Garnet peridotite? Lesotho 0.85 0.08-2.7 10 7.3

Eclogite Siberia 34 0.8-9.1 25

Spinel lherzolites Alkali basalt host 0.5 0.1-1.1 27 7.0
Alkaline plutons 2.8 0.644.5 291/21
Rocks from orogenic environment
Ophiolite harzburgite 2.8 0.3-6.4 138/14 323
Mafic volcanics, convergent margins 2.2 0.5-5.6 315/10
Felsic volcanics, convergent margins 1.554 0.564.2 305/7
Granitic plutons 2.6 0.5-6.9 969/66

Igneous rocks of Precambrian greenstone belts

Perioditic komatiite 425 0.49-13.5 156/10
Komatiitic basalt 12.4 1.0-36 44/6
Tholeiitic basalt 5.7 1.3-37 323/13

Granitic plutons 1.5 1.1-2.3 232/45

1. The Ir/Au ratio for the Bushveld initial magma. 2. Ir/Au for Lesotho suites from Mitchell and Keays (1981)
and Morgan et al. (1981). 3. Omits Ir/Au ratio of 14 for the Ronda complex. 4. Omits data of Yudin et al. (1972)
for rhyolites and ignimbrites (9.6 ppb), and data of Mints (1975) for leucogranites (20 ppb). 5. The average of
4.2 for komatiitic peridotites uses a value of 13.5 ppb (Saagar et al., 1982) for Belingwe greenstones. The
average drops to 3.0 ppb if a value of 1.4 (Keays, 1984) is used. 6. The Ir/Au ratio is for Kambalda rocks from
Keays et al. (1981).

1.5
0.03%

There is a weak trend of decreasing gold from mafic to felsic rocks (Shcherbakov
and Perezhogin, 1964; Tilling et al., 1973; Shilin, 1980; Korobeynikov, 1981)
consistent with higher gold in early crystallizing mafic silicates and Fe-Ti-oxides
compared with late crystallizing quartz and feldspar. Korobeynikov (1981) found a
decrease in the gold content of feldspars of intrusive rocks from basic to felsic
varieties which supports this general trend. However, several studies (Voskresenskaya
and Zvereva, 1968; Anoshin and Kepezinskas, 1972) found little fractionation of gold
between rocks of varying composition. In addition, layered mafic—ultramafic com-
plexes such as the Bushveld show no systematic variation of gold with igneous
stratigraphy (Lee and Tredoux, 1986).

Two factors suggest that the mafic-to-felsic trend is not a direct consequence of
fractional crystallization. Concentrator minerals such as magnetite and biotite are
often not sufficiently abundant to account for much of the whole-rock gold (Davletov
and Dzhakshibayev, 1970; Zvereva and Gavrilenko, 1971; Korobeynikov, 1981;
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Figure 1.2 Range and average gold contents of igneous rocks (ppb). Thick lines are ranges
for individual rock-types, and thin lines represent ranges for geological occurrences (stocks,
complexes) or localities (see text). Large triangles indicate group averages. Numbered circles
represent averages for geological occurrences or localities, and the small triangles indicate
averages for individual flood-basalt provinces. The number of samples represented by any
range or occurrence/locality average can be obtained from Section 1.7.3.

Number key to occurrencellocality averages:

Non-orogenic Layered complexes: 1.Bushveld; 2.Jimberlana; 3.Skaergaard; 4. Anakita.
Orogenic Mafic and felsic volcanics: 1.Snake River Gp., Idaho; 2.Victoria greenstones,
Australia; 3.Cape Vogel, PNG; 4.Western US; 5.Kurile/Kamchatka; 6.0khotsk/Chukotka
(Ul’insk); 7.Mariana-Bonin arc; 8.King Island, Tasmania; 9.Okhotsk; 10.Cascades, US:
11.0Okhotsk/Chukotka (Tottinsk). Granitoids: 1.Western US; 2.S.Kazakhstan; 3.E.Kazakhstan;
4.Urals; 5.Marysville, US; 6.S.Verkhoyan, USSR. Ophiolites: 1.Ronda; 2.Mt.Albert;
3.Josephine; 4.Troodos; 5.Thetford; 6.Yenisey Ranges, USSR; 7.Idzhim, W.Sayan; 8.Arabian
Shield; 9.Urals; 10.Fomkinsk, USSR; 11.Timetrine, Mali; 12.New Caledonia; 13.Bou Azzer,
Morocco; 14.Borus, W.Sayan.

Precambrian Volcanics: 1.Barberton; 2.Burkina Faso; 3.Theo’s Flow, Abitibi; 4.Pietersburg;
5.Wabigoon (Kakagi); 6.Timmins, Abitibi; 7.Boufoyo, CAR; 8.Tassendjanet, Algeria;
9.Belingwe (Saager er al., 1982); 10.Lunnon, Kambalda; 11.Red Lake, Uchi; 12.Shoal
Lake/Lake-of-the- Woods; 13.Borgoin, CAR; 14.Mt.Clifford, Yilgarn; 15.Belingwe (Keays,
1984); 16.Alexo, Abitibi; 17.Pyke Hill, Abitibi; 18.Fred’s Flow, Abitibi; 19.Lunnon/Long
Shoots, Kambalda; 20.Kambalda. Granitoids: 1.Wabigoon, Kakagi; 2.Kaapvaal Craton;
3.E.Aldan Shield, Archaean; 4.E.Aldan Shield, Proterozoic; 5.Matachewan, Abitibi.
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Grabezhev et al., 1986). Also comparisons may be based on rocks not necessarily
related through fractional crystallization. Thus, Mints (1975) argued that gold
variations in Cretaceous volcanic rocks of the Okhotsk-Chukotka belts, USSR, were
probably more related to source region and magma generation than to magma/mineral
fractionation.

The Ir/Au ratio is included in data tables as an index of magma differentiation with
respect to mantle composition. In general, neither fractional crystallization nor partial
melting strongly fractionate gold, whereas fractional crystallization of silicate magma
removes iridium with early crystallizing phases (e.g. Lac de I’Est cumulate sequence
in the Thetford Mines ophiolites; Oshin and Crocket, 1982). During partial melting of
mantle peridotite, iridium behaves as a compatible element in that magmas such as
komatiite produced by high-percentage partial melting usually have higher iridium
contents than those generated by lower degrees of partial melting such as tholeiite.
The ratio of unfractionated material is taken as the C1 carbonaceous chondrite ratio of
Ir/Au = 481/140 = 3.4 (Anders and Grevesse, 1989).

1.3.3 Gold abundance in mafic and ultramafic rocks

Estimates of gold in the mantle are obtained by analysis of mantle rocks or derivative
mafic melts. Those analysed for gold include ultramafic nodules from kimberlite and
alkali basalt, and non-cumulus ultramafic and mafic rocks of ophiolites.

Ophiolites. Ophiolites are the most massive mantle rock available for study. Two
non-cumulus peridotites, harzburgite and lherzolite, may occur in ophiolites but the
latter is uncommon. Most petrological opinion considers harzburgite to be a residue of
partial melting of a more primitive peridotite, probably lherzolite, from which a
basaltic component has been extracted.

Average gold content of 14 ophiolitic harzburgites is 2.8 ppb. The average Ir/Au
ratio for three occurrences — Josephine, Mt. Albert and Thetford Mines — is 3.2, or
essentially chondritic, but it is unlikely that ophiolitic harzburgite represents
unfractionated mantle. This Ir/Au average omits Ronda with Ir/Au=14, the high ratio
being due to an unusually low gold content rather than high iridium. The Mt. Albert,
Thetford Mines, Josephine and Ronda occurrences average 2.4, 3.2, 4.6, and 7.3 ppb
iridium respectively, so Ronda is not exceptional. However, average gold for Ronda is
0.33 ppb, the lowest of all 14 occurrences. If ophiolitic harzburgite and lherzolite are
related as restite and source rock, then basalt partial melts may, on occasion, inherit a
significantly different Ir/Au ratio than the source rock due to preferential partition of
gold into the melt.

Peridotite nodules. Garnet and spinel-bearing peridotite nodules in kimberlite and
alkali basalts are additional sources of mantle rock. Two averages are reported in
Table 1.2: 2.7 ppb for nodules from Siberian kimberlites and 0.85 ppb gold for
nodules from Lesotho pipes (Mitchell and Keays, 1981; Morgan et al., 1981). These
differences imply that garnet peridotite mantle has a variable gold content on a
regional scale.
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Table 1.2 Estimates of gold abundance in the mantle

Source Estimate (ppb)  Model

Ringwood and Kesson (1977) 4.2 Pyrolite

Mitchell and Keays (1981) 0.9 Spinel lherzolite/pyrolite
Sun (1982) 0.5-1.5 Peridotitic komatiite
Chou et al. (1983) 1.3 Pyrolite

That the mantle is a heterogeneous source of noble metals is supported by Mitchell
and Keays (1981), who found that only 20 to 40% of whole-rock noble metal content
(Pd, Ir and Au) is accounted for by the essential rock-forming minerals, and that
sulphides and platinum group minerals are present in these nodules. They found
considerable dispersion of noble metals in garnet lherzolites and concluded that
sulphides or platinum group minerals were major hosts. Supporting opinion by Ivanov
et al. (1977), based on Siberian nodules, contends that gold, silver and copper are
zoned vertically and horizontally in the mantle.

Spinel lherzolite nodules are more homogenous in gold than garnet lherzolites.
Samples from the western US, Australia and European localities (Jagoutz et al., 1979;
Mitchell and Keays, 1981; Morgan et al., 1981) average 0.49+ 0.26 ppb gold for 27
whole-rock analyses. Samples from Tien Shan are apparently higher, averaging 1.2 +
0.3 ppb. The consensus of petrological opinion places the mainly alkali basalt-hosted
spinel lherzolites at lesser mantle depths than kimberlite-hosted garnet lherzolites.
Both spinel and garnet lherzolites have an Ir/Au = 7 (Morgan et al., 1981; Mitchel and
Keays, 1981), roughly twice the chondritic value, suggesting selective removal of
gold from unfractionated peridotite sources.

1.3.4 Gold in Precambrian rocks

Volcanic rocks. Gold contents of tholeiitic and komatiitic volcanic rocks of
Precambrian greenstone belts are summarized in Table 1.1. Observations and
inferences from these data are:

(i) Average gold contents of peridotitic komatiites and tholeiitic basalts are
similar, 4.2 and 5.7 ppb respectively. The apparent differences in percentage
partial melting of mantle lead to little difference in gold contents of melts.

(ii) Although the data base is small, komatiitic basalts may represent rocks of
higher than usual gold content. Of the six locality averages, three — the
high-magnesium series footwall basalts from Kambalda (Keays et al., 1981),
the Reliance Formation, Belingwe, greenstone belt (Saager et al., 1982), and
komatiitic basalts of the Borgoin belt (Dostal et al., 1985) — exceed 10 ppb.
Other komatiitic basalt averages are < 4.2 ppb.

(iii) Two greenstone belts, the Belingwe and Borgoin, are anomalous. The Borgoin
rocks average 37 ppb gold for both tholeiitic and komatiitic basalts. The
Belingwe data of Saager ef al. (1982) average 13.5 ppb, although an average
of only 1.4 ppb was obtained by Keays (1984) for Belingwe greenstones.

Whether the gold contents of greenstones represent parental magmas is problematic.
Kaapvaal greenstones are low in gold (0.67—1.7 ppb) but host economic gold deposits,
whereas the Belingwe greenstones apparently have high background gold levels but
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no gold deposits. A suggested explanation is that strongly altered and metamorphosed
Kaapvaal greenstones have yielded gold to fluids during alteration and/or
metamorphic events, thus forming small deposits through dispersal and concentration
in structural traps (Saager et al., 1982; Keays, 1984; Viljoen, 1984).

The Ir/Au ratio may reflect such redistribution with gold experiencing a more
severe depletion than iridium. The two localities with lowest average gold, Barberton
and Mt. Clifford, have higher Ir/Au ratios (4.85 and 4.8) than any other peridotitic
komatiite localities.

In the two greenstone belts with the high background gold (Belingwe and Borgoin),
there is no preference for a specific rock type. Both peridotitic komatiites and
komatiitic basalts of the Belingwe belt are high in gold, and in the Borgoin belt both
komatiitic and tholeiitic basalts average 36 and 37 ppb gold (Dostal ef al., 1985). As
these high contents seem locality — but not petrologically — specific, they may depend
more on the gold contents of mantle source rocks than on magma-generation
parameters such as degree of partial melting.

Granitoid rocks. Most Precambrian granitic plutons average 1-2 ppb gold. The most
extensive study is that of Saager and Meyer (1982) on granitic rocks of the
Johannesburg Dome and the Eastern Transvaal which yielded arithmetic and
geometric means of 1.2 and 1.0 ppb gold. The cumulative frequency distribution
identified a 6% excess value population consisting of samples with 4.1 ppb gold.
Correlations between gold and major elements or differentiation trends of Transvaal
granites were absent.

1.3.5 Estimates of mantle gold abundance

Estimates of gold abundance in the upper mantle are based on analyses of both mantle
nodules and ultramafic flows. The large variation in gold content of spinel and garnet
lherzolites, the presence of noble metal-rich minerals, and the need for accurate
estimates of percentage partial melting of mantle peridotites introduce a significant
level of uncertainty. Nevertheless, recent estimates converge around 1 ppb gold
(Table 1.2).

1.3.6 Mafic volcanic rocks in non-orogenic environments

Mid-ocean ridge basalts (MORB). The average gold content of MORB is 1.2 ppb, the
lowest of any mafic rock group. Tholeiitic and alkalic MORB have similar averages,
0.8 and 0.6 ppb gold (Gottfried et al., 1972), suggesting that gold in MORB does not
depend critically on the partial melting or fractional crystallization history of the
magma.

The rock average, 1.2 ppb, may be a lower limit for gold in MORB magma. Keays
and Scott (1976) showed that the average gold content of glass rims from MOR pillow
basalt is three times that of crystalline interiors. They argued that the glass rim values,
1.35 ppb gold for five samples, represent the gold content of the original magma and
that the crystalline interiors have lost gold.

General consensus prevails that MORB is sulphur-saturated at eruption (Mathez,
1976). Sulphur saturation would exercise a dominant control on gold in MORB
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magma in that sulphide globules in MORB glasses carry up to 13 ppm or 10* times the
average gold content of whole-rock MORB (Peach and Mathez, 1988).

Intraplate basalts. Intraplate basalts, mainly Hawaiian tholeiite, average 2.0 ppb
gold, about twice that of MORB. The few analyses of alkalic intraplate basalts suggest
a gold content about half that of intraplate tholeiites. Alkaline magma generation may
result from deeper melting than for tholeiitic magma generation (Basaltic Volcanism
Study Project, 1981).

The higher gold contents of intraplate basalts compared with MORB may result
from different gold contents of the respective source regions, differences in partial
melting regimes, or differences in associated hydrothermal regimes. Variation in the
gold content of mantle source rock may be significant if MORB source regions have
sustained previous episodes of partial melting (Basaltic Volcanism Study Project,
1981). The fact that intraplate mantle source regions are more pristine and
fundamentally different from MORB source regions is suggested by the high
incompatible element contents of intraplate basalts and an average Ir/Au ratio of 0.38
compared with 0.03 for MORB. A further important difference between MOR and
intraplate environments is the prevalence of hydrothermal activity at mid-oceanic
ridges which may lead to large gold losses from MORB. However, the average gold
content of oceanic basalts ranges from only 1 to 2 ppb. Thus all variations due to
magma generation, fractional crystallization, and alteration result in only small
average differences in the gold contents of seafloor basalt.

Continental flood basalts. Tholeiites of three flood basalt provinces, the Columbia
River (USA), the Deccan (India), and the Parana Basin (Brazil), average 3.5 ppb gold
with little variation in any one province (3.7, 3.8 and 3.1 ppb respectively). In
comparison with oceanic basalts, flood basalts are higher in gold. The Ir/Au ratio for
the Deccan traps is 0.023, similar to MORB. Average Deccan iridium is 0.092 ppb
(Crocket, 1981), a value between MORB and intraplate basalt. Nd/Sm and Rb/Sr
studies led Carlson et al. (1981) to model the Columbia River basalts by binary
mixing of a primary basalt melt and Precambrian sialic crust.

Flood basalts and MORB are generated in extensional tectonic environments, but
flood basalts are erupted through sialic crust. They have similar Ir/Au ratios to MORB
and MORB-hosted magmatic sulphide (0.033 and 0.034 respectively), suggesting that
gold in flood basalts may be carried mainly in MORB-like immiscible sulphide.
However, unlike the MORB setting, pervasive hydrothermal activity is lacking so that
sulphide is more readily preserved in the flood basalt setting. Thus a MORB Ir/Au
ratio prevails, but the concentration of both metals is higher.

1.3.7 Mafic plutonic rocks in non-orogenic settings

Studies of mafic plutons from stable cratons have dealt with gold in initial magmas,
the effect of fractional crystallization, and the role of immiscible sulphides. Estimates
of initial magma composition are difficult. Marginal rocks may be subject to unusual
thermal and dynamic regimes (Keays and Campbell, 1981), and may reflect more than
one magma composition. Bushveld initial magmas are best represented by a
magnesian series basalt with roughly 3 ppb gold and a tholeiitic melt with about 2.5
ppb (Davies and Tredoux, 1985). Blending of such magmas during the crystallization
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history of the Bushveld complex is therefore unlikely to have generated major
changes in bulk-magma gold content.

Fractionation of gold in the Bushveld and other layered gabbros seems minimal. In
the Bushveld Lower and Critical Zones, Lee and Tredoux (1986) found little
correlation of gold with stratigraphy or silicate mineralogy, and argued that
distribution of the gold was controlled by small quantities of immiscible sulphides
precipitated throughout the fractional crystallization process.

1.3.8 Orogenic environments

Volcanic rocks. Volcanic rocks typical of plate convergence include the dominantly
calc-alkaline rocks of the basalt-andesite-rhyolite association, as well as island arc
boninites and continental, bimodal, basalt-rhyolite assemblages. Mafic and felsic
types yield average gold contents of 2.2 and 1.55 ppb respectively. The reasons for the
lower gold contents of the felsic rocks are ambiguous. Two studies of Soviet Far East
rocks (Anoshin and Kepezhinskas, 1972; Mints, 1975) found no significant differ-
ences in the gold contents of mafic and felsic units. The lowest gold contents in felsic
volcanics are from western US localities (Gottfried et al., 1972), where averages of
<1ppb apply. No averages of < 1 ppb are evident from the Soviet Far East suites. This
difference may reflect regional variation or analytical bias at very low gold contents.

Plutonic rocks. Very limited variation in gold contents is shown by granitic plutons of
convergent regimes. The group average is 2.6 ppb and the range for single plutonic
units is 0.5-6.9 ppb. The most extensive data base is for the Hercynian granitoids of
the Urals where 28 plutons average 2.5 ppb (range 1.4—4.4 ppb).

The coastal batholiths of the western US are apparently lower in gold with a group
average of 1.2 ppb. The origin of batholithic granitoids in continental margin
convergent environments is often attributed to partial melting of lower crust linked in
various ways to the subduction process. The uniformly low gold contents of this group
suggest that magma generation in the deep crust does not usually result in a transfer of
major quantities of gold to higher crustal levels.

1.4 Gold in sediments and sedimentary rocks

1.4.1 Introduction

Precambrian clastic sedimentary rocks have produced much of the world’s gold. The
premier example, the Witwatersrand Basin, South Africa, averages some 8 ppm gold.
Additional deposits include the Jacobina Series, Brazil, and the Tarkwa Goldfields,
Ghana, with average grades of 8—15 ppm and 1.5-9 ppm respectively (Boyle, 1979).
The data base for the sedimentary domain is Section 1.7.4 with a summary of averages
in Table 1.3. Broad generalizations from these data are as follows:

(i) Of the major sedimentary rock groups (conglomerate/sandstones, shales and
limestones), the highest average gold contents are in coarse-to medium-
grained detrital rocks.
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(i) Shales have an average gold content comparable to intermediate igneous
rocks, and probably reflect the gold contents of upper crustal source rocks
better than other major classes of sedimentary rocks. However, the nature of
the depositional environment may strongly influence the gold content of
shales as seen in the higher gold contents of carbonaceous shale.

(iii) Carbonates have the lowest gold of any sedimentary rock, although the
difference with respect to shales is only 17%.

(iv) Precambrian iron formation and ferruginous sedimentary rocks are highly
variable in gold. Some sulphide-rich types exceed 100 ppb. Oxide-rich rocks
have much lower gold contents and appear to reflect differing depositional
environments.

1.4.2 Goldin sediments

Fine-grained clay-rich sediment of deep sea and terrigenous origin averages about 3
ppb gold compared with 1.5 ppb for deep-sea biochemical sediment (Table 1.3).
Generally, biochemical sediment is lower in gold by roughly a factor of 2 relative to
clay-rich sediment originating by weathering of crustal rocks.

Table 1.3 Average gold in sediments and sedimentary rocks (ppb)

Group X N X N
samples areas
Sediments
Clay-bearing deep-sea sediments 3.0 50 3.6 7
Globigerina and siliceous oozes 1.5 33 1.4 3
Terrigenous sediments, <500m water depth 32 75 3.5 6
Sedimentary rocks
Conglomerate, sandstone, siltstone 8.1 1212 6.5 13
Shale 2.3 288 2.4 9
Carbonaceous shale 6.7 553 7.4 9
Carbonate rocks, associated evaporites 1.9 251
Precambrian iron formation 38 21
Archean, Canadian Shield
Proterozoic, Canadian Shield 19 7

1.4.3 Goldin clastic rocks

The data base for coarse- to medium-grained detrital rocks (Section 1.7.4.2) is
dominated by the study of some 2000 Mesozoic continental sedimentary rocks of the
Undino-Dainsk Basin in Eastern Transbaykalia, USSR, by Polikarpochkin and
Korotayeva (1976). From Table 2 of their paper, an average gold content of 8.75 ppb
is obtained for 1074 analyses representing eight localities in the Undino-Dainsk
Basin. Other detrital rocks in this conglomerate-sandstone-siltstone size range do not
exceed 4.6 ppb gold on average. Conglomerates have the lowest gold contents and
fine-grained sandstones and siltstones the highest. High gold in fine-grained rocks
correlates with organic matter and iron oxides. If coarse-grained conglomerates are
high in gold, red cementing oxides are often present and their gold contents may
exceed whole-rock gold by a factor of 3. Polikarpochkin and Korotayeva (1976)
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contended that mechanical transport of rock fragments and particulate gold from
external source regions was the main source of gold in the coarse-grained rocks.

Fine-grained clay-rich sedimentary rocks have nearly identical locality and total
population averages of 2.4 and 2.3 ppb gold respectively (Table 1.3). These averages
are similar to mafic volcanic rocks (mainly andesite) at active continental margins
with 2.2 ppb gold. The shale average is comparable to a Precambrian crustal average
of 1.8 ppb obtained by Shaw et al. (1976) from the Canadian Shield.

A cursory evaluation by Crocket et al. (1973) found little difference in the gold
contents of various soils and their source rocks. Tentatively, shales seem characterized
by average gold contents similar to other estimates for the upper continental crust.
However, the influence of depositional environment is important. Carbonaceous
shales have three times the gold content of shales with normal organic carbon levels
(Korobeynikov, 1986), indicating that organic matter or the attendant reducing
conditions lead to enhanced gold concentration in the marine environment.

1.4.4 Gold in chemical sedimentary rocks

Limestones. Carbonates and associated evaporites are slightly lower in gold than other
sedimentary rocks. Pure carbonate rocks are probably lower than indicated by the data
base average as clay mineral components may be significant gold contributors.
Evaporites associated with reef and shelf carbonates (Popov, 1975) concentrate gold
slightly relative to carbonate. Minor carnallite-bearing evaporites average 3.1 ppb
gold, but pure halite and mixed sylvinite rocks do not exceed 1.7 ppb on average.

Precambrian iron formation. Much variation in the gold contents of iron-rich
sedimentary rock is apparent in Section 1.7.4.2. Gold exceeds 100 ppb in sulphidic
interflow sediments in volcanic sequences at Kambalda (Bavinton and Keays, 1978).
Oxide-dominated iron formation occasionally hosts replacement gold deposits in
association with discordant quartz or felsic porphyry intrusions (Fyon et al., 1983;
Groves et al., 1987). In unmineralized oxide facies such as the Sherman and Adams
Mines iron formations of the Abitibi belt, iron oxide mesobands average < 10 ppb
gold in contrast to stratiform pyrite carrying 180 ppb (Crocket er al., 1984).
Depositional environment apparently exercises a control on gold content in that
Algoman or volcanic-hosted oxide facies iron formation has approximately twice the
gold content of Superior-type or shelf sediment-hosted iron formation (Gross, 1988).
The gold contents of metal-rich chemical sediments and volcanogenic sulphides are
discussed in detail by Hannington e al. in Chapter 8 and so are not considered here.

1.5 Gold in metamorphic rocks

1.5.1 Introduction

Much interest in metamorphic rocks is focused on gold mobility in response to
prograde devolatilization reactions accompanying regional metamorphism. Averages
for greenschists, amphibolites and granulites are compiled in Table 1.4. The
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greenschist and amphibolite averages represent rocks derived from pelitic protoliths.
Protoliths for granulite facies rocks cannot be evaluated with much confidence.

Table 1.4 Average gold content of regionally metamorphosed pelites and granulites (ppb)

Facies Average gold weighted by: Refs?
Number of Number of
samples () localities ()!
Greenschist metapelites 7.1 (284) 6.3 (6) 1,4,6,8,13,15
1.8-9.6
Amphibolites 5.9 (276) 6.4 (9) 1,6,8,13
1.9-10.4
Granulites 2.2 (531) 3.2 (6) 2,6,8,11,14
1.5-7.4

1. The numerator is the average for all localities and the denominator is the range of individual locality averages.
2 References: 1. Anoshin et al. (1982); 2. Brooks et al. (1982); 3. Buryak et al. (1972); 4. Crocket et al. (1983);
5. Crocket et al. (1986); 6. Gavrilenko er al. (1974); 7. Golovnya (1974); 8. Li and Shokhina (1974);
9. Moiseenko et al. (1971); 10 Moravek and Pouba (1984); 11. Mushkin et al. (1974); 12. Pchelintseva and
Fel’dman (1973); 13; Petrov et al. (1972); 14. Sighinolfi and Santos (1976); 15. Thorpe and Thomas (1976).
Superscripts:

1. Omissions from averages: la, two slates—37 and 161 ppb Au, the latter with arsenopyrite; 1b, two
greywackes—57 and 80 ppb; Ic, two slates—57 and 102 ppb.

Greenschists and amphibolites show virtually no difference in average gold
contents on a locality basis and only a 17% difference on a total sample basis. This
small difference presumably represents the integrated effects of metamorphism and
variation in gold contents of the protoliths, if not additional factors. There is no
indication that greenschist and amphibolite grade metamorphism exercise a dominant
control on the gold content of pelites. In fact, the range in locality averages of 2—10
ppb suggests that sedimentary signatures are not erased at these levels of meta-
morphism. In contrast, granulite facies rocks contain less gold than the lower grade
rocks. Five of six locality averages for granulites range from 1.5 to 3.7 ppb gold.
Thus, granulites are probably depleted in gold relative to lower grade rocks by the
metamorphic processes that generate the granulites.

1.5.2 Regional metamorphism

Several studies have concluded that gold is mobilized in response to regional
metamorphism (Moiseenko et al., 1971; Buryak et al., 1971; Petrov et al., 1972;
Mushkin et al., 1974). Buryak et al. (1971) concluded that granitized rocks in the
Mama-Oron complex, Vitim-Patom highlands, USSR, with gold contents of 2.2-2.8
ppb gold, contained significantly less gold than the Patom series schist/gneiss
protolith which averaged 3.69 ppb.

Studies involving the progressive metamorphism of pelitic rocks from greenschist
through amphibolite facies have also concluded that redistribution of gold occurs in
response to regional metamorphism (Petrov et al., 1972). There is, however, no
unanimity of opinion that gold is mobile in response to regional metamorphism
(Pchelintseva and Fel’dman, 1973; Gavrilenko et al., 1974; Li and Shokhina, 1974;
Sighinolfi and Santos, 1976; Anoshin et al., 1982). Often the distribution of gold in
lower grade, younger rocks of metamorphic complexes is compared with that in
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higher grade older rocks from lower structural levels (Li and Shokhina, 1974) and
many investigators ascribe differences in gold contents to differences in the gold
contents of the unmetamorphosed protoliths.

A study of Archaean granulites from Brazil (Sighinolfi and Santos, 1976) found a
low average gold content but a relatively high dispersion (X =1.51 ppb; 6=2.9;
range, < 0.4 to 18 ppb). There is a correlation of lower gold with ‘acid type’ granulites
(low CaO +MgO) and higher gold with ‘intermediate type’ rocks (higher CaO +
MgO), as is the case with igneous rocks (Tilling et al., 1973). The authors interpreted
this correlation as preservation of a pre-metamorphic trend which would not be
expected if granulite facies metamorphism caused loss of gold from protoliths.

1.5.3 Granitoid intrusions in metamorphic terranes

The effect of regional scale igneous intrusion on redistribution of gold in metamorphic
rocks is exemplified by the Bohemian Massif, Czechoslovakia (Moravek and Pouba,
1984, 1987). The Bohemian Massif is a mainly Precambrian block of juxtaposed low
(Barrandian) and high-grade (Moldanubian) metamorphic terranes which have been
subjected to Variscan (and earlier) tectonism and granitoid intrusion. Gold in the
low-grade rocks is a factor of 4 higher than in high-grade crystalline rocks (4.1 vs. 1.0
ppb, geometric means). Variscan granitic intrusions invade both Barrandian and
Moldanubian terranes, especially at the boundary between them where many gold
deposits occur. Moravek and Pouba (1987) reviewed previous models which maintain
that differentiation of granitoid magma is the cause of gold mineralization and argued
that deposits had developed preferentially in low-grade rocks of the Upper Proterozoic
Barrandian Block where background gold levels were highest.

1.6 Concluding summary

There is little reason to dispute the view of Tilling er al. (1973) that gold varies by
roughly one order of magnitude in the crust and upper mantle, and that mafic rocks are
usually higher in gold than felsic rocks. This difference may ultimately reflect
fractional crystallization but the most direct cause is probably derivation of magmas
from different reservoirs. In most instances, parental magmas to mafic rocks are of
mantle origin, whereas felsic rocks arise from a spectrum of partial melting processes,
mainly in crustal regimes. Thus the contents of gold and the availability of fluids
particular to the site of magma generation are probably the more critical controls on
gold abundances in mafic and felsic rocks. This chapter concludes with general-
izations emphasizing recent contributions.

(i) A few rock-forming minerals, notably magnetite, may carry gold contents
higher than their host rock. The role of gold concentrators in fractionating
gold during magma crystallization may be minor unless modal proportions are
high. In some cases, such as MORB, sulphides may be of critical importance.

(ii) Recent estimates of gold in mantle rocks converge around 1 ppb. Differing
gold distributions in spinel and garnet lherozlites, apparent geographic
variability in garnet lherzolite data, and the presence of sulphide and metallic
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concentrator phases in mantle rocks suggest that the upper mantle is a
heterogeneous reservoir with respect to gold.

The gold contents of Phanerozoic basic volcanic rocks erupted in MOR,
intraplate, convergent margin, and continental flood basalt tectonic settings
vary from 1.2 to 3.5 ppb gold. These differences depend partly on
magma-generation processes as suggested by differing Ir/Au ratios. However,
the eruptive setting and the extent of hydrothermal activity may significantly
determine whether or not rocks record the gold contents of their parental
magmas.

If the growth of Phanerozoic continental crust can be modelled by
andesite-dominated magmatism at continental margins, the gold contents of
new crustal additions are probably approximated by the average for
convergent plate mafic volcanics (2.2 ppb).

The average gold content of large granitic complexes from plate convergent
zones may be <1 ppb (Gottfried et al., 1972). If so, the partial melting of
large masses of continental crust is unlikely to enrich gold in the accessible
upper crust. However, specific instances in which such magmatism generates
fluid-rich melts may lead to mineralization.

Precambrian mafic—ultramafic volcanism generated rocks with somewhat
higher average gold contents than Phanerozoic mafic rocks. The average for
Archaean komatiitic basalts is well above that of Phanerozoic basalts;
however, the data base is small (n=42) and the average gold contents of
individual occurrences are highly variable.

Greenstones with relatively high gold contents appear to lack mineralization,
and the high gold contents are not lithologically specific. The implications for
gold-poor greenstones are that deformation and metamorphism cause
subsequent dispersal of gold.

Clastic-dominated continental basin settings may locally concentrate gold
through both mechanical and chemical processes. Gold is often concentrated
in carbonaceous shales, with gold contents commonly three times those of
normal shales.

Unmineralized, Precambrian, oxide facies iron formations contain only 1 to 5
ppb gold in oxide minerals but pervasive pyrite may contain 100 ppb. In the
Canadian Shield, volcanic-hosted Archaean iron formation contains
approximately twice as much gold as shelf sediment-hosted Proterozoic iron
formation, suggesting that depositional environment may exert some control
on gold distribution.

Regional metamorphism leads to gold loss if granulites are generated.
Whether lower grade metamorphism causes significant change in gold
contents is uncertain. Average gold contents of greenschist and amphibolite
facies rocks are similar but some studies do document correlations of gold
with metamorphic isograds. Low gold in granulites supports the concept that
loss of gold to fluids during granulite formation can generate ore-forming
fluids.
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1.7 Mineral data

1.7.1 Explanatory notes

Column headings

X Arithmetic mean; or, if superscripted ‘g’, geometric mean
All data in parts per billion, ppb

c Standard deviation

R Range

N x/y, x = number of samples and y = localities, occurrences or geological units
such as plutons, complexes, formations; single entry, number of samples; if
both x and y are given, the average refers to y (number of localities/occurrences)

Ref. last column, reference number.

Abbreviations

Geographic: MAR, EPR — Mid-Atlantic Ridge, East Pacific Rise

Petrological: kom, komatiite (ic); thol, tholeiite (ic); c.a., calc-alkaline; alk, alkaline;
MORB, mid-ocean ridge basalt

Lithological: cong, conglomerate; ss, sandstone

Mineralogical: alb, albite; bi, biotite; chl, chlorite; cord, cordierite; gar, garnet; Ky,
kyanite; mus, muscovite; ortho, orthoclase; plag, plagioclase; ser, sericite; str,
staurolite

Analytical methods

About 70-80% of the data are from neutron activation, either radiochemical or
instrumental. Fire assay, before or occasionally after irradiation, is employed in some
cases. Spectrochemical analysis, usually a wet chemical procedure with optical
emission spectrographic finish, accounts for most remaining data. Atomic absorption
and polarographic methods are used in a few cases.

1.7.2 The gold content of rock-forming minerals

Host Rock Description X c R N Ref
Quartz
Granitic plutons, western US 0.23 0.11 0.1-0.6 13/5 6
Granitoid-hosted' 2.0 7119 1,2,3,18
Granitoids and skarns 4.7 2.9 118 8
Gabbro-hosted 5.85 3.4-86 12/4 7,15,18
Sedimentary rocks, USSR? 4.7 1.0-63 236 13
Feldspar
Plagioclase

Granitoids associations 3.8 1.2-8.6 526/105 10

Mafic intrusions, Siberia 10.5 1.1-21 22 10
Potassium Feldspar

Granitic plutons, western US 0.46 0.46 0.02-1.4 8/4 6

Granitoids associations 3.0 1.1-5.6 316/76 10
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Host Rock Description X c R N Ref
Feldspar

Sedimentary rocks 3.6 1.6-41 37 13
Biotite .
Granitoid-hosted 7.0 1.8-11 128/84
Granitoids and skarns 6.8 5.5 146 8
Sedimentary rocks® 5.1 2.4-6.9 42 13
Muscovite
Granitoid-hosted 6.7 2.7 2.8-14 16 5
Sedimentary rocks* 2.5 1.1-6.4 58 13
Hornblende, Amphibole
Granodiorite, Urals 23 9.7 9.7-35 6/6 5
Granitoids, USSR 2.2 1.6-2.7 43/42  2,3,7,18
Granitoids, Altai Sayan 6.8 5.1 176 8
Granitic plutons, western US 0.55 0.03 0.2-1.3 9/4 6
Gabbro, granodiorite, Kamchatka 26 21 8.946 6/6 15
Pyroxene
Granitoids, Kazakhstan 17 18 3.043 4/4 7
Granitoids, Sayan-Altai 3.4 1.9 1.0-12 38/10 11
Skarns, various areas, USSR 8.6 0.9-31 123/12 11
Gabbro-dolerite, Siberia 9.0 2.2-34 38/4 4
Magnetite
Granitoids, Urals 42 31 3.0-112 16 5
Granitoids, various areas, USSR  10.4 5.3-20 542/53 9
Granite association, Urals 19 18-35 26/5 4
Granitic plutons, western US 15 23 0.449 8/4 6
Gabbro association, Urals 6.4 3-20 21/5 4
Gabbro, dolerite, Siberia 7.4 2.1 0.3-28 45/10 9
Gabbro, granodiorite, Kamchatka 14.5 14 4.3-46 7 15
Ilmenite
Granitoids, Kazakhstan 7.5 2.1 52-9.2 3/3 7
Granitoids, Urals 9.2 6.5 2.3-22 14 5
Granitoids, various areas, USSR 14 2.2-40 29/4 9
Sphene
Granitoids, Kazakhstan 10 7.2 3.6-19 6/6 7
Granitoids, Urals 21 11 3.7-37 12 5
Granitoids, various areas, USSR 8.8 6.9-9.9 48/7 9
Apatite
Granitoids, Urals 8.0 2.5 4.1-13 16 5
Granitoids, various areas, USSR 7.3 10/2 9
Zircon
Granitoids, various areas, USSR 21 14/3 9

References: 1.Anoshin and Potap’yev, (1966); 2. Bushlyakov, (1971); 3. Davletov and Dzhakshibayev, (1970);
4. Fominykh and Znamenskiy (1974); S. Grabazhev et al. (1986); 6. Gottfried et al. (1972); 7. Khitrunov and
Mel’tser, (1979); 8. Korobeynikov (1976); 9. Korobeynikov (1980); 10. Korobeynikov (1981); I11.
Korobeynikov (1982); 12. Moiseenko et al. (1971); 13. Nikitin and Yasyrev (1974); 14. Shcherbakov (1967);
15. Shilin (1980); 16. Shilin and Osipov (1978); 17. Zlobin et al. (1981); 18. Zvereva and Gavrilenko (1971).
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Superscripts: 1. All localities are USSR unless otherwise designated.
2. All sedimentary samples are from the Central Russian Platform.

3. Biotite and glauconite.

4. Muscovite and sericite.

* References 2,3,5,6,7,12,14, 18

1.7.3 The gold content of igneous rocks
1.7.3.1 Igneous rocks from non-orogenic environments

Mafic volcanic rocks from tensional environments

Description X o R N Ir/Au Ref.
Mid-ocean ridge basalt

Basalts; MAR (98), EPR (112) 1.2 1.8 0.04-15 210 0.03! *
Sulphide globules, MORB glass 1212 22 8.9-16 5 0.034 13
Intraplate basalt

Tholeiite, Hawaii 22 12 05-66 56 0213 *
Alk. basalt, Hawaii, Tahiti 1.0 1.0 0.2-3.9 13 028* 57,15
Continental flood basalt

Columbia River Group, US 3.7 28 0.5-11 11 7
Deccan traps, India 3.8 20 0.9-75 18 0.023 2
Parana Basin, Brazil 3.1 1.9 0.7-6.7 20 2
Rift-related volcanic rocks, intrusions

Picrite basalt, Disko Island 4.2 2.1 2.0-8.6 10 10
Triassic basalt/diabase, US 3.4 1.8 0.3-9.0 87 7
Great Lakes dolerite, Tasmania 4.8 33 1.0-12 18 7

References: 1. Chou et al. (1983); 2. Crocket (1981); 3. Crocket and Kabir (1988); 4. Crocket and Teruta,
(1977); 5. Crocket et al. (1973); 6. Enmann et al. (1970); 7. Gottfried et al. (1972); 8. Hertogen et al. (1980);
9. Keays (1984); 10. Keays and Scott (1976); 11. Laul er al. (1972); 12. Nesbitt et al. (1987); 13. Peach and
Mathez (1988); 14. Vincent and Crocket (1960b); 15. Wasson and Baedecker (1970); 16. Zentilli et al. (1985).
Superscripts: 1. Keays and Scott (1976) and Hertogen et al. (1980).

2. Sulphide globule values are in ppm.

3. Crocket and Kabir (1988) and Gottfried and Greenland (1972).

4. Crocket et al. (1973) and Wasson and Baedecker (1970).

* References 1, 4,6,7,8, 10, 11, 12, 16

** References 3,6,7,14,15

Mafic-ultramafic layered complexes

Bushveld Complex, South Africa
Marginal rocks and syn-Bushveld sills

Ultramafic sills, East lobe 1.75 0.06 1.7-1.8 3 1.2

Magnesian basalt sills 3.1 089 1844 9 011 1

Thol.basalt, marginal rock 24 055 1632 5 004 1
Gabbros and ultramafic rocks, layered sequence, Eastern Bushveld

Gabbros, Middle Zone 6.9 7.0 1-22 9 4

Norite, Upper Critical Zone 5.5 3.6 2-14 10 4

Bronzite, dunite, L Critical Zone 2.7 <1-13 39 1.2 4,3

Bronzite, Lower Zone 4.4 5.2 <1-21 28 6
Bronzite, Lower Zone 0.8 0.8 0.01-3 17 3
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Description X c R N Ir/Au Ref.

Jimberlana Intrusion, Southwest Australia’
Lower layered series; centre of microrhythmic units

Gabbro cumulates 2.6 34 05-84 5 012 2

Ultramafic cumulates 3.6 72 03-29 15 049 2
Lower layered series; marginal rocks

Ultramafic cumulates 3.2 30 0883 5 026 2
Skaergaard Intrusion, East Greenland
Chilled marginal gabbro 4.6 1 6
Layered series gabbros 4.8 2.3 2490 7 6
Anakita Massif, Siberian Platform, USSR
Chilled border gabbro 8.0 2 5
Layered series gabbros 10 4.0-17 8 5
Zlatogorsk Intrusion, USSR
Layered gabbros and ultramafic 1.5 1.0-49 12 7

References: 1. Davies and Tredoux (1985); 2. Keays and Campbell (1981); 3. Lee and Tredoux (1986);
4. McCarthy et al. (1984); 5. Shcherbakov and Perezhogin (1964); 6. Vincent and Crocket (1960a);
7. Voskresenskaya et al. (1970).

Superscripts: 1. Averages are based on 20 of 56 samples from Keays and Campbell (1981), and exclude
samples with Cu > 105 ppm and/or S > 1 wt.%.

Alkaline rocks

Alkaline complexes in continental settings
Mesozoic plutons; syenite, syeno-

diorite; East Aldan Shield, USSR 3.8 157/3 5
Mesozoic alkalic massifs, potassium-

rich syenite, Aldan Shield, USSR 6.8 4-14 10/4 12
Alkalic syenite and gabbro; potassic

type; various areas, USSR 42 22 2.5-79 5/3 12
Palaeozoic alkalic massifs; sodic type;

Baykal, Kuznetsk Altai, USSR 3.7 1.6 2.0-5.7 8/3 12
Khibiny complex (Hercynian); nephe-

line syenite; Kola Peninsula, USSR 1.7 0.54.4 31/1 1

White Mountain plutonic series, New
Hampshire; alkalic plutons, North Carolina,

US. Mainly granite, quartz monzonite 0.64 0.2-23 41/5 2
Shonkin Sag and Boxelder laccoliths;

mafic syenite; Montana, US 285 1.9 0.4-6.7 24/2 2
Trans-Pecos province; syenogabbro,

syenite, granite; Texas, US 0.74 0091 0.243 19/1 2

Kimberlite, alkali basalt and cognate mantle xenoliths

Kimberlite and alkali basalt host rocks

Kimberlites

Siberian Platform, USSR 3.1 23 0.5-8.6 55 3,9
Alkali basalt

Siberian Platform, USSR 6.1 3.6 1.5-9.3 5 8

Tien Shan, Hissar, Nuratau, USSR 20 1.1 0.9-7.5 41 8
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Description X c R N Ref.

Cognate mantle xenoliths
Garnet peridotite and pyroxenite

Siberian Platform, USSR 2.7 1.85 0.6-8.1 47

Matsoku, Thaba Putsoa; Lesotho 0.85 0.95 0.08-2.7 10 6,7
Eclogite

Siberian Platform, USSR 34 23 08-9.1 25 **

Spinel lherzolite
Mainly Kilbourne Hole (US) and Mt. 0.49 0.26 0.08-1.1 27 4,6,7
Porndon (Australia)

Spinel peridotites and pyroxenites
Siberian kimberlite host 45 2.5 1.1-7.1 9 3
Tien Shan, alkali basalt host 1.2 03 0.4-2.3 18 8

References: 1. Gavrilenko et al. (1982); 2. Gottfried et al. (1972); 3. Ivanov et al. (1977); 4. Jagoutz et al.

(1979); 5. Karelin et al. (1974); 6. Mitchell and Keays (1981); 7. Morgan et al. (1981); 8. Mushkin and

Yaroslavskiy (1974); 9. Rozhkov et al. (1973); 10. Sveshnikova et al. (1978); 11. Ukhanov and Pchelintseva
1972).

¢ References 3,9, 11; ™" References 3, 10, 11

1.7.3.2 Active orogenic environments
Plate convergence (island arcs, active continental margin)

Volcanic and subvolcanic rocks
Cenozoic volcanic rocks; Kuril-Kamchatka, USSR

Rhyolite, dacite 1.79 2.25 48 1
Andesite 1.88 1.35 82 1
Basalt 1.73 1.70 38 1

Cretaceous volcano-plutonic complexes: Okhotsk-Chukotka. USSR
Magey complex
Tottinsk subcomplex

Rhyolite, and ash flows 1.23 1.56 99 7

Granite (subvolcanic) 0.98 0.60 41 1
Ul’insk subcomplex

Andesite, basalt 1.98 2.3 34 7

Mafic intrusive 1.97 1.92 15 7

Dacite 1.95 1.99 33 7

Rhyolite 1.47 0.33 6 7
Dzhugdzhur intrusive complex

Gabbro and diorite 3.89 5.78 18 7

Diorite porphyry 51 53 23 7

Leucogranite 20 32 8 7
Cretaceous to Palaeocene volcanics; central Okhotsk (Ola-Seymkan)

Basalt, andesite 32 22 46 9

Rhyolite dacite; Narauli and

Khol’chanskaya suites 42 29 30 9

Rhyolite, ignimbrite 9.6 8.0 1.5-22.5 53 9
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Description X (4] R N Ref.
Tertiary boninites (magnesian low-titanium lavas)1

Mariana-Bonin arc (DSDP 458) 1.95 0.85 0.7-2.9 12 4

Cape Vogel, Papua New Guinea 1.4%2 031 1.1-1.9 5 4
Cambrian mafic and ultramafic boninites, Australia

Victoria greenstone belts 0.97 1.6 0.15-5.4 11 4
Cambrian low-Ti picrites,

King Island, Tasmania' 28 1.9 0.48-7.0 13 4
Miocene, Pleistocene c.a. volcanic rocks; Cascades, W. United States

Basalt, andesite 5.6 0.1-19 35 2

Dacite, rhyolite, rhyodacite 0.63 0.1-1.7 19 2
Volcanic rocks mainly bimodal suites: W. United States

Mainly basalt 1.8 0.2-6.1 20 2

Rhyolite, qtz latite> 0.56 0.1-1.9 64 2
Snake River Group, Idaho, US

Basalt 0.5 0.1-1.3 19 2

Rhyolite 0.6 0.2-1.2 6 2

Plutonic rocks
Mesozoic and Tertiary c.a. plutons; W. United States

Granodiorite, gtz monzonite 1.2 023 0.5-1.5 115/7 2

Marysville granodiorite stock 26 1.8 1-7 47/1 6
Orogenic granitoids (Hercynian), Eastern Urals, USSR

Mainly granite, granodiorite 25 0.84 1444 427/28 3

Altered granitoids, greisen 26 0.7 1-7 69/7 3
Mesozoic granitoids; S. Verkhoyan, In’yali-Deba Syncline, USSR

Granite, granodiorite, diorite 35 1.0-6.9 229/22 5
Granitoids; Transili Alatau, Dzhungar Alatau, S. Kazakhstan, USSR
Kunushsk and Kalbinsk granitoid complexes

(Hercynian); E. Kazakhstan 1.6 0.74 0.9-2.5 40/4 5

Mainly biotite granite 1.9 09 0.9-3.1 111/4 8

References: 1. Anoshin and Kepezhinskas (1972); 2. Gottfried et al. (1972); 3. Grabezhev et al. (1986); 4.
Hamlyn et al. (1985); 5. Khitrunov and Mel’tser (1979); 6. Mantei et al. (1970); 7. Mints (1975); 8. Uvarov et
al. (1972); 9. Yudin et al. (1972).

Superscripts: 1. Ir/Au:, Mariana suite; 0.07, Cape Vogel; 0.16, Australian greenstone belts and 0.12, King
Island picrites.

2. One value of 10 ppb omitted.

3. Samples noted as altered omitted.

Ophibolites, alpine peridotite, related rocks
Description X c R N Ir/Au Ref.

Ophiolites with associated cumulate' sequences
Troodos, Cyprus

Harzburgite 1.35 02 1.2-155 3 1
Cumulates 162 12 0.5-37 6 1
Lower Pillow Lavas 0.08 1 1
Upper Pillow Lavas 23% 08 1332 6 <004 1,7

New Caledonia, South Pacific
Lherzolite 10.5 7 4 6



22 GOLD METALLOGENY AND EXPLORATION

Description X c R
Harzburgite 5 4
Dunite 1 0.9
Cumulates 4 1-10
Dolerite dykes 3 2
Basalt flows 1 0.9
Basalt, low-Ti lava 0.67
Thetford Mines complex, Quebec, Canada
Harzburgite 1.5 1.35 0.2-34
Cumulates 1.35 1.6 0.2-64
Non-cumulus gabbro 7.0 12 0.4-11
Basalts 2.9 3.0 0.4-95
Bon Azzer, Morocco
Serpentinite 5.4 5.7 0.5-29
Arabian shield ophiolites
Serpentinite 2.8 2.6 1-10
Timetrine Massif, Mali
Serpentinite 3.6 48 1-16
Altai-Sayan region, USSR
Idzhin intrusion, W. Sayan
Dunite and peridotite 2.1 1.3-2.1
Borus intrusion, W. Sayan
Harzburgites 6.4 4.8-8.1
Serpentinites 1.6 1.3-2.1
Severnaya-Zelenaya hill intrusions, Kuznetsk Alatau
Dunite 2.7 1.0-6.9
Serpentinites 15 3.0-24
Urals, USSR
Harzburgite, dunites 2.9 0.55 2.0-3.7
Ophiolites of the alpine peridotite association
Josephine peridotite, Oregon, US
Harzburgite and dunite 1.2 0.78 0.12-2.2
Ronda complex, Spain
Lherzolite 1.5 048 0.95-2.0
Harzburgite 0.33 0.20 0.20-0.63
Mt. Albert pluton, Quebec, Canada
Harzburgite and dunite 1.1 04 0.6-1.6
Serpentinites 24% 07  0.55-5.9
Yenisey range, USSR
Fominsk Massif
Dunite 4.85 4.8-4.9
Dunite and harzburgite 3.6 1.3 2.5-5.1
Berezovyy, Osinonskiy, Porozhnisk and Severnyy Massifs
Serpentinite 1.7 0.7 0.7-2.5

Ultramafic\mafic complexes of possible ophiolitic origin
Finero complex, N.Italy/Switzerland
Peridotite, serpentinite 0.80 0.75 0.2-3.0
Amphibolite 0.50 0.33 0.1-1.3

N

—
—_— W W = W
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14
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27
15

Ir/Au

0.09

2.1

0.83
0.01
0.04

53

3.7
14
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0.88

15

15
15
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13
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Description X c R N Ir/Au Ref.
Hochgrossen and Kraubath ultramafic complexes, Austria
Serpentinized rocks 5.7 7.1 04-25 14 13
Ivrea-Verbano mafic-ultramafic complex, W. Italian Alps
Lherzolite 1.3 0.84 <0.6-2.1 4 14
Harzburgite <0.6 1 14
Layered series (cumulates) 3.9 3.2 0.6-11 14 14
Gabbro (non-layered) 1.5 085 0.6-25 5 14

References: 1. Agioritis and Becker (1979); 2. Buisson and Leblanc (1987); 3. Crocket and Chyi (1972); 4.
Dupuy er al. (1981); 5. Hamlyn er al. (1985); 6. Korobeynikov and Goncharenko (1986); 7. Li and Kornev
(1972); 8. Oshin and Crocket (1982); 9. Oshin and Crocket (1986); 10. Saager er al. (1982); 11. Sighinolfi and
Gorgoni (1977); 12. Stockman (1982).

Superscripts: 1. Cumulates include dunite, pyroxenite and gabbro. An average is calculated by assigning equal
weight to each rock type.

2. Data omitted: 2a, one pyroxenite — 106 ppb; 2b, one analysis — 43 ppb; 2c, one serpentinite — 165 ppb.

Alaska-type complexes

Tulameen ultramafic complex, British Columbia, Canada

Dunite, peridotite 0.29 0.05 0.1-09 19 1.7 3
Serpentinized dunite 4.1 34 0146 20 0.51 3
Clinopyroxenite 0.4 02 01-1.9 8 6.8 3
Hbld. clinopyroxenite 34 29 0.1-12 4 0.03 3
Chromite-rich (> 10%) rock 8.2 54 12-42 14 12 3

Mafic to ultramafic intrusive rocks

Tholeiitic subtypes
Gabbro-peridotite complex (Pechenga
Syncline), Baltic Shield, USSR~ 2.98 0.9-69 35 1
Anorthositic subtypes
Fiskenaesset complex, W. Greenland

Anorthosite 0.067 0.043 0.02-0.12 5 0.29 2

Gabbro anorthosite 0.58 0.50 0.07-1.1 3 0.42 2
Gabbro-anorthosite complex (Kolmozer-

Voron’ya zone), Baltic Shield 1.688 0.5-74 36 1

References: 1. Gavrilenko er al. (1982); 2. Morgan et al. (1976); 3. St. Louis er al. (1986).

1.7.3.3 Igneous rocks of Precambrian greenstone belts
Ultramafic and mafic volcanic rocks

Kaapvaal and Zimbabwe Cratons, southern Africa

Barberton, Komatii Formation
Peridotitic komatiite 0.67 0.50 0.07-1.8 30 49 1,12,18
Basaltic komatiite 1.2 0.46 0.5-1.9 8 1,18
Tholeiitic basalt 1.3 0.57 0.9-2.1 4 18



24 GOLD METALLOGENY AND EXPLORATION

Description X c R N Ir/Au Ref.
Pietersburg, Eersteling area
Peridotitic komatiite 1.2 1.4 0.3-4.1 7 18
Basaltic komatiite 1.0 0.75 0.4-10 6 18
Tholeiitic basalt 1.7 1.0 04-35 13® 18
Belingwe, Upper Greenstones, Bulawayan Group
Peridotitic komatiite 135 19.6 0.4-67 15° 18
Peridotitic komatiite 1.4 0.47 0.65-2.2 15 12
Basaltic komatiite 18.3 21 0.1-64 13 18
Tholeiitic basalt 33 6.7 0.1-74 20 18

Yilgarn craton, Western Australia
Mt. Clifford

Peridotitic komatiite 0.49'Y 23  02-098 21 48 12
Kambalda
Peridotitic komatiite flows overlying

Long and Lunnon Shoots 73 6.5 0.63-25 22 040 12
Thick ultramafic komatiite flows,

Lunnon Shoot 6.0 18 0.42 13
High-Mg basalt, hanging wall 3.8 20 0.10 13
High-Mg series basalt, 13.6 5 0.03 13

footwall

Dunitic komatiite intrusives,
W. Australia 2.2 2.85 50 3.3 14

Superior Province craton, Canada
Abitibi subprovince, Ontario localities

Peridotitic komatiite, Alexo flow 2.15 0.50 1.4-3.5 8 1.1 2
Peridotitic komatiite, Pyke Hill,

Munro Township 297 156 14-73 11 0.39 3
Thick (125m) komatiitic flow,

Fred’s flow, Munro Township 2.1 1.4 044-59 19 0.23 3
Thick (115m) tholeiitic flow,

Theo’s flow, Munro Township 1.6 1.4 04442 13 0.28 3
Ultramafic and mafic komatiite

flows, Timmins area 1.9 1.9 0.5-6.7 19 7
Magnesium tholeiitic basalts,

Timmins area 2.4 1.25 0.2-53 35 7

Wabigoon and Uchi subprovinces
Shoal Lake-Lake of the Woods (Wabigoon) and Birch-Uchi areas’

Komatiitic volcanics 16 30 0.4-69 5 8

Basalt, thol 8.9 116 0.2-225 116 8

Andesite, c.a. 6.3 9.8 0.2-58 95 8

Dacite, c.a. 6.3 16 0.2-113 52 8

Rhyolite, c.a. 5.1 6.5 0.2-245 24 8
Kakagi Lake, western Wabigoon

Basalt; thol and c.a. 1.75 1.7 0.3-8.1 27 15

Mainly c.a. dacite 1.5 1.55 0.09-6.8 35 15
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Description X c R N Ir/Au Ref.
Red Lake area (Uchi subprovince)
Ultramafic komatiites 53 4.8 0.1-13 5 4
Basaltic komatiites 4.1 5.5 0.4-16 7 4
Iron tholeiitic basalts 15 15 4.3-44 7 4
Thol. basalt, andesite 5.2 34 1.3-10 5 4
Central and northern African cratons
Central African Republic, Archaean greenstone belts
Borgoin greenstone belt
Thol., komatiitic basalt 37 11 18-53 10 6
Boufoyo greenstone belt
Thol., komatiitic basalt 3.0 23 17 6 6
Burkina Faso, Proterozoic; Hounde and Boromo greenstone belts
Basalt and andesite 1.4 0.1-44 52 10
Algeria, Tassendjanet area; Proterozoic
Unaltered c.a. andesite 3.1 1.3 2.1-44 8 5
Altered c.a. andesite 1.55 0.85 0.8-59 31 5

Precambrian felsic plutonic rocks

Kaapvaal Craton, South Africa; E. Transvaal and Johannesburg Dome

Tonalite, granodiorite 1.2 1.1 0.3-7.8 190/19 17
Superior Province craton, Canada

W.Wabigoon subprovince; Kakagi Lake area

Granodiorite, diorite 1.1 1.2 0.1-49 182 15
Abitibi subprovince; Matachewan area

Syenite 2.3 20 <1-6 6 19
East Aldan Shield, USSR

Archaean granites 1.2 8 11

Proterozoic granite 1.7 10 11

South Yenisey Range, Taimyr Peninsula, USSR
Proterozoic granite 9.9 11 140 28/3 16

References: 1. Anhaeusser et al. (1975); 2. Brugmann et al. (1987); 3. Crocket and MacRae (1986); 4. Crocket
et al. (1980); 5. Dostal and Dupuy (1987); 6. Dostal et al. (1985); 7. Fyon and Crocket (1982); 8. Goodwin
(1984); 9. Gottfried er al. (1972); 10. Huot et al. (1987); 11. Karelin et al. (1974); 12. Keays (1984); 13. Keays
et al. (1981); 14. Keays et al. (1982); 15. Kwong and Crocket (1978); 16. Li and Datsenko (1973); 17. Meyer
and Saager (1985); 18. Saager et al. (1982); 19. Sinclair (1982).

Superscripts: 1. Data omitted from averages: la, one komatiite, 20.2 ppb; 1b, pyrite-rich basalt, 16.8 ppb; lc,
one peridotitic komatiite, 372 ppb; 1d, two samples, 2.96 and 6.83 ppb.

2. Median values for these groups are 3.6, 4.1, 3.3, 2.1, 2.8, and 3.2 ppb from komatiite to rhyolite respectively.

1.7.4 The gold content of sediments and sedimentary rocks

1.7.4.1 Sediments

Deep-sea sediments
Ref.

>
Q
"]
=z

Description

Calcareous, clay-bearing sediment;
Pacific 12° South 31 19 1.3-7.6 14 8
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Description X c
Calcareous sediment, some (16%)

clay; Pacific 39° South 1.3 065
Lutites (Pacific, Antarctic,

Indian Oceans) 29 24
Mainly deep-sea clays, Black Sea 6.2
Calcareous and globigerina ooze;

Caribbean and Antarctic 1.8 1.0
Siliceous ooze; Pacific Antarctic 085 0.3

Terrigenous sediments

Silt, clay, sand, 30% carb; Atlantic,

Baltic, Black, Mediterranean 3.2
Sandy and clay mud; Arctic Ocean

(Canadian Arctic Islands) 2.8 0.8
Silt with mafic pyroclastic detritus,

Atlantic near Iceland 4.2

Biogenic carbonate-rich (>30%) sediments
Mainly clay and silty clay-sized

sediment; Mediterranean 3.1
Clay, silt and sand-sized sediment;
Atlantic 1.5

1.7.4.2 Sedimentary rocks
Mainly clastic sedimentary rocks

Conglomerate, sandstone, siltstone
Ss, siltstone; Tuva; Taymyr Peninsula;

Yenisey Range, USSR 2.7
Cong, ss, siltstone; Undino-Dainsk Basin;

Mesozoic; Tranbaykalia, USSR 8.75,4.7%
Siltstone and greywacke; Bohemian

Massif, Czechoslovakia 4.6
Tuffaceous siltstone; Superior

Province (Archaean), Canada 1.1 1.95

Shales, argillite
Non-carbonaceous shale; Kuznetsk,

Sayan, Tuva, Taymyr, Yenisey, USSR 2.2
Carbonaceous shale; same regions of

USSR as above 6.7
Shale; Witwatersrand Basin; S. Africa;
away from mineralization 41 53

Shale; Turonian to Palaecocene; Gubbio,
Italian Appenines 1.85 1.6

R

0.4-2.8

0.6-9
3.5-9

0.9-3.5
0.5-1.5

0.1-24

1.64.2

0.5-15

1.1-6.5

0.7-3.4

0.1-8.3

0.1-29

0.3-23

0.4-5.8

61

46

59/3
1074/8
55

24

235/7
548/8
19

16

Ref.

18

[=))

14

19

16

15

14

14

15
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Description X c R N

Mainly chemical sedimentary rocks
Carbonates and evaporites
Limestones, dolomites, marbles; Kuznetsk

Alatau, Sayan, Tuva, USSR 2.5 0.2-5.5 124/6
Pelagic limestone; Turonian to Palaeocene,

Gubbio, Italian Appenines 1.1 14 0.34.6 10
Basinal facies limestones; Late Jurassic,

Soviet Central Asia 0.71 0.6-1.0 14
Halite, sylvite, anhydrite-bearing

evaporites; Jurassic, Central Asia 1.4 0.4-7.0 103

Precambrian iron formation and iron-rich sedimentary rocks
Mainly Superior province, Canadian Shield
Algoma-type BIF; Ontario, Northwest

Territories 57 129 <5430 47
Oxide facies BIF; Superior Province, Quebec—Labrador geosyncline
Algoma-type, mainly Archaean 38 1-130 52/21
Superior type, Proterozoic 19 1-74 17/7
Algoma-type BIF; Abitibi subprovince; Sherman and Adams Mines, Ont.
Magnetite—chert mesobands 4.4 6.7 0.5-34 42
Jasper—chert mesobands 85" 45 26-20 28
Pyrite mineral separates 180 240 12-880 19
Algoma-type BIF; Abitibi subprovince; Carshaw-Malga iron fm, Timmins
Magnetite mesobands 298 1 0.9-5900 12
Carbonate mesobands 1312 0.7 1.6-660 10
Chert mesobands 9.8%5 0.8 0.7-1400 19
Algoma-type BIF; Uchi subprovince, Red Lake area, Ontario
Oxide facies BIF 40 55 0.7-196 15
Chert from BIF 1.7 7 0.4-3.5 7
Mixed oxide and silicate BIF 8.2 11 0.8-43 19

Siderite—pyrite Algoma-type BIF; Helen iron fm, Wawa subprovince
Banded chert members

Magpnetic chert, oxide facies 1.1"™ 06 02-20 8

Carbonaceous, sulphidic chert 94 17 0.2-49 8

Siderite-pyrite members 1.21¢ 0.3-1.9 9
South Africa

Ferruginous sedimentary rocks, oxide BIF; Kaapvaal Craton.
Algoma-type; Barberton, Pietersberg,

Sutherland greenstone belts 172 175 1.0-667 23
Superior-type; Pongola Group,
Witwatersrand Basin 379 29  05-8.0 8

Western Australia

Archaean BIF and sulphidic sediments, Yilgarn Block, W. Australia
Interflow sulphidic sediments
Kambalda 146 44
15 localities 31 97

277
Ref.

20

20

12
12

O O

10
10
10

~

11
11
11

21
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Description X o R N
Archaean BIF; regional background,

Murchison, Southern Cross 221 13
Archaean BIF; mineralized areas,

Murchison, Eastern Goldfields 12 21 2-68 11

Ref.

13

13

References: 1. Anoshin et al. (1969); 2. Bavinton and Keays (1978); 3. Boyle (1979); 4. Chapman and Groves
(1979); 5. Crocket (unpublished); 6. Crocket and Kuo (1978); 7. Crocket et al. (1980); 8. Crocket et al. (1973);
9. Crocket et al. (1984); 10. Fyon et al. (1983); 11. Goodwin et al. (1985); 12. Gross (1988); 13. Groves et al.
(1987); 14. Korobeynikov (1986); 15. Kwong and Crocket (1978); 16. Moravek and Pouba (1984); 17. Phillips
(1987); 18. Piper and Graef (1974); 19. Polikarpochkin and Korotayeva (1976); 20. Popov (1975); 21. Saager et

al. (1982).

Superscripts: 1. Omissions of data: 1a, one analysis — 70 ppb Au; 1b, one BIF sample in contact with mafic
volcanics — 45 ppb Au; Ic, one sample — 27 ppb Au; 1d, one sample — 162 ppb; le, one sample — 15 ppb Au.

1.7.5 The gold content of metamorphic rocks
1.7.5.1 Regional metamorphic rocks
High-grade rocks; gneiss, granulite, migmatite

Mama-Oron complex; L.Proterozoic, Vitim-Patom highlands, USSR
Primary gneiss and schist,

Patom series 3.69 262
Mama-Oron complex; granitized

equivalents, primary rocks above 2.80 66
Mama-Oron complex; metamorphic

granite and granite gneiss 2.24 315
Mama-Oron complex; metamorphic

plagioclase granite pegmatite 2.33 38
Mama-Oron complex; microcline

and plagioclase granite pegmatite 2.82 117
Granulites, charnockite affinity;

Archaean, Bahia state, Brazil 1.51 2.87 <0.4-18 105
Granuite facies gneiss xenoliths in basic dykes; Nuratau, Tien Shan

Two-pyroxene gneisses 7.4 0.56 6
Eclogized (garnet-bearing)

two-pyroxene gneisses 25 1.08 9

Greenschist to mainly amphibolite grade sequences
Boydaba synclinorium; Proterozoic, Patom uplands, USSR
Ugakham area, metapelites and metasiltstones

Greenschist; chl, ser, bi 6.7 19

Epidote amphibolite; bi, gar 14.7 16

Amphibolite; gar, str subfacies 9.1 15

Amphibolite; gar, ky subfacies 3.3 14
Ugakham area, metamorphosed carbonate rocks

Greenschist 2.6 13

Epidote amphibolite 7.1 11

Amphibolite; gar, str subfacies 7.6 14

14

11

11

13
13
13
13

13
13
13
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Description X
Amphibolite; gar, ky subfacies 13.8
Zhuy area, metapelites and metasandstones
Greenschist; chl, ser, bi 8.5
Epidote amphibolite 9.85
Epidote amphibolite, high 13.2

temperature subfacies

o

R

46
33

Metamorphosed arenaceous, argillaceous rocks; Yenisey Range, USSR

Greenschist; late Proterozoic

Chl, ser subfacies 9.75
Chl, bi subfacies 9.31
Epidote amphibolite; late and
middle Proterozoic 9.43
Amphibolite; early, middle and
late Proterozoic 7.48
Granulite facies; Archaean
Angara-Kansk bloc 3.74

Kokchetav Uplift, central Kazakhstan, USSR

7.8
7.4

7.6

4.9

1.75

Yefimovo series, late Proterozoic; mainly greenschist

Marbles 0.98
Quartzites 0.98
Mainly phyllites and schists after

clay-rich protoliths 1.78

Metamorphosed basic igneous rocks 1.0g

0.5-44
0.7-27

0.7-22

0.5-18

0.6-5.8

<0.5-5.6

<0.5-3.5

<0.5-6.5
<0.5-8.7

Lower Zerenda series, pre—late Proterozoic; amphibolite facies

Quartzite 0.8%
Schists (bi, cord rock; sill, ky, gar rock;
amphibolite; eclogite) 2.08
Amphibolite, after basic rock 2.6%
Eclogite, after basic rock 0.98

Kolmozero-Voron’ya complex; mainly amphibolite grade; Proterozoic, Kola

Peninsula, USSR
High-alumina schist, carbonaceous

pelite protolith 7.3
Two-mica gneisses, bi, amphibole,
plag schist; Voron’yetundra Fm 2.1

Mainly amphibolites; Polmostundra Fm 2.2
Amphibole, garnet rocks; Lyavozero Fm 4.8

Archaean basement granite gneiss 1.6
Tongulak, S.Chuya, Sangilen metamorphic complexes; Altai-Sayan, USSR
Metapelites
Greenschist facies; chl-mus 3.6
Epidote amphibolite facies 2.9
Amphibolite facies 1.9
Metamorphosed mafic rocks
Greenschist facies 3.1

Epidote amphibolite facies 3.5

<0.5-6.9

<0.5-28
0.8-17
<0.9-3.5

0.7-50

0.4-24
0.3-12
1.2-34
0.2-7.2

88
31

24
30
16
12
81

51
4!

24

4!
20
31

24

30
55
17
14

17
92
35

9
25

29

Ref.
13
13

13
13

12
12

12
12

12
12

12
12

AN

—
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Description X c R N Ref.

Amphibolite facies 2.4 18 1
Meguma Group, Palaeozoic, Canada; greenschist metagreywacke, slate
Unmineralized areas (background)

Metagreywacke 0.95 1.1 <0.2-36 74 2,4,15

Slate 1.5 22  <02-14 60 4,15
Mineralized district (Harrigan Cove)

Metagreywacke 8.7"° 94 17441 30 5

Slate 8.2'® 10 2.4-50 26 5

Greenschists, granitoids; Bohemian Massif, Czechoslovakia
Very low grade greenschist metasediments and volcanics; Barrandian

Block, upper Proterozoic 3.9% <1-19 156 10
Greenschist metasediments and volcanics;

Central Mobile Zone 3.1% <1-20 54 10
Granulites, gneisses; Moldanubian Block,

pre-upper Proterozoic 1.28 <1-280 233 10
Variscan granitoids (tonalite, granodiorite, K-granite, syenite)

Intruding Barrandian Block 4.18 1-12 19 10

Intruding Moldanubian Block 1.08 <1-100 92 10

References: 1. Anoshin et al. (1982); 2. Brooks et al. (1982); 3. Buryak et al. (1972); 4. Crocket et al. (1983);
5. Crocket et al. (1986); 6. Gavrilenko et al. (1974); 7. Golovnya (1974); 8. Li and Shokhina (1974);
9. Moiseenko et al. (1971); 10. Moravek and Pouba (1984); 11. Mushkin et al. (1974); 12. Pchelintseva and
Fel’dman (1973); 13. Petrov et al. (1972); 14. Sighinolfi and Santos (1976); 15. Thorpe and Thomas (1976).
Superscripts: 1. Omissions from averages: 1a, two slates — 37 and 161 ppb Au, the latter with arsenopyrite; 1b,
two greywackes — 57 and 80 ppb; lc, two slates — 57 and 102 ppb.
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2 The hydrothermal geochemistry of gold
T.M. SEWARD

2.1 Introduction

Hydrothermal ore-forming fluids are multicomponent aqueous electrolyte solutions
which transport gold to an ore-depositing environment somewhere in the Earth’s
crust. Deposition of elemental gold and gold-containing minerals occurs in response
to changes in the chemical and physical environment through which the hydrothermal
ore fluid is migrating. For example, a buoyantly ascending hydrothermal fluid may
encounter a permeable zone which induces volatile phase separation and/or boiling, or
a deep fluid may encounter and mix with a cooler, steam-heated water of lower pH.
Whether or not gold precipitates in these situations has to do with the changing
stability of the gold-containing complex ions in response to these new conditions.
Hydrothermal gold deposition may, therefore, take place over a wide range of
temperature, pressure and fluid composition comprising diverse environments
extending from amphibolite facies metamorphism to lower temperature epithermal
mineralization and sea floor massive sulphides. It is thus the purpose of this chapter to
consider our current state of knowledge concerning the high-temperature, high-
pressure aqueous chemistry of gold and its relevance to gold ore formation.

2.2 The inorganic chemistry of gold

2.2.1 Oxidation states

Gold has the electronic configuration, Xe 4f'“5d'%s', and is unique in the group Ib
elements (i.e. Cu, Ag, Au) in that it forms a number of high oxidation states
(Table 2.1). Its aqueous chemistry is in fact dominated by the Au(III) oxidation state
and to a lesser extent by Au(I). However, other oxidation states have been reported
(Puddephatt, 1978). Organo Au(Il) complexes have been studied in which the electron
donors are sulphur-donor ligands (e.g. dithiocarbamate) or in which organic ligands
coordinate Au(Il) in a complex having a dimeric gold—gold bond.

The higher oxidation states are rather more rare. The only known Au(IV) complex
is the poorly characterized dinitrosylgold (IV) hexafluoride, (NO),AuFs (Sunder et al.,
1979). A few Au(V) complexes have been reported with the first synthesis of an Au(V)
compound, CsAuF;, having been reported by Leary and Bartlett (1972). Complexes
containing gold in the +6 oxidation state have not been reported but recently Timakov
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et al. (1986) claimed to have synthesized the compound AuF,, in which gold is present
as Au(VII).

Table 2.1 The oxidation states of gold

Oxidation state Examples of compounds
+1 Au(CN); ; Au(HS):

+2 *Au [Ry(NCS))],

+3 AuCly

+4 (NO),AuF,

+5 AuFs; CsAuFg

+7 AuF,

*R = alkyl group such as C2Hs or iso—C3H7.

2.2.2 Relativistic effects

Effects which are a direct consequence of relativity play a significant role in the
chemistry of heavy elements such as gold (see, for example, Pyykko, 1988). Because
electrons in s orbitals and, to a lesser extent, p orbitals spend much of their time in the
vicinity of the nucleus (i.e. the largest radial densities are near the nucleus), they have
average velocities approaching that of light. Hence they have substantially increased
mass and are even more attracted to the nucleus. This leads to a contraction of s (and
p) shells up to the valence shell as a result of more strongly bound, relativistically
stabilised, s (and p) electrons. The electrons in the contracted s atomic orbitals screen
the nucleus more effectively and hence the d and f orbitals expand radially. Their
electrons are thus more loosely bound and energetically destabilized.

These relativistic effects, together with lanthanide contraction (itself, relativistically
assisted), are at a maximum for gold and fundamentally affect its chemistry. For
example, the yellow colour of gold arises from relativistically modified 5d to Fermi
level electronic transitions and, furthermore, relativistic bond contraction causes an
increase in the density of metallic gold by 18% (Schwerdtfeger et al., 1989).
Non-relativistic gold would have the metallic white appearance of silver.

The aqueous chemistry of gold is thus strongly influenced by relativistic effects.
The ‘nobility’ of gold (i.e. it is difficult to oxidize) arises to a considerable extent from
the relativistically enhanced ionization potential due to the contraction of the 6s
atomic orbital. Some insight into the extent to which these effects influence gold
chemistry may be gained by inspection of bond lengths and dissociation energies for
a number of gold species (Table 2.2, Figure 2.1).

Firstly, it is interesting to note that the bond lengths of all the gold(I) halide
complexes given in Table 2.1 are relativistically contracted. Furthermore, the
dissociation energies are decreased which indicates a reduction in the stability of the
gold(I)-halide bond. The relativistic destabilization of the AuF bond is especially
large. The electronegativities of the halide ligands are all greater than that of gold.
However, in the case of AuH, the ligand electronegativity is less than that of gold and
the dissociation energy is, therefore, increased by relativistic effects.

If one now considers the Au(III) halide complexes, it is observed (Table 2.2) that the
relativistic bond contractions are smaller than for Au(I) complexes. This arises from
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the increased contribution of relativistically destabilized 5d electrons to the
Au(Ill)-halide bond. In addition, the dissociation energies for the Au(III) halide
complexes are appreciably increased by relativistically assisted d-orbital shielding
which accounts for their unusually high thermodynamic stability. The existence of the
other higher oxidation states of gold is also a direct consequence of relativistic
shielding.

Table 2.2 Calculated relativistic (R) and non-relativistic (NR) internuclear (bond) distances,
r (in 1072 pm), an dissociation energies, De (in kJ/mol), for some Au(I) and Au(III) molecules

Molecule (1072 pm) De (kJ/mol)
R NR Ar R NR AD.

AuF 2.010 2.174 0.164 88.6 163.1 + 745
AuCl 2.333 2.541 0.208 160.7 217.9 + 572
AuBr 2.448 2.647 0.299 157.2 202.7 + 455
Aul 2.616 2.824 0.208 152.4 191.4 + 39.0
AuH 1.578 1.831 0.253 152.7 92.3 - 60.4
AuCl; 2.398 2.630 0.232 416.1 428.0 + 119
AuCly 2.344 2.424 0.080 496.4 327.9 -168.5
AuBr; 2.492 2.549 0.057 396.0 292.9 -104.6
Aulj 2.716 2.830 0.114 308.2 220.3 - 879

Note: 107 pm=1A
Data from: Schwerdtfeger er al. (1989) and Schwerdtfeger (1989).

It is interesting that the non-relativistic (NR) dissociation energies indicate that
AuCl; is more stable than AuCl; . However, there is a large relativistic increase in D,

for AuCl; which leads to the stability sequence:
AuCl’ << AuCl; < AuCl;
A similar stability sequence will exist for the hydrosulphide complexes of gold, i.e.
AuHS’< Au(HS); < Au(HS);

Data from Renders and Seward (1989a) (see Table 2.3) confirm that AuHS? is less
stable than the dihydrosulphidogold(I) complex, Au(HS),. However, there are, at
present, no experimentally determined thermodynamic data or theoretical calculations
(e.g. relativistic Hartree-Fock) pertaining to the stability of Au(HS);.

2.2.3 Coordination chemistry of Au(I)

In hydrothermal systems in the Earth’s crust, mineral solution equilibria give rise to
ore-forming fluids which are characterized by low oxidation potentials (Seward,
1984; Henley et al., 1984) such that the dominant oxidation state of dissolved gold is
+1. Thus, it is the coordination chemistry of Au(I) with which we are concerned when
considering the transport and deposition of gold in hydrothermal ore-forming systems.

Most Au(I) complexes are linear, triatomic molecules (e.g. AuCl;) but higher
coordination number compounds with ligands such as tertiary phosphines and arsines
are known (Parish er al., 1981). '’ Au Mossbauer spectroscopy has been particularly
useful in the elucidation of three- and four-coordinate Au(I) complexes (Parish, 1984).
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Figure 2.1 A schematic plot of energy (E) versus internuclear distance, r, for a simple
diatomic gold(I) molecule such as AuCl or AuHS; D.(NR) and D.(R) are non-relativistic and
relativistic dissociation energies as shown in Table 2.2; Ar and AD are the changes in
internuclear distance and dissociation energies respectively, arising from relativistic effects.

The Au* ion with a filled d'° shell is the archetype class ‘b’ metal ion or ‘soft’ Lewis
acid. It therefore prefers coordination with more polarizable, ‘soft’ Lewis bases or
class ‘b’ electron donors. This is well illustrated by consideration of the stability of the
simple triatomic halogen complexes (Table 2.3), the stabilities of which increase in
the sequence,

F << ClI” < Br <I”

The interaction of Au® with the ‘soft’, polarizable iodide ion gives rise to the
covalently bonded di-iodogold(I) complex, Aul; which is about ten orders of
magnitude more stable than the dichloridogold(I) species, AuCl; . Interaction with
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the ‘hard’ fluoride ion to give the weak AuF; is not favoured and the fluoride complex
is unknown.

Table 2.3 Thermodynamic equilibrium formation constants for a selection of Au(I) complexes at
25°C

log B log B
Aul; 19.0 Au, ST 41.1
AuBr; 12.4 Au(HS); 30.1
AuCl; 9.2 AuHS° 24.5
AuF3; - Au(S,0:)F 26.0
Au(CN); 38.7 Au(H,NCSNH, )} 222
Au(SCN); 16.8 Au(SO,)5 -

Data from: Jorgensen and Pouradier (1970), Peshchevitsky et al. (1970), Renders and Seward (1989a); the
equilibrium constants are consistent with standard reduction potential given by Johnson ez al. (1978) (i.e. E°
-1.695V).

Au(I) complexes are generally not very stable in aqueous solutions and
disproportionate to elemental gold and Au(Ill). For this reason, the inorganic co-
ordination chemistry of Au* complexes in aqueous media has not been extensively
studied. Even the value of the standard reduction potential, E° has been under debate
for many years. The first and only direct experimental determination of

=-1.695 volt for

Au = Aut + ¢! 2.1

was only reported relatively recently by Johnson et al. (1978).

The dichloridogold(I) complex, AuCly, is potentially of geochemical interest in so
far as AuCl; has been considered to be of some importance in the transport of gold in
hydrothermal ore-depositing systems. However, AuCl; decomposes in water at 25°C
according to the reaction

3AuCl; = 2Au + AuCly + 2CI° 2.2)

In the presence of excess chloride, AuCl; should become more stable but its existence
in aqueous solutions at 25°C has been the subject of some debate. Braunstein and
Clark (1973) synthesized crystalline tetracthylammonium and tetra-n-butylam-
monium dihalogenidogold(I) compounds which are soluble in methanol and behave as
1 : 1 electrolytes in this solvent. That is, they disproportionate to give methanolic
solutions containing the simple dihalogenido complexes, €.g.

[Et,N] [AuCl,] = Et;N* + AuCl; 2.3)

where Et,N* is the tetraethylammonium ion.

Thus, AuCl; exists as a stable species in methanol. This is an important observation
because methanol is a protic, water-like solvent having a dielectric constant (€ = 33.1
at 25°C) which is similar to that of high temperature water at 210°C. (¢ =33.11;
Uematsu and Franck, 1980). This suggests that AuCl; must occur as a stable,
identifiable complex in high-temperature aqueous solutions, especially those
containing excess chloride ligands. As will be discussed later, there are at present few
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if any experimental data which unambiguously verify the presence of AuCl; in
hydrothermal solutions.

The preference of Au(I) for ‘soft’, class ‘b’ electron donors is further emphasized by
the equilibrium formation constants for some of the simple Au(I) complexes with
sulphur-containing ligands (Table 2.3). The simple sulphido and hydrosulphido
complexes are very stable with the equilibrium formation constant for Au(HS); being
about twenty-one orders of magnitude greater than that of AuCl; . Other sulphur-
containing ligands in which the electron donor is the sulphur (e.g. thiosulphate and
thiourea) also form quite stable complexes with Au(I). However, the ‘hard’ class ‘a’
sulphate ion in which the electron donors are oxygen atoms does not form stable
complexes with Au(l) and there are no reported thermodynamic data pertaining to
Au(SO,); stability.

2.3 Gold complexing in hydrothermal solutions

2.3.1 Which complexes are important?

Hydrothérmal ore-forming fluids are multicomponent electrolyte solutions which
contain a number of species which may form stable complexes with gold(I). Table 2.4
gives some of the possible ligands, which, under differing conditions, may play an
important role in hydrothermal gold transport.

Table 2.4 Ligands of potential importance in the complexing of gold(I) in natural hydrothermal
fluids

c- Br I
HS- S* S S0  S,0F
ASE, SbSF  Ter

NH, OH"

CN-  SCN-

In deciding which complex (or complexes) is most important in determining the
mechanism of transport and deposition of gold, there is a ‘trade-off’ in terms of
complex stability and ligand availability. For example, the gold(I) iodide complex,
Aul; is much more stable than AuCl; but would generally be unimportant in gold
transport because of the low concentrations of iodide found in hydrothermal ore
solutions.

Much consideration by numerous workers has been given to the role of chloride and
reduced sulphur (e.g. HS) in hydrothermal gold chemistry because both chloride and
hydrosulphide ions are known to form complexes with gold(I) and both are present in
appreciable concentrations in hydrothermal ore fluids. For these reasons, almost all of
the experimental work conducted at elevated temperatures and pressures has focused
on gold solubility and complexing in chloride and reduced sulphur-containing
solutions.
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2.3.2 Halide complexes of gold(I)

Much of the early research on gold solubility in chloride solutions at elevated
temperatures and pressures is summarized by Ogryzlo (1935) who demonstrated that
gold was soluble in acid chloride solutions up to 300°C. The redox state of these early
experiments was not controlled and, hence, these data are of only qualitative interest.
More recently, Anderson and Burnham (1967) and Glyuk and Khlebnikova (1982)
demonstrated that gold was soluble in chloride solutions (HCI, NaCl, KCl) over a
wide range of temperatures and pressures up to 800°C and 3 kbar but lack of
knowledge about the redox state (e.g. fy, ) meant that no conclusions about complex

stoichiometry or stability could be drawn. In addition, Vilor (1973) has measured the
solubility of gold in chloride solutions over a wide range of temperatures (100 —
550°C). Henley (1973) has also determined the solubility of gold in KCI solutions
from 300 to 550°C and up to 2000 bar. Rytuba and Dickson (1977) have measured the
solubility of gold in 1M NaCl at 1000 bar and at 450°C (Au = 0.1 mg/kg) and 500°C
(Au = 1.5 mg/kg) in the presence of a pyrite—pyrrhotite assemblage. The role of
reduced sulphur arising from pyrite—pyrrhotite dissolution in complexing gold under
these conditions is unknown but could contribute significantly to the above analytical
gold concentrations. Wood er al. (1987) measured the solubility of gold in NaCl-CO,
solutions from 200 to 350°C in the presence of a complex mixture of sulphide and
oxide minerals in which the hydrogen fugacity was controlled by the pyrite—
pyrrhotite-magnetite buffer assemblage. Recently, Zotov and Baranova (1989) have
obtained thermodynamic data for the solubility of gold (as AuCl; ) from 350 to 500°C
and 500 to 1500 bar.

The most important of the above mentioned data have been recalculated in terms of
the equilibrium reaction

Ay, + 2CI” +H' = AuCl; + oH,, 2.4

and are presented in Figure 2.2. In addition, the low temperature values (25-80°C)
computed from Nikolaeva et al.’s (1972) emf data together with unpublished data by
Henley (1985) and Bloom and Seward (1989) are also shown. The calculated curve
derived from Helgeson (1969) is given for comparison.

Figure 2.2 illustrates the discrepancies in the available published data and indicates
that it is not possible to reconcile the low-temperature data of Nikolaeva et al. (1972)
with the data of Henley (1973) and Wood et al. (1987). It is instructive to briefly
consider the reliability of Nikolaeva et al.’s (1972) data. The following values of log
K for reaction (2.4) at 25°C have been calculated from three completely different sets
of experimental data.

(a) logk =-19.5 (Helgeson (1969) and based on data from Latimer (1952),
Bjerrum and Kirschner (1918), and Bjerrum (1948));
(b) logk =-19.5 (Nikolaeva et al. (1972));
(c) logk =-19.47 (calculated from data of Pouradier et al. (1965) and Johnson
et al. (1978)).
They are in perfect agreement and it may be concluded that the 25°C datum point for
log K of reaction (2.4) is known with some confidence. Nikolaeva et al.’s (1972) data
to 80°C are thus quite consistent with the 25°C data. It should be further noted that the
data given above, together with those of Nikolaeva et al. (1972) to 80°C, Helgeson
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Figure 2.2 The variation of log K for reaction (2.4) with temperature up to 500°C; the data
refer to the saturated vapour pressure except where otherwise indicated.

(1969), Bloom and Seward (1989), Henley (1985) and Zotov and Baronova (1989)
comprise an approximately self-consistent data set which gives the best indication of
the true values of log K at the saturated vapour pressure from 25 to 374°. There is a
desperate need for additional experimental data from 150 to 500°C over a range of
pressures.

As far as the other halide complexes are concerned, the dibromido- and di-iodogold
(I) species are more stable than AuCl; at least at 25°C. However, the bromide and
iodide complexes are not normally expected to play a significant role in the transport
of gold because of the low concentrations of bromide and iodide in most natural
hydrothermal fluids. For example, fluids of the Broadlands (Ohaaki) geothermal
system (Weissberg et al., 1979) are typical epithermal ore-forming fluids and contain
~4 mg/kg Br~ and ~0.5 mg/kg I'.
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Bromide and iodide may, however, play some role in gold complexing in the
Cheleken brines, USSR (¢~ 100°C; Cl”~ 4.4 M ). These brines have high con-
centrations of bromide and iodide up to 672 mg/kg and 31.7 mg/kg respectively
(Lebedev, 1972). Paramonova et al. (1988) have recently analysed the Cheleken
brines for gold, obtaining an average value of 0.62 pg/kg. They suggested that the gold
might be present as AuCl; as well as mixed complexes such as AuCIBr— and
AuCI(I)". However, the presence of reduced sulphur (H,S ~ 7 mg/kg) indicates that
bisulphide complexes cannot be ignored.

It should be noted also that appreciable concentrations of bromide (700 mg/kg) and
iodide (18 mg/kg) have been reported for the brines of the Salton Sea geothermal
system (Skinner et al., 1967; Ellis, 1967).

2.3.3 Hydrolysis

It should be mentioned that Au* and its complexes may hydrolyse to form simple and
mixed hydroxo complexes. Gadet and Pouradier (1972) have studied the hydrolysis of
AuCl; at 25°C and have determined the equilibrium constants for the successive

reactions

AuCl; + OH = AuCl(OH)” + CI” (2.5)
and

AuCl(OH)” + OH = Au(OH); + CI” (2.6)

for which log K (2.5) =—6.66 and log K (2.6) = 6.0. Unfortunately, there are no
high-temperature data for these equilibria. Baranova et al. (1977) have measured the
solubility of gold in alkaline solutions up to pH = 14 and 250°C in the presence of a
magnetite-hematite redox buffer assemblage. They concluded that gold was present
as AuOH?, Au(OH); and Au’. Further work by Baranova et al. (1984), Zotov et al.
(1985) and Ryabchikov et al. (1985) has indicated that AuOH' is an important species
in alkaline solutions and/or in the absence of other ligands up 750°C and 1500 bar.
However, AuOH" is not considered to play a significant role in gold transport if other
ligands are present in the ore-transporting hydrothermal fluid.

2.3.4 Hydrosulphido and sulphido complexes

Sulphur is an ubiquitous component of hydrothermal ore solutions and, because of the
generally prevailing low oxidation potential, is predominantly in the — 2 oxidation
state as H,S and HS™. The second ionization constant of hydrogen sulphide is very
small and the presence of $? in solution is negligible (see, for example, Giggenbach,
1971). As previously discussed (see also Table 2.3), reduced sulphur ligands form
very stable complexes with Au* and such species are, therefore, of considerable
importance in hydrothermal gold transport.

Earlier workers (Lehner, 1912; Ogryzlo, 1935; Lindner and Gruner, 1939;
Zviagincev and Paulsen, 1940; Smith, 1944; Krauskopf, 1951) recognized the
potential importance of sulphide complexes of Au(I) and carried out experiments and
calculations of gold solubility, primarily in alkaline sodium sulphide solution.
Weissberg (1970) measured the solubility of gold in alkaline sulphide solutions over
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the range from 150 to 290°C and at 1000 bar. His data further emphasized the
increased solubility in high-temperature alkaline sulphide solutions but there was still
no indication as to the nature of the gold complexes responsible for the measured
solubilities. In addition, most thinking on the role of sulphide in gold transport had
focused on alkaline solutions and there were some doubts as to the importance of
sulphide complexing in the weakly acid to near-neutral region of pH typical of most
ore-forming fluids.
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Figure 2.3 The concentration of gold in equilibrium (a) with Au,S at 25°C, saturated vapour
pressure and mg, =0.01 (Renders and Seward, 1989) and (b) with elemental gold at higher

temperatures p=1000 bar, mg, =0.50 (Seward, 1973); the dashed lines in (a) refer to the
concentration of the various complexes which contribute to the overall solubility curve.
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Seward (1973) was the first to demonstrate that sulphide complexes of gold (I) were
of major importance in the near-neutral region of pH and concluded that hydro-
sulphido complexes played a fundamental role in the transport and deposition of gold
by hydrothermal fluids in the Earth’s crust. His experiments extended from 160 to
300°C and up to 1500 bar and showed that three complexes, AuHS® (acid pH),
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Figure 2.4 Some of the possible stoichiometrics of Au(I) complexes which could occur in
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Au(HS); (near-neutral to weakly alkaline pH), and Au,(HS)S™ (alkaline pH) (see also
Renders and Seward, 1989a), were present in high-temperature, high-pressure
aqueous sulphide solutions (Figure 2.3). Belevantsev et al. (1981) experimentally
demonstrated the presence of Au(HS), in aqueous sulphide solutions at 25°C and,
more recently, Renders and Seward (1989a) have further confirmed the stoichiometry
of AuHS® and Au(HS); at 25°C by measuring gold(I) sulphide solubility in aqueous
solutions over a wide range of pH (Figure 2.3). In the more alkaline pH region, the
species Au,S3~ was identified. The number of possible stoichiometries of aqueous
sulphide complexes is shown in Figure 2.4 but in both the acid and near-neutral pH
region, the only two species identified over a wide temperature range are AuHS® and
Au(HS),. Shenberger (1985) and Shenberger and Barnes (1989) have measured the
solubility of aqueous sulphide solutions from 150 to 350°C and at the equilibrium
saturated vapour pressure of the system. Values of log K for the reaction

- -1
1.0k AuctH;S + HS™= Au(HS);r3H, i

-1.0-

X -2.0 T
2
-3.0- -
-4.0 -
-5.0F -
1 1 1 1 1 1 1
100 200 300 400

t/°C

Figure 2.5 The variation of log K for reaction (2.7) with temperature; Py,o refers to the

equilibrium saturated vapour pressure. Key: O Seward (1973); A Shenberger (1985);
) Ronders and Seward (1989).
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Au. + HySqy + HS™ = Au(HS); + VoHyg @7

are summarized in Figure 2.5.

The solubility maximum in the near-neutral region of pH is due to Au(HS); and
many studies of gold transport in specific ore-depositing environments have assumed
that this is the dominant hydrosulphido complex over a wide range of temperature.
This becomes a spurious assumption at temperatures >300°C. Figure 2.6 illustrates
how the stability field for Au(HS); and, hence, the solubility maximum migrates to
higher pH with increasing temperature. The solubility maximum occurs where pH =
pK, of H,S at any given temperature. For example, as temperature changes from 25 to
360°C, the solubility maximum shifts from pH = pK;(H,S) = 7.0 topH = pK; =9.2. In
other words, the region of stability of Au(HS); shifts to more alkaline conditions. The
pH of hydrothermal ore fluids is typically in the range from S to 6.5 because of
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Figure 2.6 The variation of gold solubility in equilibrium with elemental gold at constant
total sulphur (£S) concentration from 25 to 360°C as a function of pH; the numbers indicated
by the vertical bars (e.g. 7.0, 8.2 and 9.2) are the values of pH = pK,(H,S) at 25, 200, 300 and

360°C.



50 GOLD METALLOGENY AND EXPLORATION

buffering by mineral equilibria and, hence, at high temperatures (¢ > 300°C), Au(HS);
will play an increasingly diminished role in gold transport. However, that is not to say
that sulphide complexes become less important. Inspection of Figure 2.6 indicates
that for an ore fluid at, say, 360°C, and at pH~ 5, the concentration of Au(HS); will be
at least two orders of magnitude less than that of AuHS®. The point to be made here is
that in modelling the transport and deposition of gold in an ore-depositing
hydrothermal system (fossil or active), one must include the dominant gold species in
one’s model. Note, that in the case of the very stable AuHS® complex, there are no
experimentally based thermodynamic data pertaining to its stability at high
temperatures, although Renders and Seward (1989a) have reported thermodynamic
data at 25°C.

2.3.5 Additional sulphur-containing ligands

Gold(I) complexes in which the ligand or the electron donor part of the ligand is a
sulphur atom are quite stable. Hydrosulphidogold(I) complexes (e.g. Au(HS); ) are
very stable and, because ore-forming fluids contain appreciable concentrations of
reduced sulphur (i.e. H,S + HS"), these complexes are very important in effecting gold
transport in many hydrothermal systems. However, sulphur species in which the
sulphur is in an intermediate oxidation state, between —2(H,S) and + 6(SO2™ ), are also
present in cooler hydrothermal fluids and may play some role in gold transport and
deposition in the upper portions of geothermal systems.

Webster (1987) has reported thiosulphate concentrations of up to 80 mg/kg from hot
spring waters in New Zealand as well as polysulphide concentrations of ~ 3 mg/kg
(J.G. Webster, pers. comm.). Subzhiyeva and Volkov (1982) have also reported
thiosulphate and sulphite in thermal waters. In addition, Takano (1987) and Takano
and Watanuki (1988) have reported large concentrations of polythionate ions
(S,0% ; 4<n<9) (up to 2800 mg/kg) in hot spring and volcanic crater-lake waters in
Japan. Complexes of gold(I) with polysulphide and- the oxyanions of sulphur (e.g.
S,07 and polythionates such as S407" ) will not be important in the high-temperature
transport of gold (i.e. £>200°C) by deep geothermal fluids because these anionic
sulphur species disproportionate, although they may persist as metastable transitory
intermediates (e.g. Pryor, 1960; Giggenbach, 1974). However, these sulphur species
could play a significant role in gold complexing in the upper levels of hydrothermal
systems where deep, flashed fluids mix with oxygenated, steam-heated waters. Gold
transport from the near surface environment to thermal springs and pools such as at
Waiotapu and Rotokawa in New Zealand (Hedenquist and Henley, 1985; Krupp and
Seward, 1987) may be in part as complexes with sulphur oxyanions (e.g. S,0%) and
polysulphides (e.g. S;8”). Kakovskiy and Tyurin (1962) and Grigor’yeva and
Sukneva (1981) have reported enhanced gold solubilities in the presence of
thiosulphate and polysulphides at temperatures up to 200°C. Furthermore, in some
volcanic-hosted gold deposits in which magmatic SO, has migrated to the upper levels
of a hydrothermal ore-depositing system to interact with groundwaters or in which
hot, crater-lake waters permeate to depth, sulphur-species of intermediate oxidation
state could be important in the transport and deposition of gold.

Finally, we should consider the role of thioarsenite and thioantimonite anionic
species (see Table 2.4) in the complexing and transport of gold. A number of workers
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(Grigor’yeva and Sukneva, 1981; Nekrasov et al., 1982; Nekrasov and Konyshok,
1982) have measured the solubility of gold in aqueous sulphide solutions in the
presence of stibnite (Sb,S; ) and orpiment (As,S; ) in the temperature range from 200
to 300°C in order to determine the effect of thioantimonite and thioarsenite species on
gold solubility. However, uncertainties in the hydrogen fugacities prevailing in these
experiments together with ambiguities in the stoichiometry of the thioantimonite and
thioarsenite complexes make their results inconclusive.

Akhmedzhakova et al. (1988) have studied the solubility of gold in aqueous
sulphide solutions in the presence of orpiment and the Fe/Fe,O; redox buffer
assemblage at 200 and 300°C. Their results indicate that the solubility of gold
increases with increasing arsenic concentration. However, the mechanism for this
solubility enhancement is unclear. Their experiments were conducted in the presence
of 0.1 N HCI (i.e low pH) which suggests that the predominant arsenic species in
solution should be the undissociated arsenious acid (H;AsO; ) (see Webster, 1989).
Furthermore, the possible reaction of the iron—magnetite assemblage with arsenic-
containing sulphide solutions to form iron sulphides and/or arsenides as well as
perhaps arsine (AsH; ) makes the interpretation of their data difficult. Thus, we are
still unable to say whether gold(I) thioarsenite or thioantimonite complexes are of any
importance in ore transport.

2.3.6 Other ligands

There are a number of other ligands which could play an important role in
hydrothermal gold transport but unfortunately there are few if any high-temperature
experimental data which provide much insight into their importance in hydrothermal
systems. A few potentially important ligands are those involving tellurium (e.g. T 2,
TeS* and related species), NH; and CN™. In the case of tellurium, there are no
available experimentally based thermodynamic data pertaining to aqueous tellurium
chemistry at elevated temperatures, although D’yachkova and Khodakovskiy (1968)
have calculated the stability of H,Te, HTe and Tel” as a function of pH and
temperature up to 300°C. The reliability of these calculations is unknown. There are
some data on the aqueous chemistry of reduced tellurium species at 25°C (e.g. Panson,
1963, 1964), but the stability of gold(I) complexes such as Au(Te, 2", Au(TeS)3
Au(Te, )HS* or AuTe} is unknown at any temperature. However, Smith’s (1944)
experiments indicate that gold is soluble in high-temperature aqueous solutions
containing tellurium. He dissolved tellurium and gold in an aqueous sulphide/poly-
sulphide solution at 250°C and precipitated crystals of AuTe, (calaverite).

There is virtually no information on the concentration of tellurium in geothermal
fluids with the exception of the recent data by Goguel (1988). He found (using
ICP-MS) that the concentration of tellurium in fluids of the Broadlands (Ohaaki) and
Wairakei geothermal systems in New Zealand were 50 ng/kg (BR45) and 10 ng/kg
(W116) respectively. These are very low concentrations, suggesting that, at least in an
epithermal ore-depositing fluid such as at Broadlands, tellurium is of little
importance. However, some hydrothermal gold deposits are characterized by an
abundance of gold telluride minerals, implying that higher tellurium concentrations
may occur in some ore-forming fluids.
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Another complex which, in some circumstances, could be of considerable import-
ance in hydrothermal gold transport is the diamminogold(I), Au(NH,)3. It is quite
stable at 25°C (i.e. log B, =26.5; Skibsted and Bjerrum, 1974) but there are no
thermodynamic data available for this species at elevated temperatures. Many
hydrothermal fluids contain appreciable ammonia concentrations. For example, the
deep fluids of the Ngawha and Broadlands (Ohaaki) geothermal systems in New
Zealand contain 0.013 M (178 mg/kg) (NG9 well) and 0.808 x 103 M (11.3 mg/kg)
(BR22 well), of NH; respectively (Barnes and Seward, 1989; Seward, 1989). In order
to calculate the solubility of gold in deep geothermal fluids where gold is assumed to
be present as the simple diammine complex, high temperature thermodynamic data for
the reaction

Au, + 2NH; + H* = Au(NH,)} + V4 Hyy 2.8)

are required. However, equilibrium data for the above reaction are premised on some
knowledge of the stability of Au(NH; )5. It may only be suggested at this point that in
some ore-forming fluids, the Au(NH; )} complex could account for appreciable gold
concentrations. There is a need for experimental data.

Finally, the possible presence of cyanide complexes should be considered. The
dicyanogold(I) complex, Au(CN);, is very stable at 25°C (Table 2.3) but there are no
high-temperature thermodynamic data pertaining to its stability. In addition, there
have been no data published on the concentration of HCN in hydrothermal fluids.
Recently, however, the writer and colleagues have determined the concentration of
HCN in the Broadlands (Ohaaki) geothermal system and found ~ 8 pg/kg in the deep
reservoir fluid (290°C) of BR35 well. Bearing in mind that Au(CN); is approximately
nine orders of magnitude more stable than Au(HS), at 25°C (see Table 2.3), this raises
the possibility of the dicyanogold (I) complex playing some role (as yet unknown) in
hydrothermal gold transport. Thiocyanate (SCN") was not detected in BR35 discharge.

2.4 Gold deposition

It is not the purpose of the chapter to discuss in detail the mechanisms and conditions
of gold deposition from hydrothermal fluids in ore-depositing environments.
Nevertheless, it is instructive to consider several mechanisms of gold deposition in
order to emphasize the importance of gold(I) complex equilibria in determining how
and where gold precipitation occurs. To facilitate such a discussion, let us consider the
chemistry of gold in the high-temperature fluids of the active ore-depositing
geothermal system at Rotokawa, New Zealand (Krupp and Seward, 1987).

Table 2.5 gives the calculated concentrations of two potentially important gold(I)
complexes in the deep fluid of well RK4. A detailed analysis of the major components
of this fluid is given by Krupp and Seward (1987). The concentration of the
dihydrosulphidogold(I) complex, Au(HS), is approximately six orders of magnitude
larger than that of AuCl; , and therefore AuCl; is not considered to play any
significant role in the ore solution chemistry of gold in this hydrothermal fluid. This
result is similar to that obtained by Seward (1989) for the Broadlands geothermal
system. Note that even if the sodium chloride concentration of the Rotokawa fluid was
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~3.0 M (ie. CI'=0.75 M) and assuming the same pH, fy and reduced sulphur
concentration, the calculated concentration of AuCl; (= ~1x 107 ug/kg) is still
small in comparison to Au(HS);.

Table 2.5 Concentrations of gold(I) complexes in Rotokawa well 4 (RK4) deep fluid at 311°C;
pH=58,Cl =2.3x 107 M, HoSag = 6.3x 10> M, HS” =4.2x 10~ M, Py, = 0.47 bar

AuCl; (ug/kg) Au(HS); (ug/kg)
1.6x 1078 ( ~1x1073)* 3.7

*For Cl (free chloride) = 0.75 M or 2 Cl(as Nacl) = 3.0 M.

2.4.1 Boiling

There are a number of fundamental processes (e.g. fluid-rock interaction, boiling,
mixing) which operate in hydrothermal systems and which are important in the

T T I 1 ] T
6| HJS (aq) - oe
™ 1
Joa _
?5 4} y 5
o 2 2
-~ - -1 ~N
P o
' 2} - 0.2
(o] } $ T 1 T
8.0 H,CO3 +HCO3 - o3
B o
°
70+ 0.2 5
o
E (&}
- p
.c*)m
60 0.1 c‘;\‘
T

5.0 300 250 200 180

t/°c

Figure 2.7 Changes in H,S (4q), Hz, ZCO, (as H;CO; + HCO3), and pH (of the residual liquid
phase) when Rotokawa reservoir fluid in RK4 well undergoes adiabatic, closed-system boiling.
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chemical evolution of fluids rising buoyantly through the Earth’s crust. In this
discussion, we will confine our attention to boiling and its effect, not only on the bulk
fluid composition but also, in particular, on the response of the gold(I) complexes
present in the hydrothermal fluid.

An ascending hydrothermal fluid will reach a depth at which boiling and/or phase
separation occurs. The depth at which this takes place depends upon the gas content of
the fluid and commences at the point where the confining hydrostatic pressure
becomes equal to the equilibrium saturated vapour pressure. With further rise to the
surface, progressive boiling will occur and two phase conditions will prevail. The loss
of volatiles during boiling has a major effect on the chemistry of the residual liquid
phase. This is illustrated by Figure 2.7 which shows a few of the important changes
which occur when the deep reservoir fluid of the Rotokawa geothermal system
undergoes boiling. Details of the calculation procedure are given in Giggenbach
(1980), Henley et al. (1984) and Seward (1989). The changes shown in Figure 2.7 as
a consequence of gas partitioning are in response to adiabatic (isoenthalpic),
closed-system boiling. The total CO, (shown as H,CO; + HCOj3) in the residual
liquid falls dramatically and this causes a significant increase in pH. In addition, the
concentration of reduced sulphur decreases and the oxidation potential of the residual
liquid phase is diminished significantly by hydrogen loss. These changes have a major
effect on the stability of various gold complexes and, hence, on gold solubility. We
have demonstrated (Table 2.5) that the dominant gold complex in the Rotokawa (RK4)
reservoir fluid is Au(HS),. How does the solubility of gold change in response to the
changes depicted in Figure 2.7?

The initial gold concentration at 311°C is 3.7 pug/kg. With the onset of adiabatic,
closed-system boiling, the gold solubility will increase (Figure 2.8, curve a), primarily
in response to increasing pH and associated increase in the stability of Au(HS), (refer
to Figure 2.3). The loss of H, (reaction 2.7) will also enhance the gold solubility. Note
that the actual gold concentration of the residual liquid will not actually increase along
curve a because there would be a lack of available gold in the immediate environment
to maintain equilibrium. The residual liquid would be merely undersaturated and
could not precipitate gold. The ‘real’ gold concentration would, of course, increase
along curve c as a result of steam loss. Further adiabatic, single-step boiling
eventually leads to a decrease in gold solubility as the loss of reduced sulphur (ligand)
overrides the increasing pH as the dominant effect on gold solubility. With continued
boiling, gold precipitation would commence at 250°C where curves a and ¢ intersect.
Boiling over the temperature interval from 250 to 180°C would precipitate much of
the gold. Curve b represents the decrease in gold solubility as a result of conductive
cooling. Conductive cooling is not considered to play any significant role in ore
formation but is shown here for comparison. The same amount of gold would be
deposited by conductive cooling from 311 to 180°C, but it would be precipitated over
the permeability path through which the fluid migrated. This might give rise to a
geochemical anomaly but not an ore deposit.

It is also important to emphasize at this point that reference to reaction (2.7) alone
in order to try to understand the mechanisms of hydrothermal gold deposition is
insufficient. One must consider the chemistry of the bulk, multicomponent fluid in
order to gain a detailed insight. For example, the change in pH on boiling of Rotokawa
fluid (and most other hydrothermal ore fluids) arises predominantly from CO, loss. Of
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Figure 2.8 The effect of boiling on the solubility of gold (as Au(HS),) in Rotokawa deep
fluid; curve a refers to adiabatic closed-system boiling; curve b refers to conductive cooling;
curve c represents the increase in initial gold concentration due to steam loss. The dashed lines

departing from points 1,2,3 and 4 (305, 300, 280 and 270°C) represent open-system boiling
following adiabatic, closed-system boiling to that point.
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course, the loss of H,S will make a small contribution to the increase in pH but this is
a minor effect in comparison to the actual decrease in concentration of the complexing
ligand which eventually leads to gold precipitation.

Thus far, we have considered only closed-system boiling. However, we know that
in active hydrothermal systems, open-system boiling occurs intermittently. A gas-rich
steam phase may rise separately to the surface to be ‘trapped’ by near-surface,
oxygenated water. This gives rise to steam-heated, low chloride, bicarbonate/sulphate
waters of low pH which may cause extensive advanced argillic alteration, a common
phenomenon in most hydrothermal systems.

Figure 2.8 also illustrates the effect of multistep, open-system boiling on the
solubility of gold. If the deep fluid is boiled adiabatically (closed system) to 305°C
(point 1) and then the volatile phase (gases + steam) is continually removed as further
boiling proceeds, most of the gold will be precipitated over a small temperature
interval of ~20°C. Other examples (points 2, 3 and 4) are also shown and in all cases
the effect is to quite dramatically precipitate gold over a relatively small temperature
interval, thus providing a potent mechanism for the localized deposition of gold (i.e.
ore deposition) which is even more effective than simple closed-system, adiabatic
boiling (curve a).

Even though the AuCl; complex is a minor contributor to the total gold
concentration of hydrothermal fluid at Rotokawa, it is nevertheless instructive to
consider.the effect of boiling on this species. Closed-system, adiabatic boiling leads to
immediate deposition of gold which is present as AuCl; (Figure 2.9).
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Figure 2.9 The effect of closed-system, adiabatic boiling on gold solubility when gold is
present as AuCl; in Rotokawa fluid; 1 pg = 10712 g.
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These examples demonstrate the importance of gold complex equilibria in
determining not only the nature of transport but also the importance of knowing which
complex (or complexes) has been dominant in a particular hydrothermal ore fluid. The
extent and location of gold deposition will be dependent upon the interrelation
between the hydrothermal system hydrology and permeability and relevant gold
complex equilibria. In the case of Au(HS); (or AuHS® ), any processes which decrease
the activity of reduced sulphur in the hydrothermal ore solution will ultimately lead to
gold precipitation. These include sulphide mineral deposition, boiling, mixing, and
oxidation but only boiling has been considered in this discussion. Boiling may also
lead to precipitation of base metal sulphides, which enhances the removal of reduced
sulphur from the ore fluid. In addition, mixing of deep fluids with oxygenated
meteoric waters in the upper parts of hydrothermal systems may cause oxidation of
H,S and HS™ to sulphur and sulphate, thus diminishing the activity of reduced sulphur.
It is worth remembering, however, that the formation of intermediate oxidation state
species (e.g. S,8* and S,0% ), which can form stable complexes with gold, could
facilitate gold transport to the surface environment such as at Rotokawa (Krupp and
Seward, 1987) despite the disappearance of hydrosulphido complexes.
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Figure 2.10 The percent adsorption of hydrosulphido-complexed gold(I) at 90°C by colloidal
arsenic (+) and antimony sulphide m (from Renders and Seward, 1989b).
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2.4.2 Precipitation on colloid and mineral surfaces

One aspect of gold deposition which has received little attention is the role of surface
chemistry in the co-precipitation of gold with sulphide minerals in ore-depositing
environments. Bancroft and co-workers (Bancroft and Jean, 1982; Jean and Bancroft,
1985; Hyland and Bancroft, 1989) have studied the precipitation of gold on sulphide
mineral surfaces (pyrite, galena, sphalerite) using X-ray photoelectron spectroscopy
(XPS) and Starling et al. (1989) have emphasized the potential importance of gold
precipitation on pyrite surfaces under hydrothermal conditions. In addition, Renders
and Seward (1989b) have recently studied the adsorption of gold on to colloidal As,S;
and Sb,S; up to 90°C (Figure 2.10). They demonstrated that gold (as AuHS?) can be
quantitatively removed from solution by arsenic and antimony sulphide colloids
within a specific range of pH. Colloidal arsenic and antimony sulphides may form at
higher temperatures (e.g. 200°C). If a sulphide colloid forms in a hydrothermal ore-
depositing environment, it may eventually crystallize to give an ordered compound.
However, the important point is that if the initial sulphide precursor is a colloid
(despite eventual crystallization), then scavenging on to the charged surface of a
colloid could play an important role in the deposition of gold from solution.
Precipitation on to mineral surfaces such as pyrite at elevated temperatures could also
be important. There is a great need for experimental studies in this field.

2.5 Summary

We have some insight into the coordination chemistry of gold(I) under hydrothermal
conditions but the quality and extent of thermodynamic data pertaining to Au(l)
complexes at elevated temperatures and pressures is still very inadequate. A major
barrier to our further understanding of the formation of hydrothermal gold deposits is,
in fact, the current lack of experimentally based thermodynamic data.

Gold(I) hydrosulphido complexes play a fundamental role in the formation of the
majority of hydrothermal gold deposits. However, depending upon the composition,
temperature and pressure of the ore-forming fluid, complexes with other ligands such
as chloride may also contribute to, or in some cases comprise, the total gold in
solution. Unfortunately, the necessary data required to model the various different
transport and deposition mechanisms are still unavailable. Experimental data on the
stability of gold(I) complexes in low dielectric fluids in the system CO,—CH,~H,0 at
high temperatures and pressure are also required. In addition, further knowledge of
the chemistry of transport and deposition of other elements frequently associated with
hydrothermal gold (e.g. As, Sb, Ag, Hg, Tl, Te) would appreciably enhance our
cognizance of the processes involved.

Although it has seldom been considered an important effect in hydrothermal
ore-depositing environments, surface chemistry may also be a significant factor in the
deposition of gold. Sulphide colloids may act as extremely efficient scavengers of
gold and provide an additional potent mechanism for concentrating gold. Even if a
hydrothermally precipitated sulphide colloid undergoes recrystallization shortly after
having formed, if the initial sulphide precursor was a colloid, then gold adsorption on
to the charged surface could be important. In this situation, the localization of gold is
not only a function of the sulphide colloid surface chemistry but also of the conditions
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under which a particular metal sulphide colloid (or colloids) precipitates. The
adsorption and subsequent reduction of gold complexes on mineral surfaces such as
pyrite may also be important. Such adsorption effects in general may be of major
importance in the deposition of gold in seafloor polymetallic sulphides such as those
described by Hannington ez al. (1986) as well as in volcanogenic massive sulphides.
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3 Archaean lode gold deposits
D.I. GROVES and R.P. FOSTER

3.1 Introduction

3.1.1 Global distribution and economic significance

Lode gold deposits are one of the most characteristic features of Archaean greenstone
belts within granitoid-greenstone terranes, with major deposits situated in most major
cratonic areas (e.g. Australia, Brazil, Canada, India, South Africa, Zimbabwe: Foster,
1984; Macdonald, 1986; Ho and Groves, 1987). Even relatively small cratons
typically contain some Archaean gold deposits (e.g. Tanzania; van Straaten, 1984),
and the Archaean belts of China contain major gold deposits, although they are most
likely of Mesozoic, not Archaean, age (e.g. Sang and Ho, 1987). Only the major
cratons of Finland and the USSR (e.g. Baltic, Ukrainian and Siberian Shields) are
virtually devoid of significant Archaean gold mineralization.

The widespread distribution of Archaean lode gold mineralization is reflected in its
high contribution to total world gold production (Woodall, 1988). The Superior
Province of the Canadian Shield, alone, has produced more than 4500 t (tonnes) (50
million oz) of gold (e.g. Colvine et al., 1988), and other major producers include
Western Australia (> 2350 t; Groves and Ho, in press), Zimbabwe (> 2200 t; Foster,
1989) Brazil (1890 t) and India (850t; data for Brazil and India from Milling-Stanley
and Green, 1986; Bache, 1987; Milling-Stanley, 1988). Woodall (1988) has
emphasized that there were two major periods of lode gold mineralization (i.e.
excluding the giant Witwatersrand and modern placers), namely the late Archaean
mesothermal deposits and the Mesozoic to Quarternary mesothermal to porphyry-
related and epithermal deposits (Figure 3.1). Thus, the Archaean lode gold deposits
described here are an extremely important group.

3.1.2 Genetic concepts

The genesis of the Archaean lode gold deposits has been the subject of considerable
controversy. Prior to the 1960s, most authors discussing the deposits emphasized their
structural control and favoured an epigenetic hydrothermal model with granitic
intrusions providing the heat source and/or fluid source for fluid circulation: see
Boyle (1979) for summary. In the 1960s there was successful application of
syngenetic interpretations to a variety of ore-deposit types, including the often
structurally complex volcanogenic massive sulphide deposits previously interpreted
to be replacement deposits (see, for example, Sangster and Scott, 1976). This led to
the common belief that Archaean gold deposits hosted by metasedimentary rocks (e.g.
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Figure 3.1 Somewhat schematic (due to uncertainties in both production data and age of
mineralization) distribution of gold mineralization with time. (adapted from Woodall, 1988.)

oxide facies BIF) were synsedimentary or volcanogenic, with or without subsequent
local redistribution of gold (e.g. Anhaeusser, 1976; Hutchinson, 1976), or that
synvolcanic or synsedimentary gold concentrations acted as gold-enriched source
beds during subsequent 'remobilization’ events (e.g. Fripp, 1976a,b; Boyle, 1979).
There were proponents of epigenetic hydrothermal models at this time (e.g. Kerrich
and Fryer, 1979, 1981), but it was not until the mid-1980s that the importance of such
models was generally re-established (e.g. Phillips and Groves, 1983; Foster, 1984;
Colvine et al., 1984; Macdonald, 1986; Ho and Groves, 1987). However, while
epigenetic models are currently in vogue there are major controversies concerning the
source of ore fluids and ore components, with metamorphic (upper or lower crust),
magmatic (granitic, felsic porphyry or lamprophyre intrusions) and mantle sources all
being invoked (see Groves et al., 1988b for summary). There is also considerable
discussion on the precise tectonic setting of gold mineralization. These matters are
discussed in more detail below.

3.2 Nature of deposits

3.2.1 Introduction

The major features of Archaean lode gold deposits are described below, and are
summarized in Tables 3.1 and 3.2 with emphasis on the larger deposits.
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3.2.2 Size and grade

Highly mineralized greenstone belts within a major Archaean province character-
istically contain several hundred to several thousand individual gold deposits or
prospects. The majority of these have production * reserves of less than 1t Au, but
there are commonly several large deposits, often with one or more giant gold districts
or camps, in any terrane. For example, in the Superior Province of Canada, there are
25 deposits that contain more than 45t Au and the Timmins (Porcupine) district has
contributed more than 1530 t Au (Colvine et al., 1988). Similarly, in the Yilgarn Block
of Western Australia, there are 14 deposits that have produced more than 20 t Au, 25
with current reserves of greater than 10t Au, with the Golden Mile at Kalgoorlie
having produced about 1150 t Au with further reserves of more than 120 t Au (Groves
and Ho, in press). Even the relatively small craton in Zimbabwe hosts two deposits
that have yielded in excess of 100t Au and a further 26 deposits that have produced
more than 10t Au. A marked concentration of small and medium sized deposits
(0.1-10t Au) is particularly evident around the Globe and Phoenix deposit
(production = 120 t Au) in the central part of Zimbabwe (Foster et al., 1986).

The grade of the deposits, as mined, varies widely both historically, from a single
mine or group of mines, and between mines in current operation. For example, the
average grade of the Archaean lode gold deposits in the Yilgarn Block has fallen from
in excess of 40 g/t Au in the 1890s to less than 5 in 1988 (Groves and Ho, in press),
and in Zimbabwe fell from more than 220 g/t in 1890 to 5-6 g/t in the 1980s (Foster,
1982): similar trends are evident from other cratons. Most deposits currently exploited
by underground mining have mining grades in the range 4 to 8 g/t, but many small
deposits and a few large deposits (e.g. Teck-Corona at Hemlo; Burk ef al., 1986) have
grades of 10-15g/t. Of particular current interest have been the advances in
technology which have allowed open-pit mining of weathered ore zones with grades
typically below 5 g/t (cut-off grades below 0.5 g/t), in the Yilgarn Block of Western
Australia. The largest of these deposits, Boddington (total resource 80t Au), sees
current mining in a lateritic profile at grades between 1.5 and 2 g/t (Symons et al.,
1988). In Zimbabwe, the Royal Family Mine (10 000t of ore per month) is profitably
recovering gold from oxidized ore containing an average of only 1.2 g/t (Graham et
al., 1987).

3.2.3 Structural styles

Structure is the single most important factor controlling the distribution of gold
deposits and the form (geometry) of gold ore shoots. On the regional scale, major gold
deposits are commonly sited adjacent to transcraton shear zones (Figures 3.2, 3.3) and
on the district scale they are usually sited in shorter strike-length, geometrically
related, smaller scale structures. These structures hosting the gold deposits appear to
largely reflect the movement on the transcraton shear zones, with different structural
styles of mineralization resulting from variations in the orientation of the regional
stress field and the strength of the host rocks (or contrasts in strength between-adjacent
host rocks).

Thus, gold mineralization may occur in cross-cutting or layer- parallel shear zones,
strike-extensive laminated quartz veins (more rarely saddle reefs), extensional
quartz-vein arrays and/or breccias. The variety of structural styles of mineralization is
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Figure 3.2 Generalized geological map .of the Yilgarn Block, Western Australia, showing
association of major gold deposits (> 10t Au) with transcraton deformation zones. Similar
associations are shown in Canada (see figures in Colvine ez al., 1984, 1988, and Hodgson,
1986) and Southern Africa (see summary figures in Vearncombe et al., 1988).

shown schematically in Figure 3.4, with individual examples shown in Figure 3.5.
Depending on the scale of controlling zones and homogeneity and thickness of host
rocks, an individual mine may be dominated by one deposit style or may contain
mineralization of several styles. The importance of strength (competency) contrasts is
shown by the occurrence of abundant mineralization in shear zones along lithological
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Figure 3.4 Schematic representation of the nature of Archaean gold mineralization showing
variable structural styles, host rocks and metamorphic setting. The deposit settings are based
largely on Western Australian examples, but are applicable to deposits from other cratons.
(From Groves et al., 1988b.)

contacts and the common restriction of discordant vein-style mineralization to
specific lithologies (e.g. dolerite sills, felsic porphyry intrusions). Thus, many
orebodies have a grossly ’stratabound’ appearance, contributing to the epigenetic vs.
syngenetic controversy concerning the deposits. This is well demonstrated by the
highly mineralized Kalgoorlie district of the Yilgarn Block, Western Australia
(Figure 3.6), where three styles of mineralization are evident: shear-zone-hosted gold
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(a)

(b)

Figure 3.5 Photographs illustrating a variety of structural styles exhibited by Archaean lode
gold deposts. (a) Small-scale mineralized shear zone; Perseverance Mine, Kalgoorlie,
Australia. (b) Quartz vein arrays in fuchsitic carbonate rock; 12 level, Phoenix section, Globe
and Phoenix Mine, Zimbabwe. (c) Quartz veins and sulphidation haloes in Kapai Slate; Victory
Mine, Kambalda, Australia. (d) Quartz-cemented breccia; 21 level, Bulawayo section,
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(@)

(e)

Commoner Mine, Zimbabwe. (e) Telluride and gold mineralization in fractures in massive
quartz (middle) and lower quartz breccia. Black matter is carbonaceous schist; 21 level,
Commoner Mine, Zimbabwe. (f) Quartz vein with lower laminated section, central massive
quartz, and upper re-cemented quartz breccia; 4 level, Sunace Mine, Zimbabwe.
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deposits (Golden Mile) are best developed within the Golden Mile Dolerite, a
differentiated tholeiitic dolerite sill; quartz-vein arrays at Mt. Charlotte are virtually
restricted to the granophyric Unit 8 of the Golden Mile Dolerite; and high-grade
gold-telluride breccias are most commonly developed at or adjacent to the contact
between the Golden Mile Dolerite and Paringa Basalt. In the special case where
banded iron formations (BIFs) or other Fe-rich metasedimentary rocks are hosts to
gold mineralization, the ores may be even grossly stratiform in places due to selective
sulphidation of Fe-rich layers (e.g. Phillips et al., 1984; Fuchter and Hodgson, 1986;
Gilligan and Foster, 1987).

A variety of structures are mineralized, with strike-, oblique-, reverse-, and
normal-slip shear zones all recorded as controlling gold deposits (e.g. Vearncombe et
al., 1988). Steep reverse shear zones may be particularly important ore-controlling
structures (see Sibson et al., 1988). In many cases, the ore shoots have a marked
plunge subparallel to mineral-elongation lineations in the host rocks, suggesting a
fundamental structural link between stretching and the development of conduits which
focused fluid-flow. In other deposits, the ore shoots plunge parallel to the intersections
between shear zones and other planar structures (e.g. lithological contacts, other
faults).

Most structures that control gold mineralization show features typical of
brittle-ductile deformation, but there is a complete spectrum from control by ductile
shear zones to brittle faults and fracture zones. Colvine et al. (1988) have proposed
that there is a broad depth zonation of structures controlling gold mineralization, with
ductile structures dominating in amphibolite facies domains whereas brittle structures
are prevalent in sub-greenschist facies domains. This may have validity as a
generalization, but there are numerous examples where ductile and brittle structures
occur in the same district (e.g. Golden Mile, Kalgoorlie) at the same metamorphic
grade. In these cases, strength contrasts between lithologies and changes in strain rate
may be as important as the P-T conditions of the rocks at the time of deformation and
mineralization. In addition, it is to be expected that physico-chemical conditions will
vary during mineralization due to the progressive evolution of the controlling shear
zones and faults and the likely uplift associated with reverse and oblique-slip
deformation zones (e.g. Sibson et al., 1988).

3.2.4 Host rocks

On a world and craton scale, all lithologies in Archaean greenstone belts may be
mineralized, and at the mine scale several different rock-types may host economic
gold mineralization. There are two ways in which the relative importance of specific
lithologies as host rocks to mineralization have been viewed.

First, the contribution to total gold production from deposits in particular host rocks
can be simply assessed (Figure 3.7). This approach shows that mafic volcanic and
intrusive rocks are by far the most important host rocks in several regions (e.g.
Yilgarn Block, Groves and Phillips, 1987; Zimbabwe Craton, Foster, 1985; India,
Hamilton and Hodgson, 1986), and are the dominant, or one of two dominant, host
rocks in several others (e.g. Canadian Shield, Colvine et al., 1988; Brazil, Thomson,
1986). In the Yilgarn Block, in particular, not only are mafic rocks the dominant hosts
but they also contain most of the larger gold deposits, with several authors (see
summary in Groves and Phillips, 1987) stressing the importance of their competent
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nature and their high Fe : (Fe+Mg) ratios; the significance of the latter is described
below.

An alternative approach is to assess the contribution from particular host rocks in
terms of their relative abundance in the mineralized greenstone belts (e.g. Colvine et
al., 1988). In this case, the only rock-type which is consistently more important as a
host to gold deposits relative to its overall abundance is BIF where it is present (e.g.
Foster, 1985; Groves and Phillips, 1987; Colvine et al., 1988). It is noticeable that,
like the mafic host rocks, BIF is Fe-rich and has markedly different strength to
surrounding lithologies. In the Abitibi Belt, the late felsic plutons that intrude the
greenstone belts are the most selectively mineralized lithology (Colvine et al., 1988),
but there are few large deposits in such rocks in other areas (e.g. Western Australia and
southern Africa). Although granitoid batholiths are the dominant component of most
granitoid-greenstone terranes, they are relatively poorly mineralized (Figure 3.7).

v | Mafic volcanics and sills

/X231 Ultramafic volcanics and sills

E BIF and chert

° 2°| Clastic metasediments

Felsic volcanics

[ZI Felsic porphyries and alkaline rocks

Undifferentiated granitoids

D Undifferentiated schists

Figure 3.7 Host rocks to lode gold deposits in: (A) the Yilgarn Block, Western Australia, (B)
the Abitibi Belt, Canada, and (C) Zimbabwe. (Source of data: Groves and Ho (in press),
Colvine et al: (1988), Roberts et al. (in press).
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3.2.5 Mineralization and wallrock alteration

Although free gold occurs in rich quartz-vein lodes, much gold mineralization is an
integral part of wallrock alteration, and, even in the veins, minerals characteristic of
the alteration may be present.

The ore mineralogy is generally rather simple with free gold and/or gold sited in
pyrite * pyrrhotite + arsenopyrite, with a heterogeneous distribution of accessory
scheelite, tellurides, stibnite, galena, sphalerite, chalcopyrite, magnetite, haematite
and anhydrite: all may be locally abundant in specific ore shoots. Rarely, the gold
deposits contain more complex assemblages of sulphides, sulpharsenides and
sulphosalts (e.g. Hemlo; Harris, 1986). Multiple phases of mineralization are
common, although these probably represent a fluid continuum within an evolving
brittle-ductile shear zone rather than temporally discrete pulses of hydrothermal
activity.

Wallrock alteration normally involves massive introduction of CO,, K,O, S and
H,0, with either introduction or redistribution of SiO, and more localized
introduction of Na,O; Rb, Li and Ba are also commonly enriched. There is a
distinctive suite of immobile elements (e.g. Al, Ti, V, Y, Zr) and relatively immobile
elements (Fe, Mg, Cr, Ni, Sc), and there is commonly a volume increase in
mineralized zones. The mineralogical expression of this metasomatism varies both
with host rock lithology and metamorphic grade: see summary in Colvine et al. (1988)
and Table 3.3.

At sub-amphibolite facies grades in most host rocks, there is commonly a wide zone
of pervasive carbonate alteration with a central core of ankerite, ferroan dolomite or
dolomite (less commonly magnesite) grading out into outer fringes rich in calcite,
commonly with associated chlorite. In the strongly mineralized zone, there are
normally K-micas, biotite, sericite (less commonly V- or Cr-bearing micas), but these
may be absent in Al-poor rocks such as BIF. In addition, albite and less commonly
K-feldspar may be present in volcanic or intrusive host rocks in specific deposits.
Quartz veining and silicification are variably developed, and tourmaline may be
locally abundant. High fluid/rock ratios are indicated by the intensity of alteration
(e.g. Phillips, 1986).

In amphibolite facies domains, higher grade metamorphic minerals such as
chloritoid, staurolite, cordierite, garnet, andalusite, sillimanite, kyanite and
diopside-hedenbergite, together with a variety of amphiboles, may be present (e.g.
Mathieson and Hodgson, 1984; Phillips, 1985; Colvine et al., 1988). There may also
be alteration minerals more typical of sub-amphibolite domains (e.g. Harris, 1986;
Tabeart, 1987) (Table 3.2), almost certainly as a result of retrogression of higher grade
alteration minerals. Mueller (1988) has suggested that some calc-silicate alteration
assemblages from amphibolite facies domains in the Southemn Cross Province of
Western Australia are similar to those of Phanerozoic skarn deposits.

The timing of wallrock alteration relative to peak metamorphism is highly
controversial in amphibolite facies domains (e.g. Phillips, 1985; Phillips and De
Nooy, 1988; Burk et al., 1986; Kuhns et al., 1986). However, in greenschist facies
settings, several careful studies (e.g. Phillips and Groves, 1984; Clark et al., 1986;
Skwarnecki, 1987) have shown that alteration minerals overprint peak- metamorphic
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assemblages and hence that wallrock alteration post-dated peak metamorphism.
Despite this, the overall complementary variation shown by alteration assemblages
and metamorphic grade, together with the common occurrence of biotite in upper
greenschist facies domains compared to sericite in lower greenschist facies domains,
suggests that wallrock alteration and gold mineralization occurred broadly within a
regional tectono-metamorphic event.

3.2.6 Metal associations

Archaean gold deposits are commonly termed ‘gold-only’ deposits (e.g. Hodgson and
MacGeehan, 1982) because of the extreme enrichment of Au relative to other metallic
elements (e.g. Cu, Pb, Zn, Ag) that commonly accompany Au in other deposit-types
(e.g. porphyry Cu-Au, epithermal deposits, Au-rich VMS deposits). The Archaean
gold deposits show a characteristic association of Au with As, W, Ag, Sb, Te and B,
with generally low base-metal and Mo contents (e.g. Kerrich, 1983; Phillips and
Groves, 1983): Figure 3.8 shows the contrast between metal enrichments in some
large Archaean gold deposits and volcanogenic massive sulphide deposits. Gold/silver
ratios are usually around 10 : 1. Some deposits, however, may be considerably
enriched in one or more of Sb, Cu, Pb, Mo and Ag.

Big Bell Kalgoorlie Hollinger Massive
sulphide
Au
10 T ~
3 Au Cu Zn
10+ Ag Pb
(1Al
102 4
1
10
1 £
-1
10

Figure 3.8 Comparison between enrichment factors (above Clarke values) for precious and
base-metals in Archaean gold and volcanogenic massive sulphide deposits. (From Groves and
Barley, 1988.)
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3.3 Regional distribution

3.3.1 Heterogeneous distribution

Gold deposits are heterogeneously distributed within greenstone belts, with some
large terranes being almost devoid of economic deposits whereas others contain
numerous large deposits. Foster (1985) and Groves et al. (1987) presented data on the
productivity of various greenstone terranes in terms of kg Au per km? greenstone. On
this basis, the Zimbabwe greenstone belts are the most productive (59 kg/km2 ),
perhaps partly due to extensive precolonization mining of low. grade gold deposits,
followed by the areally restricted Barberton belt (50 kg/km?), the Abitibi Belt
(43 kg/km?) and the Yilgarn Block (25 kg/km?) including the Norseman-Wiluna Belt
(35 kg/km?).

Where there are sufficiently large granitoid-greenstone terranes for mineralization
patterns to be significant (e.g. Canadian and ‘Western Australian Shields), the most
highly mineralized greenstone terranes, that also contain the giant (> 500 t Au)
deposits, are those dominated by late-Archaean (ca. 2.7 Ga) greenstones forming
broadly linear belts that are typified by anastomosing crustal-scale deformation zones.
The best documented examples are the Abitibi Belt of Superior Province (e.g. Colvine
et al., 1988) and the Norseman- Wiluna Belt of the Yilgarn Block (e.g. Groves et al.,
1988). Foster (1985) has noted that ca. 2.7 Ga greenstone belts of the highly
productive Zimbabwe Craton are also the most highly mineralized, although they do
not show the same degree of linearity as their Canadian and Western Australian
counterparts. In the Superior Province, Yilgarn Block and Zimbabwe Craton, 3.0-2.9
Ga greenstone belts may be highly mineralized within specific areas and contain large
gold deposits (e.g. Red Lake, Canada; Mount Magnet-Meekatharra, Western
Australia), although available evidence suggests that late tectonism, peak
metamorphism and mineralization all post-dated this ca. 3.0 Ga greenstone belt
volcanism by > 200 Ma.

The Pilbara Block, Western Australia, is a particularly poorly mineralized terrane. It
is typified by ovoid granitoid batholiths and stellate 3.5-3.35 Ga greenstone belts with
sparse, widely spaced crustal-scale shear zones (Krapez and Barley, 1987); the
structural pattern appears to be similar to that of some of the less well mineralized
provinces in the west and north-west of the Superior Province. Age need not, however,
be a significant factor, because part of the 3.5-3.3 Ga greenstone terrane of the
Barberton Mountain Land is anomalously mineralized where there is a high
fault/shear-zone density (e.g. Anhaeusser, 1976).

3.3.2 Structural setting

As discussed above, the most obvious regional control on the distribution of Archaean
gold deposits is structure. Gold mineralization is clearly better developed in
greenstone terranes dominated by anastomosing sets of crustal-scale deformation
(shear) zones, and within these terranes major gold deposits show a close spatial
correlation with these shear zones, commonly resulting in broadly linear arrays of
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major gold deposits or even gold camps (Figure 3.2). Gold deposits are effectively
located in and adjacent to high-strain zones within otherwise generally low-strain
greenstone successions.

The best documented examples of such relationships are from the Abitibi Belt and
the Norseman-Wiluna Belt. In the Abitibi Belt, large gold deposits occur adjacent to
crustal-scale deformation zones (or ‘breaks’), which are interpreted to have controlled
late-Archaean sedimentation (‘Timiskaming-type’) and the emplacement of syn-'to
late-tectonic, intermediate to felsic, silica-saturated and alkaline (including
lamprophyres) dykes and stocks (e.g. Colvine et al., 1988). Similarly, in the
Norseman-Wiluna Belt, gold deposits occur near crustal-scale, strike- to oblique-slip
shear zones that may in part be reactivated synvolcanic faults (Groves and Batt, 1984)
and which are also sites for the emplacement of suites of lamprophyric to felsic
porphyry intrusions (e.g. Groves et al., 1988a,b; Perring et al., 1988). At the present,
there are generally insufficient data on the relative timing of major shear zones and
their kinematic history to confidently predict craton-scale stress fields at the time of
deformation, although local stress fields may be well defined (e.g. Vearncombe et al.,
1988). Colvine et al. (1988) suggested NNW-directed compression in the Superior
Province could have produced the observed major shear zones, but such
interpretations are probably oversimplistic in terms of the variable age of gold
mineralization in different terranes of the Province and in view of evidence for more
than one movement vector on such major shear zones where well studied in Western
Australia (e.g. Mueller et al., 1988; Vearncombe et al., 1988) and Zimbabwe (Carter,
1988).

As discussed above, most of the gold deposits do not actually occur in the
crustal-scale shear zones but in subsidiary structures that are geometrically related to
them (Figures 3.2, 3.3). The significance of the relationships is discussed below.

3.3.3 Metamorphic setting

Gold deposits occur in a variety of settings from sub-greenschist to middle-
amphibolite facies. Although some major deposits occur in mid- to upper- amphibolite
facies domains (e.g. Hemlo; Big Bell; Kolar), most of the gold production has come
from middle- to upper-greenschist facies domains which also contain the giant
deposits such as Timmins (Porcupine) and the Golden Mile (Kalgoorlie). This
metamorphic P-T regime corresponds broadly to the brittle—ductile transition between
higher P-T domains in which ductile mechanisms dominate and lower P-T domains
where brittle behaviour is more common (e.g. Sibson, 1987).

3.3.4 Spatial relationship to intrusive rocks

Although some gold deposits occur within or adjacent to the contact of regional
granitoid batholiths (e.g. Zimbabwe; Foster, 1985), most attention has been given to
the spatial association between relatively minor intrusions of intermediate to felsic
porphyries and lamprophyres and Archaean gold mineralization.

This association is most pronounced in the Superior Province where intrusions
spatially associated with gold deposits range from quartz-bearing types such as
granodiorites and monzonite (e.g. Hollinger-Mclntyre; Burrows and Spooner, 1986)
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to silica-undersaturated types such as syenite (e.g. Macassa; Kerrich and Watson,
1984), monzonite (Canadian Arrow; Cherry, 1983) and lamprophyre (e.g.
Hollinger-Mclntyre; Burrows and Spooner, 1988): the last are abundant in gold camps
(Boyle, 1979). Hodgson and Troop (1988) showed that over 70% of gold deposits
hosted by other lithologies still have small felsic to mafic porphyritic intrusions in the
mine environment. Further, Colvine et al. (1988) estimated that felsic intrusions host
gold deposits that constitute about 25% of total gold production from the Abitibi Belt
whereas they represent less than 4% of the belt as a whole. There are also some
specific associations between ore minerals such as molybdenite, scheelite, galena,
tellurides and tourmaline and particular types of porphyritic intrusion (Hodgson and
Troop, 1988). Such specific associations have led to suggestions of a magmatic source
for the gold deposits (e.g. Burrows and Spooner, 1985; Burrows et al., 1986; Hodgson
and Troop, 1988).

The situation is much less clear in other cratons where such minor intrusions may be
absent or rare in the mine environment (e.g. southern Africa). There is certainly a
broad association between major shear zones, porphyritic intrusions and gold deposits
in the Yilgarn Block, although there are no major deposits hosted in the porphyritic
rocks. Importantly, the lamprophyres may have high gold contents (e.g. Rock and
Groves, 1988a,b), whereas the intermediate to felsic porphyries are rarely enriched in
gold. In Zimbabwe, there is a close spatial association between gold mineralization
and intrusive stocks ranging in composition from trondhjemitic through tonalitic to
granodiorite (Mann, 1984; Foster and Wilson, 1984), although again they do not host
any major deposits. Quartz- and plagioclase-phyric felsic rocks occur in many
deposits as narrow (0.5-5 m) sills and dykes and often form either the hanging wall or
footwall of the lode (Maufe, 1913; Foster et al., 1986). Lamprophyric rocks are rare
but lamprophyre dykes have been reported from the Phoenix and Gaika Mines in the
Kwekwe area (Macgregor, 1932).

Clearly the spatial association between a variety of minor intrusions and gold
mineralization has to be accommodated in any genetic model for the gold deposits.

3.3.5 Timing of mineralization

In most cratons, the timing of mineralization can only be determined relative to
deformational, metamorphic and intrusive events, for which there are no precise
absolute ages. In any one terrane, gold mineralization appears to broadly represent a
single event related to late-deformation accompanying or outlasting peak
metamorphism and post-dating the intrusion of most granitoids, felsic porphyries and
lamprophyres. Lead model ages on gold-related sulphides are consistent with a
broadly synchronous gold mineralization event late in the evolution of any one terrane
(e.g. Browning et al., 1987), but are too imprecise and model-dependent to accurately
define the age of mineralization.

Precise U-Pb in zircon geochronology has been used to constrain the age of
Archaean gold mineralization through dating of intrusive rocks that are both cut by
and cut the gold mineralization in the Canadian Shield (summarized by Colvine et al.,
1988). These studies confirm the late timing of the mineralization, and importantly
suggest that it significantly post-dated (10-15 Ma; Marmont and Corfu, 1988) the
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abundant felsic intrusions that are selectively mineralized in the belt. Available data
suggest that gold mineralization was broadly contemporaneous with the emplacement
of late alkaline intrusions that include syenites and lamprophyres. Attempts to directly
date mineralization by “’Ar/*°Ar dating of micas or U-Pb in rutile and monazite
studies in the Canadian Shield provide young ages the significance of which is not
entirely clear. The one attempt to date mineralization in the Yilgarn Block by U-Pb in
rutile studies (Clark er al., 1988) provided an age that is ca. >30 Ma later than the
metamorphic peak and 30 Ma older than minor porphyritic intrusions. As in the
Superior Province, lamprophyres are closest in timing to gold mineralization as they
are both cut by and cut mineralized structures (Rock et al., 1988).

A major late gold event in Zimbabwe is indicated by the occurrence of lodes in basic
volcanics of the late Archaean Upper Greenstones which have been bracketed at
approximately 2.7 Ga (Wilson et al., 1978; Wilson, 1979).

3.3.6 Peak mineralization age

As discussed briefly above, the most highly mineralized terranes in any craton are
normally the ca. 2.7 Ga greenstone belts. Available data suggest that the late-Archaean
(2.65 £ 0.5 Ga), the time of final stabilization of several of the ancient cratons, was a
period of intense gold mineralization exceeded only by post-Mesozoic gold
deposition (Woodall, 1988). This observation needs to be addressed in any genetic
models.

3.4 Constraints on genetic models

3.4.1 Introduction

Those parameters that constrain genetic models are discussed below and relevant data
are summarized in Table 3.4.

3.4.2 Nature of ore fluids

The nature of the ore fluids has been deduced from fluid inclusion studies of quartz
veins interpreted to be synchronous with, or slightly post-dating, the main stage of
gold mineralization (e.g. Ho et al., 1985; Ho, 1987; Smith et al., 1984; Robert and
Kelly, 1987). These studies imply that similar ore fluids were responsible for
Archaean gold mineralization in greenschist facies domains in different cratons.

The fluid was a H,O — CO, fluid, normally with 10-25 mole% CO,, low salinity
(typically < 2 wt.% NaCl equivalent), and moderate density (0.9 g/cm®). The fluid
was near-neutral to slightly alkaline and normally reducing, although oxidized fluids
have been recorded (e.g. Phillips et al., 1986; Cameron and Hattori, 1987). Minimum
gold depositional conditions were 200-400°C (normally 250-350°C) and 0.5-4.5 kb
(normally 1-3 kb). There is no evidence for systematic temperature gradients in any of
the deposits. Significant methane is present in fluids where they interacted with
carbonaceous sedimentary rocks (Ho, 1987). Variable degrees of phase separation are



84 GOLD METALLOGENY AND EXPLORATION

recorded (e.g. Ho, 1987), but it is only rarely that saline aqueous fluids are
recognized; for example, up to 11 wt.% NaCl equivalent at the Dalny Mine,
Zimbabwe (Carter, 1988), and up to 34 wt.% NaCl equivalent in the Sigma Mine,
Quebec (Robert and Kelly, 1987).

The similar ranges of stable isotope (C, O, H, S) compositions from Archaean gold
deposits world wide (summarized by Colvine et al., 1988) also support generation of
the primary ore fluid from a large reservoir of similar nature in all cratons.

3.4.3 Transport and deposition of gold

The nature of the ore fluid, the ore—element association, high gold:base-metal ratios,
and commonly intimate association of gold with Fe-sulphides all suggest gold
transport as reduced sulphur complexes (e.g. Phillips and Groves, 1983), an
interpretation which is consistent with available experimental data (Seward, 1973,
1984).

In many of the larger deposits, where the bulk of the gold is intimately associated
with Fe-sulphides in host rocks with high Fe/(Fe + Mg) ratios, it is likely that wallrock
sulphidation reactions induced instability of the reduced sulphur complexes and
caused gold precipitation (e.g. Phillips and Groves, 1984). Such mechanisms are,
however, not universal because rock-types with low Fe/(Fe + Mg) ratios are
mineralized, and it is likely that other fluid—wallrock reactions induced changes in pH
and f O, that initiated gold deposition; carbonaceous wallrocks are important in this
respect in some instances (Springer, 1985). An alternative mechanism is the later
adsorption of aqueous gold-bearing species on to earlier-formed sulphides, due to
their conductivity, and then autocatalytic reduction of the aqueous species to metallic
gold (Jean and Bancroft, 1985; Hyland and Bancroft, 1989; Starling e al., 1989).

Fluid-wallrock reactions are thus probably most important in producing large,
average-grade gold deposits. The formation of high-grade gold shoots (10s—-100s g/t)
containing free gold is more problematical, but there is increasing evidence that phase
separation with formation of coexisting CO,-rich and H,O-rich fluids may change the
concentrations of H*, CH, and H,S within the fluid and cause gold precipitation (e.g.
Spooner et al., 1987; Sibson et al., 1988). This phase separation may be due to
lowering of lithostatic pressure or change from lithostatic to hydrostatic pressure
during regional uplift and erosion (e.g. Groves et al., 1984; Clark et al., 1988) related
to compressional tectonics (e.g. Vearncombe et al., 1988), or more locally due to
rupturing of previously sealed conduits (Foster, 1988). Such a mechanism could
explain the abrupt downward termination of rich gold shoots in otherwise continuous
quartz-vein deposits in Zimbabwe (Foster et al., 1986).

Although local temperature gradients do not appear to be important, the occurrence
of the majority of the gold deposits in greenschist facies domains and their restricted
depositional temperature range suggests that there was a broad temperature window
over which gold deposition occurred.

3.4.4 Fluid focusing

The structural style of most Archaean greenstone belts in which relatively narrow
high-strain shear zones cut much larger volumes of low-strain rocks appears ideal for
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the strong focusing of ore fluids required to produce large hydrothermal ore deposits
(Boulter et al., 1987). Gold deposits and attendant alteration zones are clearly
restricted to zones of structurally induced permeability in the greenstone succession,
in which there was dissolution of material and syntectonic mass transfer of dissolved
species in a migrating fluid (e.g. Vearncombe et al., 1988). As discussed above, many
mineralized structures are geometrically related to crustal-scale shear zones, clearly
zones of enhanced heat and fluid flux, but are of an order-of- magnitude smaller scale.
An important question arising from this observation is whether there was a fluid
continuum between the crustal-scale and smaller ore-bearing structures, carrying with
it the implication of a potential deep source for the ore fluid, or whether only the
smaller-scale structures had access to the ore fluid.

3.4.5 Source of fluid and ore components

The low salinity, H,O — CO, auriferous fluids are unlike those of basinal brines,
porphyry Cu-Au or epithermal gold systems. They are most compatible in
composition with metamorphic fluids from amphibolite facies terranes (e.g. Crawford,
1981), but could also be produced by CO, saturation in H,O- and CO,-bearing silicate
magmas (e.g. Holloway, 1976) or possibly by mantle degassing and subsequent
crustal oxidation. In an attempt to resolve the source of ore components and the fluids
themselves, stable and radiogenic isotope and incompatible-element ratio studies have
been carried out. These are summarized by Perring et al. (1987) and Colvine et al.
(1988), tabulated in Table 3.4, and are Brieﬂy discussed below.

There are abundant 8'® O data on quartz veins (e.g. Golding and Wilson, 1987) and
few 8D data for hydrous silicates (e.g. Kerrich, 1986a). These give calculated "% 0
and 8D ranges for the H,O component of the ore fluid from +2.5 to +10.0%0 and O to
~70%o, respectively (Colvine et al., 1988). These data are equally consistent with a
magmatic or metamorphic fluid source, but exclude a meteoric or sea water fluid
source unless there has been such extensive interaction with rocks along fluid
pathways that the original isotopic signature of the fluid has been destroyed.

Carbon isotope data for carbonates associated with gold mineralization implicate a
8'3C for CO, in the ore fluid of — 5 + 2%o (see summaries by Golding et al., 1987;
Colvine et al., 1988). This is broadly compatible with a juvenile origin for the carbon,
with variations between individual deposits (referred to as ‘provinciality’ by Kerrich,
1986a; Perring et al., 1987) perhaps related to redox changes or mixing with local
carbon reservoirs. Several authors have suggested that the 8'*C data are compatible
with a magmatic origin for the CO, (e.g. Colvine et al., 1984; Burrows et al., 1986),
whereas others have suggested metamorphic dissolution of mantle-derived
carbonation zones along regional shear zones that also host the gold mineralization
(e.g. Groves et al., 1988a,b). The data preclude a source purely derived by
metamorphic devolatilization of carbonate related to seafloor alteration of volcanics
in the greenstone successions.

Most 8°*S values cluster around 0%o (e.g. Lambert et al., 1984; Spooner et al.,
1985). Sulphur with this composition could equally be derived directly from a
magmatic source or via metamorphic devolatilization or dissolution of dominantly
volcanic terranes such as the greenstone belts. Negative §**S values are recorded from
some deposits, implicating relatively oxidized ore fluids attributed either to exsolution
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Table 3.4 Physicochemical properties of ore fluid and environment of deposition for Archaean
lode gold deposits: modified slightly after Perring et al. (1987)

Parameter Value Data source References
T, °C 200450 Fluid inclusions, Safonov et al. (1978);
(generally 250-350) oxygen isotopes, Kerrich and Fryer (1979);
thermodynamics Ho et al. (1985); Neall
(1985); Smith et al.
(1984); Ho (1987);
Golding et al. (in press)
P fluid, kb 1-4.5 Fluid inclusions Ho et al. (1985); Smith et

[CO2], mol.%

Salinity, wt.%
NaCl equiv.

Molar Na/K
Log f Oz, bars
Log fH2 S, bars

pH

Pluid, g/em’

34
3"'S pyrite, oo

5°*S1uid, %o

13
d Ccarbonate, %0

(generally 1-2)

3-25
(generally 10-15)

<6 (generally <2)

10-89

-33t0-29.7
(reducing)

—1.33 to at least
-0.6

near-neutral to
alkaline

0.8-1.0
(generally 0.9)

+0.8 to +8.1

(generally +1 to +5;

G. Mile -9.5 to
—-1.6)

+1to+3

—10.0 to +2.2
(generally -8.5 to
-2.5)

Fluid inclusions,
thermodynamics

Fluid inclusions

Thermodynamics,
fluid inclusions

Thermodynamics,

alteration chemistry

Thermodynamics

Thermodynamics,
alteration
chemistry, fluid
inclusions

Fluid inclusions

Stable isotopes

Stable isotopes
Stable isotopes

al. (1984); Brown,
(1986); Ho (1987)

Ho et al. (1985); Smith et
al. (1984); Neall, (1985);
Wood et al. (1984); Ho
(1987)

Wood et al. (1984); Ho et
al. (1985); Smith et al.
(1984); Pretorius et al.
(1986); Ho (1987); Robert
and Kelly (1987); Carter
(1988)

Neall (1985); Ho (1987)

Phillips and Groves
(1983); Neall (1985)

Neall (1985, 1987)

Phillips and Groves
(1983); Ho et al. (1985);
Neall (1985)

Ho et al. (1985); Smith et
al. (1984); Brown (1986);
Pretorius et al. (1986); Ho
(1987)

Golding and Wilson
(1983); Lambert et al.
(1984); Lavigne and
Crocket (1983); Spooner
et al. (1985); Phillips et
al. (1986); Wood et al.
(1986)

Golding et al. (in press)

Fyon et al. (1982);
Golding and Wilson
(1983); Spooner et al.
(1985); Burrows et al.,
(1986); Kerrich (1986b);
Wood et al. (1986);
Golding et al. (1987, in
press)
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Table 3.4 Continued

Parameter Value Data source References
513Cﬂuid, Yoo —7 to +1 (generally Stable isotopes Golding and Wilson
—4to-2) (1983); Colvine et al.

(1984); Wood et al.
(1986); Golding et al.
(1987, in press)

Slsoquanz, %o +8to +16 Stable isotopes Fyon et al. (1982);
(generally +11 to Golding and Wilson
+14) (1983); Fyfe and Kerrich

(1984); Kerrich and
Watson (1984); Kishida
(1984); Kerrich (1986b);
McNeil and Kerrich
(1986); Golding et al. (in
press); Foster (1989)

8" 0fuid, %o +2.5t0 +10 Stable isotopes Golding and Wilson
(generally +5 to +8) (1983); Fyfe and Kerrich

(1984); Kerrich and
Watson (1984); Kishida
(1984); Kerrich (1986Db);
McNeil and Kerrich
(1986); Wood et al.
(1986); Golding et al. (in
press); Foster (1989)

ODxilicate, %0 -87 to -50 Stable isotopes Kerrich and Watson
(1984); Golding and
Wilson (1987); Golding et
al. (in press)

SDfuid, %o —86 to +6 Stable isotopes Fyon et al. (1982);
(generally 70 to Kerrich and Watson
-30) (1984); Kerrich

(19864, b); Golding and
Wilson (1987); Golding et
al. (in press)

Au enrichment (relative 10° to 10* Alteration and Kerrich (1986a)
to background) vein chemistry

Cu enrichment (relative 107" to 10 Alteration and Kerrich (1986a)
to background) vein chemistry

875r/%6sr 0.7010-0.7023 Radiogenic isotopes  Kerrich (1986a)

Pb—Pb | of mineralization Radiogenic isotopes Dahl ef al. (1987)

is greater and more
variable than p of
country rocks

from magmatic intrusions (e.g. Cameron and Hattori, 1987) or extensive fluid:
wallrock reactions (e.g. Phillips er al., 1986). Phase separation may also change the
oxidation state of the fluid, and this mechanism warrants further study.
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Variable strontium isotope ratios, including some high ¥ Sr/®¢ Sr initial ratios, from
ore-related minerals in the Canadian Shield have been used to demonstrate
provinciality of ore fluids and to implicate a lower crustal component in the ore fluid
(Kerrich et al., 1987). There are few published studies elsewhere. Data from
Kambalda (McNaughton et al., 1988) implicate either a greenstone or granulite-facies
basement source.

Lead isotope studies of galenas from greenstone terranes (e.g. Browning et al.,
1987; Franklin et al., 1983) confirm the isotopic provinciality of ore fluids and
indicate more radiogenic lead than that in contemporaneous mantle for some deposits.
In Western Australia, more radiogenic compositions are coincident with areas (e.g.
Norseman) with known older sialic basement (e.g. Compston et al., 1986) or
granitoids that are derived from such basement but are older than gold mineralization
(e.g. Hill and Compston, 1987). In Zimbabwe, there are differences in lead isotope
compositions of sulphides from gold deposits in laterally equivalent, but contrasting,
greenstone sequences (Kramers and Foster, 1984). These data (cf. Sr data) implicate
a non-greenstone source for at least some of the lead in the ore fluid.

Incompatible element ratios (e.g. K/Rb = 200—400; Groves and Phillips, 1987) are
generally non-definitive, being typical of crustal values. They do, however, suggest
less fractionation than that normally recorded from alteration zones of generally
accepted magmatic-hydrothermal mineral deposits. Similarly, a volumetrically
reasonable slab of almost any potential source rock could produce the observed
metasomatic introduction of Au, CO,, H,O, K and S in the ore environments (e.g.
Phillips et al., 1987).

In summary, most isotopic data are equivocal. They are broadly compatible with
either a metamorphic or magmatic fluid source. Hydrogen isotope data appear to
preclude a significant meteoric or seawater contribution. Although broadly compar-
able between deposits in different cratons, C, S, Pb and Sr isotope data indicate
provinciality withir specific terranes, suggesting that radiogenic and stable isotope
reservoirs were not uniform and/or that upper crustal pathways modified stable
isotope compositions. Some Pb-and Sr isotope data appear to implicate lower crust as
a source for some components of the fluid.

3.5 Genetic models

It is now possible to reconstruct most of the gold mineralizing system (see summaries
by Perring et al., 1987; Colvine et al., 1988; Groves et al., 1988b). Auriferous,
low-salinity H,O-CO, fluids were channelled up ductile transcrustal shear zones
during the late stages of greenstone belt deformation and metamorphism, normally
just pre-dating cratonization. P-T conditions at or below the amphibolite/greenschist
metamorphic boundary favoured establishment of brittle—ductile and brittle structures
in which gold deposits were selectively sited. It is probable that physical gradients (P,
T) between the crustal-scale ductile structures and more brittle subsidiary structures
generated transient, strongly focused, fluid flow into the latter where lower P and T
and fluid—wallrock reactions promoted gold deposition (e.g. Eisenlohr et al., 1989).
Gold was precipitated in dilational zones within both discordant and contact-parallel
shear zones and in extensional, commonly hydraulic, fractures in low tensile strength
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lithologies. In lithologies with high Fe/(Fe + Mg) ratios (e.g. tholeiitic basalt and
dolerite, BIF), sulphidation reactions destabilized gold reduced-sulphur complexes
causing gold precipitation. In other lithologies, fluid—wallrock reactions resulted in
changes in f O, and pH, causing gold deposition. It is probable that phase separation
also induced changes in fO,, pH and concentration of reduced sulphur species,
causing precipitation of gold-rich ores. P, T conditions ranged from 0.5 to 4.5 kb and
250 to 400°C . The high gold/base metal ratios of the deposits reflect the relatively
restricted potential for chloride complexing of the base metals in the low-salinity
fluids (see Henley, 1985) rather than fluid/rock ratios in the source reservoirs (Kerrich
and Fryer, 1981). Only higher salinity fluids derived by convective circulation of
seawater through oceanic crust or by dissolution of evaporites have the potential for
generating the base metal-rich volcanogenic massive sulphide deposits (Figure 3.8).

While there is general consensus on these aspects of the model, there is still
considerable debate on the source of ore fluids and ore components. Proposed models
include: (a) metamorphic derivation of fluids by greenstone-belt devolatilization (e.g.
Kerrich and Fryer, 1979; Phillips and Groves, 1983; Foster, 1985), crustal outgassing
(e.g. Kerrich, 1986a; Perring et al., 1987) or granulitization (Colvine et al., 1988), (b)
magmatic models involving release of fluids by minor felsic intrusions (e.g. Burrows
and Spooner, 1985; Hodgson and Troop, 1988) or by lamprophyres (e.g. Rock et al.,
1987; Rock and Groves, 1988a,b), and (c) direct mantle degassing (see Perring et al.,
1987, for discussion). Models are summarized in Figure 3.9.

This diversity of conceptual models is explained by the conjunction of a number of
associations on a transcraton scale. Gold mineralization is spatially related to
transcraton shear zones, mantle-derived carbonation zones, granitoids, felsic
porphyries and lamprophyres. These associations, combined with the overall
similarity of isotope data from different cratons, suggest that gold mineralization was
related to a single, at least crustal-scale, process. This probably involved a deep-
seated tectono-metamorphic event incorporating melting of mantle at depths to 150
km (to produce lamprophyres), melting of the upper mantle or base of the crust
(porphyries) and lower crust (granitoids), mantle degassing (regional carbonation
zones), interaction of fluids with lower crust (Pb and Sr isotope data), and meta-
morphic fluids at upper crustal levels (provinciality of most isotope data).

The stage at which gold and other ore components were added to the hydrothermal
system is still to be resolved. Certainly, gold deposition commonly occurred during
specific events within long-lived shear zones, and it is not clear whether this was due
purely to structural controls or to introduction of gold from a specific source at a
particular time during tectonism. Also unresolved is whether the ore fluids were
mainly magmatic, mainly metamorphic or a combination of both. It does appear in the
light of radiogenic isotope studies that gold and ore fluids were not simply derived
from devolatilization of greenstone belts. Similarly, field relationships and absolute
age data argue against the involvement of magmatic fluid from presently exposed
porphyries and granitoids. As pointed out by Rock and Groves (1988a,b),
lamprophyres may show primary enrichment of gold, have similar element
associations (e.g. high K, Rb, Ba and CO, and moderate S) to gold-related alteration,
and are the intrusive rocks most similar in timing to gold mineralization in some
cratons. If a special gold source is involved, they remain the preferred candidates,
although it is most likely that they would have lost their gold to metamorphic fluids
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via interaction with the continental crust rather than exsolving gold at their intrusion
site.

It is evident that further data are required to completely resolve current genetic
controversies. One promising approach is to examine the tectonic setting of Archaean
gold deposits in terms of modern counterparts, as briefly discussed below.

3.6 Tectonic setting of gold mineralization

It is difficult to make valid generalizations about the tectonic setting of Archaean gold
mineralization because there has been variable emphasis on this topic in different
cratons. Perhaps the best indication that tectonic setting is important is provided by
the temporal distribution of gold deposits (Woodall, 1988), with major peaks of
hydrothermal gold mineralization in the late Archaean and post-Late Palaeozoic
(Figure 3.1). The younger deposits are almost entirely restricted to convergent plate
boundaries, where epithermal and porphyry-hosted deposits form during subduction-
related magmatism in volcanic arcs and marginal basins, and deeper level meso-
thermal deposits form during deformation in continental-margin orogenic belts; the
last (e.g. Mother Lode) are strikingly similar to the Archaean deposits in terms of
structural control, ore—element association and wallrock alteration (e.g. Nesbitt ez al.,
1986, and this volume; Landefield, 1988).

Recent studies of the highly mineralized ca. 2.7 Ga Norseman-Wiluna Belt (Barley
and Groves, 1988; Perring et al., 1988; Barley et al., 1989) suggest that it represented
a convergent-margin setting. A western tectono- stratigraphic association of tholeiites,
komatiites and sulphidic shales with isolated rhyolites is interpreted to have formed in
a marginal basin setting, whereas an eastern tectono-stratigraphic association of
tholeiites, calc-alkaline volcanic and feldspathic sedimentary rocks is interpreted to
represent a volcanic arc facies (Figure 3.10). The structural style, in which structural
domains are bounded by a regional network of oblique-slip shear zones, and in which
recumbent folds and thrusts, upright folds and faults with a dominant oblique- or
strike-slip movement are related to oblique crustal shortening (e.g. Vearncombe et al.,
1988), is also compatible with a convergent-margin orogen. Similarly, the nature and
distribution of granitoids (Figure 3.10) is that expected in such a setting (Perring et
al., 1988), and the geochemistry of lamprophyres (LILE enrichment and Nb
depletion) is typical of magmatism at Phanerozoic convergent margins (Rock and
Groves, 1988a,b). The relatively short time span (<50 Ma) between volcanism and
deformation/metamorphism is comparable to that for the opening and closure of
younger marginal basins (e.g. Aguire and Offler, 1985).

It is thus probable that gold mineralization in the Norseman- Wiluna Belt was related
to oblique closure of a volcanic arc and marginal basin in a convergent margin orogen.
Mineralization in older greenstone sequences in adjacent provinces of the Yilgarn
Block is of similar age and the host structures were presumably developed in response
to the tectonic activity that accompanied closure of the Norseman-Wiluna Belt.

The major transcrustal *breaks’ of the Abitibi Belt, Canada, were initiated as sites of
extension and consequent komatiitic to tholeiitic volcanism (Hodgson, 1986).
Strike-slip dislocation was dominant during the late stages of volcanism, and sub-
aerial and shallow marine clastic sediments accumulated in relatively localized
pull-apart basins (Colvine et al., 1988). However, a subsequent shift to compressional
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tectonism resulting from external shortening, possibly related to subduction and
possibly from the internal upwelling of calc-alkaline batholiths, generated
oblique-slip zones which acted as channelways for late auriferous fluids (Hodgson,
1986). Again, the gross tectonic environment can be ascribed to a convergent margin
(Ludden et al., 1986; Wyman and Kerrich, 1988).

Vearncombe et al., (1988) suggested that gold mineralization in the Sutherland and
Murchison greenstone belts of South Africa was related to compressional tectonics
during formation of the Limpopo Belt. The mineralized reverse and thrust fault
regimes are interpreted to have been generated either during westward emplacement
of the Limpopo Central Zone (McCourt and Vearncombe, 1987) or during
Himalayan-style continental collision between Kaapvaal and Zimbabwe Cratons (Van
Reenen et al., 1987).

Within the Zimbabwe Craton, the auriferous lodes exhibit an important component
of reverse movement (Foster, 1989), but the major part of the Limpopo thrusting
post-dated the late Archaean (ca. 2.6 Ga) adamellites (see review by Wilson, in press)
and hence post-dated the bulk of gold mineralization. Some broad correspondence
with the Abitibi Belt is evident, with extensional tectonics, komatiitic to tholeiitic to
calc-alkaline volcanism and siliciclastic sedimentation culminating in tonalite-
dominated intrusive magmatism, regional metamorphism, compressional tectonism
and hydrothermal activity. Closure of one or more back-arc basins could be invoked,
but the evidence is equivocal. Certainly the structural evolution of the small stellate
greenstone belts and the more significant mineralized shear zones was partly dictated
by the presence of pre-existing domal granitoid-gneiss terranes (Foster, 1985, 1989;
Nutt et al., 1988). :

Nevertheless, if such tectonic models are valid, then Archaean gold mineralization
is perhaps best viewed as a result of high lithospheric-scale fluid and heat flux. This
would certainly explain the apparently conflicting evidence for metamorphic,
magmatic and mantle fluid sources and for greenstone, lower crustal and mantle or
magmatic sources of ore components.

3.7 Potential exploration significance

Most deposits have been discovered as the result of geochemical and/or geophysical
exploration combined with basic field mapping. Certainly, in Western Australia most
currently mined deposits were discovered either as a result of drilling of exposed
prospects known to early prospectors or drilling of surface or near-surface
geochemical (Au * other elements) anomalies. In the future, geological models are
likely to become more important in guiding exploration; this is already evident in
some cases (e.g. Roberts, 1988). Some of the most important parameters of
mineralization from an exploration viewpoint are summarized below.

(i) The most prospective greenstone belts, and those containing the giant gold
deposits, appear to be ca. 2.7 Ga in age, although restricted areas of older
greenstone belts may also be well mineralized.

(ii) Large to giant deposits are concentrated adjacent to transcraton deformation
zones (largely shear zones) in belts typified by a high density of such zones,
commonly in anastomosing sets.



94 GOLD METALLOGENY AND EXPLORATION

(iii) Individual gold deposits are sited in a variety of less extensive structures that
are geometrically related to the transcraton shear zones.

(iv) The geometry of gold lodes shows a strong structural control, commonly with
a marked plunge of ore shoots subparallel to stretching lineations or to
intersection of shear zones with lithological contacts.

(v) In at least some cratons, gold deposits show a strong spatial correlation with
zones of enhanced frequency of minor intrusions of intermediate to felsic
porphyries and/or lamprophyres.

(vi) Basalts and dolerites are the most common host rocks, and BIF and minor
intrusions may have high gold production relative to their abundance in the
greenstone terrane. Rocks with high Fe/(Fe + Mg) ratios appear particularly
prospective.

(vii) Wallrock alteration assemblages, ore/element ratios and fluid inclusions are
normally highly distinctive, thus allowing easy recognition of mineralization.

(viii) The provinciality of isotope data means that major gold mineralization in any
one district may be distinctive and hence distinguished from other types of
alteration or insignificant gold deposits.

(ix) Within shear zones, ore shoots are marked by volume increase which can be
recognized by ’dilution’ of immobile elements (e.g. Al, Ti, Zr, Y) even if there
is no visible veining.

(x) Fluid phase separation may be important in generating ore shoots rich in free
gold. If so, evidence for late uplift during deformation would be important.

In the future, these (and other) parameters are likely to be formalized by generation
and statistical manipulation of computer databases. Recent examples are those
described by Hodgson and Troop (1988) and Rock ef al. (in press).

3.8 Brief summary

Lode gold deposits ranging from <1t Au to > 1500 t Au at grades between 50 and 2g
Aut™ are a characteristic feature of Archaean granitoid-greenstone terranes. They
have accounted for a high percentage of world gold production in the past, and contain
a high proportion of known world gold resources.

The deposits are consistently sited in greenstone belts or immediately adjacent
granitoids, are structurally controlled, display a wide range of structural styles ranging
from shear zones to extensional veins and breccias, and are commonly elongate
parallel to stretching lineations or structural intersections. Although mineralization
may occur in a variety of host rocks at variable metamorphic grade, many of the large
to giant deposits occur in rocks with high Fe/(Fe + Mg) ratios (basalts, dolerites or
BIF) at mid- to upper-greenschist facies in structures of the brittle—ductile transition;
minor felsic intrusions are important host rocks in the Canadian Shield and are
associated with many lodes in the Zimbabwe Craton. Gold mineralization is
associated with laterally zoned, wallrock alteration haloes that involved volume
increase related to metasomatic addition of SiO,, K,O, CO,, H,0, and Au. The
deposits are characteristically "gold-only’, with Au associated with As, Ag, W, Sb, Te
and B with variable, but commonly low, Cu, Pb, Zn and Mo.
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Archaean granitoid-greenstone terranes show a characteristic heterogeneous
distribution of gold mineralization, both between and within cratons. The best
mineralized terranes are those with a high density of anastomosing, oblique- to
strike-slip transcraton shear zones which control the geometry of adjacent, subsidiary
mineralized structures. Such high-strain zones focused fluid flow in otherwise
regionally low-strain greenstone belts. There is commonly a conjunction of these
transcraton structures, regional carbonation, emplacement of swarms of minor
intrusions of intermediate to felsic porphyries and lamprophyres, and gold
mineralization. Available timing constraints suggest that mineralization normally
occurred late in greenstone-belt deformation and metamorphism, immediately prior to
cratonization, and post-dated most minor porphyritic intrusions. The closest temporal
relationship is with lamprophyres and/or silica-undersaturated felsic intrusions in
some cratons or regions within them.

Gold mineralization resulted from highly focused flow of low-salinity H,0-CO,
fluids along ductile transcraton shear zones with transient fluid flow into adjacent
brittle—ductile structures as a result of lowering of pressure during failure. Gold
precipitation, normally at 300 £ 50°C and 1-3 kb, occurred as a result of fluid—
wallrock reactions, particularly sulphidation of Fe-rich host rocks, or phase separation
within the fluid. Stable isotopic data are generally equivocal, supporting either
magmatic or metamorphic models for fluid derivation but apparently excluding
significant meteoric water or seawater influx. Limited radiogenic isotope data suggest
that fluid conduits involved the lower crust, or intrusions derived from it. Collectively,
these data indicate that neither exsolution of magmatic fluids from exposed felsic
intrusions nor metamorphic devolatilization of greenstone successions alone are valid
genetic models.

Hydrothermal gold mineralization peaked in the late Archaean (2.7-2.6 Ga) and
again in the Mesozoic to Quaternary where virtually all deposits occur in convergent
margin settings. Evidence is accumulating that the late-Archaean gold deposits may
be equivalents of the mesothermal deposits found in more modern settings; that is,
they are related to closure of ca. 2.7 Ga volcanic arc/marginal basin complexes in
convergent margin settings. If so, mineralization is best viewed as the result of high
lithospheric fluid and heat flux with fluids and ore components being added from a
variety of sources and modified by upper crustal fluid pathways. A gold-enriched
’special’ source rock is probably not required, although lamprophyres and related
magmas potentially fulfil this role in terms of their variable but commonly high Au
content and their broad contemporaneity with gold mineralization.

Deposit models for Archaean gold deposits will become increasingly important for
development of exploration philosophy as near-surface deposits become exhausted.
Computer databases are already being developed to assist in this phase of exploration.
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4 Phanerozoic gold deposits in tectonically active

continental margins
B.E. NESBITT

4.1 Introduction

Phanerozoic gold deposits currently account for approximately 25% of the
non-communist world’s annual gold production or 53% of annual production, if the
deposits of the Witwatersrand are excluded (data from Woodall, 1988). With the
anticipated increase in production from newly discovered gold deposits of the
southern Pacific and western US, this percentage should increase substantially in the
coming years. Consequently, the understanding of and exploration for gold deposits in
Phanerozoic terranes merit a substantial effort from both the research and industrial
communities.

In contrast to the relatively uniform characteristics of gold deposits of the
Precambrian, particularly Archaean deposits (Groves and Phillips, 1987; Colvine et
al., 1984; Groves and Foster, this volume), there is a great heterogeneity of deposit
types within the classification of gold deposits of the Phanerozoic. Fortunately, in this
book, several of the important types of Phanerozoic deposits are dealt with in separate
chapters on epithermal, intrusion-related, Carlin-type and auriferous massive sulphide
deposits. However, this leaves a large and apparently disparate group of gold deposits
spanning all seven continents and -all of the Phanerozoic. The bulk of these deposits
are representatives of what have been previously classified as turbidite-hosted,
greenstone-hosted, metamorphic vein or mesothermal vein deposits (Boyle, 1979;
Hutchinson, 1987; Nesbitt and Muehlenbachs, 1989). As will become apparent
through the comparative analysis presented in this chapter, these deposits are not as
genetically disparate as previously thought and probably constitute a distinct,
internally consistent, class of gold deposit, which has strong genetic similarities to
many other types of gold deposits, especially those found in Archaean terranes.
Throughout the chapter, this class of deposits will be referred to as mesothermal
deposits, as it is a more general and less genetically specific term.

The chapter is composed of three segments. The chapter begins with an overview of
the distribution in space and time of gold deposits of the Phanerozoic. Following this
overview is a review of geological and geochemical characteristics of the meso-
thermal deposits of the Phanerozoic. Concluding the chapter is a review of genetic
models for these deposits and a comparison of the characteristics of the deposits to
other deposit types.
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4.2 Distribution of Phanerozoic lode gold deposits in space and time

The objective of this section is to provide an overview of the location of Phanerozoic
gold deposits, their general tectonic setting and general temporal relations to
sedimentation, metamorphism, plutonism and deformation. A thorough compilation of
data on many of these aspects has already been provided by the encyclopaedic work
of Boyle (1979). Consequently the emphasis in this section will be on a concise
review of the distribution of the deposits, on a continent by continent basis, as well as
an update of the reference base incorporated in Boyle (1979).

4.2.1 North America

Significant quantities of gold have been recovered from two discrete districts on the
eastern coast of North America. The northern district is composed of gold
mineralization in the Meguma Group of Nova Scotia and the recently discovered
deposits of southern Newfoundland. The Meguma Group deposits, generally
characterized as turbidite-hosted gold deposits, comprise middle Devonian age,
quartz-vein mineralization in Cambro-Ordovician age greywackes (Graves and
Zentilli, 1982; Smith and Kontak, 1988a). In contrast, the Chetwynd deposit of
Newfoundland comprises disseminated Au—Cu mineralization in silicified and
argillically altered Cambrian metasediments and metavolcanics (Yule, 1987).

Gold mineralization in the southern Appalachians is dispersed across a large region
composed of portions of the states of Virginia, North and South Carolina and Georgia.
The principal deposits in production or development today are volcanic-hosted gold
deposits of the late Proterozoic to early Palaeozoic Carolina Slate Belt (Feiss, 1988).
These deposits comprise disseminated gold mineralization in sheared silicified,
propylitically and argillically altered volcanics and volcaniclastics (Feiss, 1988;
Tomkinson, 1988). In many respects, these deposits bear a striking similarity to the
Chetwynd deposit of Newfoundland and in some respects to the epithermal deposits
of the western U.S.

One of the most areally extensive and economically significant belts of Phanerozoic
gold deposits in the world is found in the North American Cordillera stretching from
Central America to the western tip of Alaska. Throughout the entire belt, Phanerozoic
deposits comprise a complex series of epithermal, porphyry-associated, Carlin-type
and mesothermal systems. In this chapter, emphasis will be placed on the last
category, since the discussion of deposits in the first three categories will be covered
in other chapters. In California, the mesothermal deposits in the Cordillera consist of
the western Sierra Nevadan quartz-vein deposits, which include the Mother Lode
system, as well as similar deposits in the Klamath Mountains of northern California
(Clarke, 1970; Albers, 1981). The Sierra Nevadan gold deposits are hosted by accreted
Palaeozoic and Mesozoic units with an age of ore emplacement of approximately mid-
to early-Cretaceous (Bohlke and Kistler, 1986). Further north, significant
mesothermal gold mineralization is present in Oregon, Washington and Idaho (Boyle,
1979).

Mesothermal gold deposits are widely distributed in the accreted oceanic and island
arc terranes of the Canadian Cordillera (Nesbitt and Muehlenbachs, 1989). The
deposits are hosted by a variety of Palaeozoic and Mesozoic igneous and sedimentary
rock types and span a range in age of ore deposition from early Cretaceous to Tertiary.
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A prominent association is noted between the distribution of Au, Sb and Hg deposits
and major strike-slip faults in the Cordillera (Nesbitt and Muehlenbachs, 1988).
Studies of various deposits of these three metals indicate a vertical mineralization
sequence ranging from gold deposition at 102 km to Sb mineralization at
intermediate depths to Hg deposition near the surface (Nesbitt et al., in press).

Gold mineralization in accreted terranes of Alaska bears a strong resemblance to
deposits in other portions of the Cordillera described above. The principal lode gold
mining districts are located in the Pacific Border Ranges and Coast Mountains of
southern Alaska (Goldfarb et al., 1987). These deposits are composed of gold-bearing
quartz veins hosted by greenschist facies sedimentary or plutonic units. The deposits
generally appear to have been emplaced following metamorphism in the late
Cretaceous or Tertiary (Goldfarb et al., 1987).

4.2.2 South America

While the bulk of gold produced in South America is derived from epithermal and/or
intrusion-related deposits, significant mesothermal gold production has been recorded
in Colombia, Bolivia and Argentina (Boyle, 1979; Utter, 1984; Lehrberger, 1988). The
Colombian deposits are hosted by a complex series of metamorphosed sedimentary
and igneous rock types ranging in age from Precambrian to Tertiary. The deposits are
composed of quartz veins and silicified shear zones and are generally believed to be
Mesozoic to Tertiary in age (Utter, 1984). The Bolivian deposits are closely associated
with late Palacozoic Sb-vein deposits in low grade metamorphic rocks (Lehrberger,
1988).

4.2.3 Australia-New Zealand

The Tasman Fold System of eastern Australia and Tasmania hosts a wide variety of
styles of gold mineralization including Au-rich, volcanogenic massive sulphide,
epithermal, intrusion-related, and mesothermal deposits. In New South Wales the bulk
of gold production has been derived from Permian to Triassic mesothermal
quartz—Au £ Sb, W, As, Ag veins. The location of these veins is strongly controlled by
faults and fractures with a general spatial association with S-type granitoids. In
addition, important epithermal Au* Ag deposits and possibly syngenetic, auriferous
chert mineralization are present in Carboniferous to Permian units (Degeling et al.,
1986; Gilligan and Barnes, 1988).

Gold deposits of Queensland cover a broad range of geological and chronological
settings. The bulk of current and past production has been derived from mesothermal
Au—quartz veins, similar to the major producers in New South Wales and Victoria.
Recently, major interest has been directed towards large tonnage, epithermal and
intrusion-related deposits of Permo-Carboniferous age. In addition, substantial past
and current production has been derived from deposits closely related to Devonian
plutons, which may be transitional between mesothermal and intrusion-related styles
of mineralization (Murray, 1986; Morrison, 1988).

By far the most historically important Au-bearing sub-province of the Phanerozoic
of eastern Australia is mineralization in the Victoria gold belt. In contrast to the
diversity of styles of gold mineralization noted in the northern Australian states, gold
mineralization in the Victoria belt is uniformally mesothermal in character (Sandiford
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and Keays, 1986). The deposits of the Victoria gold belt are regarded as classic
examples of turbidite-hosted gold mineralization and are characterized as quartz veins
and pods in post-metamorphic brittle structures. The ores are hosted by highly
deformed, metamorphosed Cambrian to Silurian sedimentary and volcanic units, with
the formation of the ores occurring shortly after a major, early Devonian plutonic
event (Sandiford and Keays, 1986; Ramsay and Vandenberg, 1986). In Tasmania the
principal sources of gold are by-product gold from volcanogenic massive sulphides of
the Mount Read volcanic belt and mesothermal lode deposits in eastern and northern
Tasmania (Collins and Williams, 1986; Large et al., 1988).

Phanerozoic gold in New Zealand encompasses deposits of both epithermal and
mesothermal styles of mineralization. The epithermal deposits are situated in Tertiary
to Recent volcanics of the North Island. Mesothermal deposits are concentrated in
Palaecozoic to Mesozoic metasedimentary and plutonic rocks of the South Island and
show a prominent association with tungsten and antimony mineralization (Paterson,
1986; Brathwaite, 1988).

Over the last few years, numerous, very economically significant gold discoveries
have been made in Phanerozoic terranes of the western island arcs of the Pacific
(Sillitoe, 1988). However, since these deposits constitute important examples of both
intrusion-related and epithermal deposits, their description and characterization will
be covered in the appropriate chapters.

4.2.4 Asia

Phanerozoic gold mineralization in Malaysia and Thailand of south-east Asia is
composed of mesothermal, epithermal and intrusion-related styles of mineralization.
In Malaysia, the principal gold districts comprise mesothermal quartz veins in
metamorphosed Ordovician to Jurassic, sedimentary, plutonic and volcanic units. The
ores are believed to have been emplaced late in the orogenic history of the area (Yeap
Ee, 1988). In Thailand, mesothermal quartz veins in metamorphosed Palaeozoic
greywackes have provided the bulk of historical gold production (Tate, 1988).

In China, the majority of the gold production has been derived from mesothermal
veins, though locally in eastern China epithermal deposits are economically
significant (Wang and Cheng, 1988). The major gold-producing districts in China are
found within the North China Craton, which is composed largely of Precambrian
metasedimentary and metavolcanic rocks. The gold ores comprise quartz veins and
silicified zones, which are closely associated with late Mesozoic granitic plutons of
the Yan Shan orogeny (Sang and Ho, 1987). Elsewhere in China, economically
significant mesothermal gold—quartz veins are found in metamorphosed Palaeozoic
and Mesozoic sedimentary units (Wang and Cheng, 1988). Mesothermal gold deposits
in Korea have a geologic setting similar to those of northern China with a close spatial
association of quartz vein systems to Jurassic granites in a highly metamorphosed
Precambrian terrane (Shelton et al., 1988).

The bulk of the gold produced in the USSR is derived from deposits of Phanerozoic
age with mesothermal, intrusion-related, and epithermal being the most significant
deposit types (Boyle, 1979; Smirnov, 1977). In the Urals, Palaeozoic, mesothermal
gold—quartz veins and silicified zones are hosted by a wide variety of igneous and
sedimentary rock types. A second major Palaeozoic gold province in the USSR spans
much of the USSR—China border. These deposits are largely composed of
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mesothermal gold—quartz veins, skarns and intrusion-related deposits (Boyle, 1979;
Smirnov, 1977). In Siberia, gold mineralization is largely composed of epithermal
deposits of Cenozoic age (Boyle, 1979).

4.2.5 Europe

Significant, historic gold production in Britain and Ireland has been recorded from
north-eastern Ireland, Scotland and Wales. The majority of this production has been
derived from mesothermal gold—quartz veins in metamorphosed, lower Palaeozoic
sedimentary units (Steed and Morris, 1986; Fitches, 1987). In the Hercynian Belt of
France, important gold mineralization is found in major shear zones with an age of
mineralization of late Carboniferous (Cathelineau and Boiron, 1988). Gold
mineralization in Czechoslavakia is localized in the Bohemian Massif in mesothermal
veins occupying fractures in metamorphosed Proterozoic to Palaeozoic volcano-
sedimentary units (Moravek and Pouba, 1987). The genesis of these deposits is
believed to be closely related to mid-Palaeozoic regional metamorphism (Moravek
and Pouba, 1987). A large belt of Phanerozoic gold-producing districts extends from
southern Europe east into central Asia. The bulk of these deposits are either
epithermal or intrusion-related in character (Boyle, 1979).

4.2.6 Africa

Phanerozoic gold deposits are widely scattered throughout the African continent with
principal concentrations of deposits occurring in Morocco, Nigeria, Zambia and the
Cape System of South Africa (Boyle, 1979; Andrews-Speed et al., 1984; Woakes and
Bafor, 1984; Akande and Fakorede, 1988). In Zambia the distribution of gold—quartz
veins appears to be closely linked to the distribution of granitic plutons and major
zones of strike-slip faulting formed during the Pan African tectonic event
(Andrews-Speed et al., 1984). Gold—quartz veins in Nigeria are similarly a product of
the Pan African orogenic process (Woakes and Bafor, 1984).

4.3 Geological and geochemical characteristics

Presented in this section and Table 4.1 is a synthesis of the geological and
geochemical characteristics of Phanerozoic mesothermal lode gold deposits, since this
subject is not covered in other chapters. One of the principal objectives of this review
is to evaluate to what degree the various characteristics of the deposits are similar
from region to region and to what degree they differ. The resulting information aids
significantly in developing models of fundamental processes involved in ore
formation and generally applicable exploration guidelines.

4.3.1 Host rocks

A wide variety of rock lithologies host Phanerozoic mesothermal lode gold deposits.
Probably the most common host unit is a greywacke-shale assemblage formed in
continental margin, turbidite settings (Boyle, 1986). Prime examples of gold deposits
in such units are found in the Nova Scotia (Canada) and Victoria (Australia) gold
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districts. The Meguma deposits of Nova Scotia are hosted by an exotic, 5-9 km thick,
flyschoid sequence of shales and quartz wackes. The sediments appear to have been
derived from a cratonic provenance with little or no volcanic contribution (Graves and
Zentilli, 1982). Similarly, the deposits of the Victoria gold belt are hosted by
greywackes and argillites with some volcanosedimentary units in the eastern portion
of the belt (Sandiford and Keays, 1986). Other good examples of greywacke-
shale-hosted mineralization include deposits in parts of the North American
Cordillera, particularly Alaska, and mesothermal deposits of New Zealand (Goldfarb
et al., 1987; Paterson, 1986).

Table 4.1 General geological and geochemical characteristics of Phanerozoic mesothermal

deposits

Tectonics

Size and grade
Host lithology
Metamorphism
Relations to plutons
Structure

Timing

Ore morphology
and textures

Mineralogy
and paragenesis

Hydrothermal
alteration

Zoning and elemental
geochemistry
Fluid inclusions

Stable isotopes

Radiogenic isotopes

Typically in accreted, deformed and metamorphosed continental margin
or island arc terranes.

Generally several hundred thousand to a few million tonnes, typically
5-25 g/t

Widely variable; greywackes-pelites,
volcanics, plutons, ultramafics

chemical sedimentary units,

Typically sub- to upper-greenschist; occasionally host terranes were
metamorphosed to higher grade prior to mineralization

Variable; some areas close spatial and probable genetic link; other
districts no evidence of plutonic activity

Varies from fold to fault control; where fault controlled, mineralization is
generally confined to second-order faults related to major structures

Late in orogenic sequence; subsequent to principal deformation and
metamorphism

Thick quartz veins, typically banded, occasionally vuggy with high-grade
ore shoots; vertically continuous mineralized zones; occasional
stockwork and disseminated mineralization

Early phases: quartz, Ca—Mg-Fe carbonates, arsenopyrite, pyrite, albite,

sericite, chlorite, scheelite, stibnite, pyrrhotite, tetrahedrite,
chalcopyrite, tourmaline. Late phases: gold, galena, sphalerite,
tellurides

Carbonatization, albitization, sericitization, silicification, sulphidation,
chloritization; listwanite development

Au:Ag typically >1; associated elements: Ag, Sb, As, W, Hg, Bi, Mo, Pb,
Zn, Cu, Ba. Zoned from high-temperature Au+ Ag, As, Mo, W to
Sb+ Au, Hg, W to Hg + Sb

H0-CO; inclusions, typical XCO7 0.05 to 0.2; <5 equiv.wt.% NaCl; T
(homogenization) 250-350°C, P> 1000 bars

Typical values: 8'%0 (Qz)=+11 to +18%q 813C(Cb)=-25 to
—3%a; 8D (fluid inclusions) = — 160 to — 30%q; 84S —10 to + 10%o

Indicate heterogeneous crustal sources for Sr, Pb and Nd

Significant Phanerozoic gold mineralization is also found in volcanosedimentary
settings, which essentially constitute a ‘greenstone’ environment similar to the
principal host lithologies of the Archaean deposits (Hutchinson, 1987). A good
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example of this setting is present in the Mother Lode district of California, where
mineralization is hosted by serpentinites, volcanics, and plutonic units in addition to
sedimentary units (Landefeld, 1988). Similar host-rock lithologies are present in
several of the mesothermal gold deposits of the Canadian Cordillera and Colombia,
South America (Utter, 1984; Nesbitt and Muehlenbachs, in press). Faulted and altered
granitic to intermediate plutons are a common site for gold mineralization in the
Chinese deposits, as well as portions of the Sierra Nevadan and Canadian Cordilleran
regions (Bohlke and Kistler, 1986; Sang and Ho, 1987; Nesbitt and Muehlenbachs, in
press). A fourth host-rock lithology is intermediate to high metamorphic grade
Precambrian gneiss, which hosts important Palacozoic and Mesozoic mesothermal
gold deposits in northern China and Korea (Sang and Ho, 1987; Shelton et al., 1988).

In contrast to the diversity of host-rock lithologies, the metamorphic grade of the
host rocks is strikingly uniform from district to district, varying from sub- to
upper-greenschist facies. In regions where higher metamorphic grades are present,
such as the Meguma terrane of Nova Scotia, the areas of gold mineralization are
generally restricted to greenschist facies units (Taylor and Schiller, 1966). The
principal exception to this generality is found in areas such as northern China or
portions of the Mother Lode, where the host units had been exposed to higher
metamorphic grades prior to the mineralization event (Sang and Ho, 1987; Bohlke and
Kistler, 1986).

Felsic to intermediate plutons are present in most of the terranes containing
Phanerozoic mesothermal gold deposits and frequently host important gold deposits.
However, the genetic significance of the plutons appears to vary substantially from
district to district. In some districts, as in Queensland and northern China, there
appears to be a close spatial, temporal and genetic link between gold mineralization
and granitic plutons. These deposits generally have anomalously high base-metal
concentrations in the gold ores and are probably gradational to intrusion-related
deposits (Sang and Ho, 1987; Morrison, 1988). More typical is the relationship
observed in Victoria, Nova Scotia and parts of the North American Cordillera where
felsic to intermediate plutons are broadly associated with the mineralization in space
and time but little evidence exists for a direct genetic link between mineralization and
plutonism (Sandiford and Keays, 1986; Graves and Zentilli, 1982). At the other
extreme, in several districts in the Sierra Nevada and Canadian Cordillera, plutons are
not present at all or age dating has shown that the plutonic units are either
substantially younger or older than the ores (Bohlke and Kistler, 1986; Nesbitt and
Muehlenbachs, in press).

In summary, Phanerozoic mesothermal gold deposits do not appear to be closely
associated with any particular host-rock lithology; however, they do appear frequently
to be restricted to greenschist facies metamorphic units. A ubiquitous genetic
association with felsic plutons is not indicated but a general regional association is
common.

4.3.2 Structure

The regional tectonic setting for many of the districts considered here is one of ore
formation in accreted, often exotic, terranes. This is well documented for deposits on
both coasts of North America, as well as the deposits of eastern Australia (Graves and
Zentilli, 1982; Coney et al., 1980; Degeling et al., 1986).
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The terranes hosting the ore are characteristically highly deformed by one or more
folding or faulting events. The degree to which regional folding or faulting events
control the location of mineralization varies from region to region. In the Meguma
deposits of Nova Scotia, the principal controlling structural features are large scale,
doubly plunging, en echelon anticlines and synclines. Mineralized zones are generally
concentrated on the anticlinal domes or adjacent hinge zones (Mawer, 1986)
(Figure 4.1). In addition, recent results indicate that strike-parallel, ductile shear zones
play an important role in controlling the location of mineralization (Kontak and
Smith, 1988).

Goldenville Goldfield Axi
Goldenville Anticlinal Axis Sherbrooke Synclinal Axis

® __ Auriferous quartz veins & saddle reefs
% Paleozoic
Round :Goldenvnlle Formation: slate,quartzite, grit
Lake | Faulr
\ Trend of bedding
0 600 \ Sherbrooke Synclinal Axis
metres A Goldenville Anticlinal Axis

Figure 4.1 Distribution of gold lodes in anticlinal noses at Goldenville, Nova Scotia. (Modified
from Boyle, 1979.)

In the Victoria gold belt, pre-mid-Devonian folding produced upright,
north-trending folds. Subsequent to the folding event, major, steep, north-trending,
strike-slip faults disrupted the folded terrane. Gold mineralization was to some extent
localized by this strike-slip system (Sandiford and Keays, 1986) (Figure 4.2). Two
types of ore morphologies, saddle reefs and fault reefs, are common in the Victoria
gold belt. Fault reef mineralization occurs in second-order reverse faults, which are
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Figure 4.2 Distribution of principal gold lodes in the Ballarat slate belt, Victoria, emphasizing
the relation between faults and mineralization. (After Sandiford and Keays, 1986.)

closely related to major but barren strike-slip faults. Saddle reefs comprise
mineralized zones in the hinges of anticlines (Sandiford and Keays, 1986), which
closely resemble the principal style of mineralization in the Meguma deposits.
However, in the Victoria gold belt, the saddle reefs invariably form at the intersection
of a reverse fault with an anticline (Sandiford and Keays, 1986) (Figure 4.3).

In the North American Cordillera and northern China, the location of mineralization
was dominantly controlled by faults, which had a major component of strike-slip
motion. A good example of the link between faulting and mesothermal ores is evident
in the spatial association between the Melones fault zone and gold mineralization of
the Sierra Nevada district (Figure 4.4). The veins and mineralized zones are located in
a series of second-order faults (Figure 4.5), which adjoin the major, generally barren
Melones fault zone (Landefeld, 1988). A second example of this relationship is found
in the Jia Pi Gou gold district of northern China (Figure 4.6). In the Canadian
Cordillera, a similar relationship is noted between strike-slip faulting and gold
mineralization. Of particular significance is the observation that mineralization is
principally confined to second-order fault structures related to the main, but barren
strike-slip fault (Nesbitt and Muehlenbachs, 1988).

In general, mesothermal gold mineralization events appear to occur very late in the
sequence of deformation, metamorphism and plutonism which affects the mineralized
terranes. This is a surprisingly consistent observation from most of the principal
Phanerozoic districts (Sandiford and Keays, 1986; Nesbitt and Muehlenbachs, 1988;
Bohlke and Kistler, 1986; Paterson, 1986; Mawer, 1986; Kontak et al., 1988a; Stuwe,
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1986) and raises significant questions as to the source of ore fluids since the peak of
metamorphism often preceded the formation of the ores.

Figure 4.3 Generalized distribution of quartz—Au lodes (in black) in saddle reefs at Bendigo,
Victoria. Note the close relation between saddle reef and fault reef mineralization. Stipple pattern
indicates psammitic lithologies. (After Sandiford and Keays, 1986.)

In summary, principal host structures for Phanerozoic mesothermal gold deposits
vary from faults to folds, though there is usually some evidence of fault-controlled
fluid pathways. Almost universally, the faults which host the ores are second-order
structures, subsidiary to large, often barren, strike-slip faults. This relationship
between mineralized second-order and barren first-order faults is a common product
of ore formation in fault-controlled systems (Sibson, 1987). The timing of ore
formation, late in the orogenic history of a region, is also relatively universal between
principal mineralized districts.

4.3.3 Ore morphology and textures

The dominant style of mineralization in most Phanerozoic mesothermal gold deposits
is thick, vertically extensive quartz veining. The veins vary considerably in thickness
with a typical range of 0.5 to 3 m and often exhibit significant vertical and
longitudinal continuity. In several regions, such as the Sierra Nevada, Canadian
Cordillera and Victoria, mineralized zones have often been mined to depths of over
1000 m. In most mines, high-grade gold zones are discontinuous longitudinally along



114 GOLD METALLOGENY AND EXPLORATION

Mesozoic & Cenozoic
x x| Igneous Rocks

b° 0° 0%l Shoo Fly Complex
D Calaveras Complex
Western Assemblage

’ Areas of concentrated
7 . con
" mineralization

50 km 7
—y

Figure 4.4 Distribution of principal gold-mining districts in the Sierra Nevada region of
California. Note the close spatial correlation of much of the mineralization with the Melones Fault

Zone (MFZ). (Modified from Bohlke and Kistler, 1986.)

the veins, producing a typical ore shoot structure consisting of sub-vertical
interspersed zones of ore grade and sub-ore grade vein material (Knopf, 1929;

Cairnes, 1937; Bowen and Whiting, 1975).
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Figure 4.5 Diagram illustrating fault control and the typical distribution of veins in the Mother
Lode district at the southern end of the mineralized region shown in Figure 4.4. (Modified from
Knopf, 1929.)
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Figure 4.6 Distribution of major gold deposits in the Jia Pi Gou district, China. Note the close
spatial link between the major fault and mineralization. (Modified from Sang and Ho, 1987.)

Texturally, the quartz veins are typically milky, occasionally vuggy, and often
laminated or banded (Figure 4.7). The laminations comprise fine grained sheet



116 GOLD METALLOGENY AND EXPLORATION

Il Sulfides

=3 Graphite bands
Late veins

Early veins
B Altered wall rock

Figure 4.7 Schematic illustration of a cross-section of a mesothermal vein. The blow-up
illustrates the late fracture-filling and/or replacement textures observed in most Phanerozoic
mesothermal gold deposits.

silicates, sulphides and carbonaceous material and have been variously ascribed to
wallrock material incorporated during dilation or a product of wallrock replacement
(Sandiford and Keays, 1986; Smith and Kontak, 1988b). In well-mineralized zones
there is often evidence for several generations of quartz veining and indications that
the majority of the gold was introduced by the late veining events (Knopf, 1929;
Dussel, 1986; Smith and Kontak, 1988b) (Figure 4.7).

In addition to quartz veining, stockwork and disseminated mineralization constitute
important styles of mineralization in parts of most districts (Landefeld, 1988; Nesbitt
and Muehlenbachs, 1989; Bowen and Whiting, 1975). These typically high-tonnage,
low-grade mineralized zones are becoming increasingly popular as exploration
targets.
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4.3.4 Mineralogy and paragenesis

A very consistent mineralogy and paragenesis is noted between all of the major
districts (Figure 4.8). The mineralized veins are invariably dominated by quartz,
typically ranging from 70 to 95 vol.% of the vein. Other important, common
vein-forming phases are Ca—Fe-Mg carbonate, albite, sericite, chlorite, pyrite, and
arsenopyrite. Occurring less frequently or in trace amounts are graphite, pyrrhotite,
scheelite, stibnite, chalcopyrite, tourmaline and tetrahedrite. All of the phases listed
above form relatively early in the typical paragenesis. Wherever detailed petrographic
studies have been conducted, gold has been shown to be paragenetically late,
commonly associated with late quartz, carbonate, galena, sphalerite + tellurides and
typically concentrated in fractures in early sulphides (Weir and Kerrick, 1987; Nesbitt
and Muehlenbachs, 1989; Graves and Zentilli, 1982; Green et al., 1982; Smith and
Kontak, 1988b) (Figure 4.8).

Early Late

Quartz - -
Carbonate (Ca-Fe-Mg)
Albite -
Muscovite (=Cr) -
Graphite -
Pyrite

Arsenopyrite

Scheelite

Galena
Sphalerite
Gold

Minor Phases: Pyrrhotite, Chalcopyrite, Stibnite, Chlorite
Tourmaline, Tetrahedrite, Au-Ag Tellurides

Figure 48 Generalized mineralogy and paragenesis of mesothermal gold deposits.

4.3.5 Hydrothermal alteration

In contrast to the remarkable consistency in vein mineralogy, paragenesis and
textures, the mineralogy and geochemistry of the hydrothermal alteration zones varies
considerably both within districts and between districts. The apparent principal
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control on the variations in alteration style is a difference in host-rock lithology.
Hydrothermal alteration associated with ores hosted by arenaceous wackes is
generally minimal with minor disseminated sulphides, sericite, and carbonate
(Sandiford and Keays, 1986), though occasionally pervasive cryptic silicification is
observed (Smith and Kontak, 1988a). In more feldspathic to pelitic units, alteration
can be more pronounced as exemplified by the Coquihalla deposits in southern British
Columbia, where extensive albitization of the host rocks has occurred (Ray et al.,
1986).

In intermediate to mafic volcanics and ultramafics, hydrothermal alteration is much
more intense and pervasive. The dominant style of alteration in such units is
carbonatization by Ca—Mg-Fe carbonates (Bohlke and Kistler, 1986; Nesbitt and
Muehlenbachs, 1989; Landefeld, 1988). In addition to carbonates, chlorite, pyrite,
sericite, graphite and talc are common in these alteration zones. In ultramafic units,
the green mica, fuchsite, is common, giving rise to the distinctive speckled green,
listwanites, which are often associated with the ores (Dussell, 1986). Alteration of
felsic plutonic rocks varies from minor to pervasive albitization, silicification,
chloritization and carbonatization (Sang and Ho, 1987; Shelton et al., 1988).

4.3.6 Elemental geochemistry and zoning

One of the most consistent features of Phanerozoic, mesothermal gold deposits is a
relatively high Au/Ag ratio. The ratio is nearly always greater than 1, typically around
10, and in many cases the deposits are essentially gold-only deposits (Boyle, 1979).

A relatively typical suite of elements in anomalous concentrations associated with
Au includes Ag, Sb, As, W, Hg + Bi, Mo, Pb, Zn, Cu, Ba (Haynes, 1986; Paterson,
1986; Bowen and Whiting, 1975; Boyle, 1979). It is interesting to note that this
assemblage of elements is similar to the assemblage associated with epithermal gold
deposits (Henley, this volume) and consequently epithermal and mesothermal gold
systems cannot be distinguished on the basis of their respective suites of associated
elements (Nesbitt, 1988a). In Australia, New Zealand, the Canadian Cordillera,
Alaska and Bolivia, stibnite concentrations are occasionally sufficient to justify the
extraction of antimony and often a transition from Au to Sb* Au to Sb deposits is
noted (Henley et al., 1976; O’Shea and Pertzel, 1988; Nesbitt and Muehlenbachs,
1989). Studies of gold mineralization in New Zealand indicate that in addition to
antimony, tungsten is often deposited in such settings (Paterson, 1986). The general
indication from fluid inclusion and other data is that formation of antimony and
tungsten mineralization occurs at somewhat lower temperatures and probably
shallower depths than gold mineralization (Paterson, 1986). This concept has been
extended further in studies of Canadian Cordilleran deposits to include a vertical Au
to Sb+ W to Hg zonation with Hg deposition occurring at temperatures of 150°C or
lower and within O to 2 km of the surface (Nesbitt et al., in press).

4.3.7 Fluid inclusions

Fluid-inclusion studies of Phanerozoic mesothermal gold deposits (Table 4.2) range
from relatively thorough in the North American Cordillera and New Zealand to
relatively limited for deposits in Nova Scotia and Australia (Leach et al., 1987,
Nesbitt and Muehlenbachs, 1989; Weir and Kerrick, 1987; Coveney, 1981; Graves and
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Zentilli, 1982; Sang and Ho, 1987; Shelton et al., 1988; Paterson, 1986; Kontak et al.,
1988a). Based on the data that are available, there appears to be relatively good
agreement in terms of inclusion characteristics between districts. Primary inclusions
generally contain both H,O and CO,. Mole percentages of CO, typically range
between 5 and 20%. Secondary H,O or H,0-CO, inclusions are common, which is to
be expected given the multiple stages of deformation and veining that affected many
of these systems (Roedder, 1984). Salinity determinations indicate low salinities for
the fluids, typically <5 wt.% NaCl equivalent. Daughter minerals are rare. Heating
tests have produced a large range in temperatures of homogenization but typically the
values cluster between 250 and 350°C. Pressure estimates from the inclusion studies
generally indicate values greater than or equal to 1 kb. Studies by Leach et al.(1987)
have identified minor amounts of N, and CH, in addition to H,O and CO, in fluid
inclusions from the Alaskan mesothermal deposits.

Table 4.2 Fluid inclusion data from Phanerozoic mesothermal gold deposits

Area Temp. (homog.) Est. mole% CO2  Salinity References
C) (wt.% NaCl equiv.)

Victoria 160-330 ~5 1-9 1

Nova Scotia 200400 13-14 <4-6 2
California 150-280 <11 <2 3,4
Canadian Cordillera 200-350 5-20 (up to 100) 2-8 5

Alaska 150-310 5-20 (up to 50) <5 6

Korea 290-375 15-25 ~4 7

China 100-350 <5 ~4 8

References: 1. Green et al. (1982); 2. Kontak, MacDonald and Smith., (1988); 3. Weir and Kerrick (1987);
4. Coveney (1981); 5. Nesbitt and Muehlenbachs (in press) 6. Goldfarb er al. (1988); 7. Shelton et al. (1988);
8. Sang and Ho (1987).

4.3.8 Stable isotopes

8'30 values for vein quartz have been obtained from most of the major Phanerozoic
mesothermal districts. The 8'® O values are relatively enriched in '*0O with a general
range of values from +12 to + 19%0 (SMOW) (Goldfarb ez al., 1988; Nesbitt et al., in
press; Shelton et al., 1988; Taylor, 1986; Weir and Kerrick, 1987; Wilson and
Golding, 1988; Kontak et al., 1988c) (Table 4.3). These results, in terms of both their
absolute values and their relatively restricted range of values, are similar to results
obtained from Archaean, mesothermal gold deposits (Kerrich, 1987). In some
Phanerozoic deposits, there appears to be evidence for control of 8'%0 values of vein
material by the 8'%0 characteristics of the host rocks (Bohlke and Kistler, 1986).
However, in most districts the 8'®0 values of the veins appear to reflect regional
lithologic controls (Nesbitt er al., in press; Wilson and Golding, 1988). Calculated
8'%0 values for the quartz-depositing fluids range from + 6 to + 11%o.

8'%0 values for carbonates (ankerite, dolomite, calcite, and magnesite) are in
general 2-4%o lighter in 8'*0 than the vein quartz (Table 4.3), producing a typical
range of values of +12 to +17 %o (SMOW) (Goldfarb er al., 1987; Kontak, et al.,
1988c; Nesbitt ez al., in press; Wilson and Golding, 1988). Results of quartz-carbonate
isotope thermometry vary considerably. In some Sierra Nevadan deposits, relatively
good agreement was obtained between stable isotope thermometry and other
temperature estimates (Bohlke and Kistler, 1986). However, carbonate-quartz isotope



120 GOLD METALLOGENY AND EXPLORATION

temperatures generally have a wide range in values and are often 50-100°C lower than
temperatures estimated from fluid inclusions (Weir and Kerrick, 1987; Green et al.,
1982). Consequently, calculated 8'%0 values for H,O in equilibrium with the vein
carbonates are similar to or slightly lower than the values calculated from the analyses
of vein quartz.

Table 4.3 Stable isotope data from Phanerozoic mesothermal lode gold deposits (in %o).

Area 8180 813 c 8§D 84S References
Victoria +14 to +21 (Qz) —20to -3 (Cb) —10to +10 1,2
+11 to +18 (Cb) (Py, Po, Apy)
Nova +12 to +18 (Cb) —-25to —14 (Cb) 3
Scotia
California +14 to +23 (Qz) —6to +7 (Cb) -100to -30 (FI) —4to+6 4,5,6

+13t0 +19 (Cb) -5t0 -2 (CO,) —60to —40 (Sil)  (Py, Po, Gl, Spl)
—25t0 23 (CM)

Canadian +13to +18 (Qz) —10to -2 (Cb) —160to —100 (FI) +8 to +13 7
Cordillera +13to +17 (Cb) —17 to -8 (CO,) (Py, Apy)
-26 to 25 (CM)
Alaska +14 to +18 (Qz) —100 to —120 (FI) 8,9
~—60 (Sil)
Korea +11 to +15 (Qz) —6to -5 (Cb) -110 to —80 +4 to +12 10
+6 to +9 (Cb) (Py, Po, GI, Spl)
China +6to +13 (Qz) -8to -3 (Cb) -140to —-60 (FI) -8to +16 11, 12
+6 to +9 (Cb) Py)

Abbreviations: Qz, quartz; Cb, carbonate; FI, fluid inclusions; CM, carbonaceous material; Sil, silicate; Py,
pyrite; Apy, arsenopyrite; Po, pyrrhotite; Gl, galena; Spl, spahlerite

References: 1. Wilson and Golding (1988); 2. Gulson et al. (1988); 3. Kontak, Smith, and Kerrich, (1988); 4.
Taylor (1986); 5. Bohlke and Kistler (1986); 6. Weir and Kerrick (1987); 7. Nesbitt et al. (in press); 8. Goldfarb
5;581.851988); 9. Mitchell et al. (1981); 10. Shelton er al. (1988); 11. Sang and Ho (1987); 12. Huan-Zhang Lu

The interpretation of the genetic significance of the calculated 8'%0 values for the
ore fluids is difficult since at least three fluids of distinctly different origins may have
8'%0 values in this range (Taylor, 1979). Both metamorphic and magmatic fluids are
believed to have 8'%0 values which would reasonably fit the range of observed values,
though in some locations the calculated 8'%0 values are somewhat enriched in 8'%0
relative to ‘typical’ magmatic values. A third possible fluid source is isotopically
evolved meteoric water. This is meteoric water which, due to deep circulation and
interaction with rocks at low water:rock ratios, evolved isotopically to 8'°0 values
similar to the observed values (Nesbitt e al., 1986). Based on 8'%0 data alone, none of
these three potential fluid sources can be excluded.

8'3C values obtained from carbonates in mesothermal deposits generally fall in the
range of 0 to —10%o0 (PDB) (Nesbitt ez al., in press; Taylor, 1986; Wilson and Golding,
1988) with the exception of the Meguma deposits where 8'°C values for carbonates
range to values as low as —25%o0 (Kontak et al., 1988c). In the Canadian Cordillera, in
addition to 8'3C data from carbonates, 8'>C values have been obtained from fluid-
inclusion CO, and from carbonaceous material in the veins. The §'3C values for
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fluid-inclusion CO, range from — 8 to—17%o, whereas the 8'3C values of carbon-
aceous material are even more depleted, —25%o to —26%o (Nesbitt et al., in press).

Considerable discussion has occurred in the literature on the significance of 8'*C
data in interpreting the origin of Archaean, mesothermal ore fluids. Burrows et
al.(1986) argued that a tight range of 8'°C values with an average value of
—3.1% 1.3%0 observed in the Timmins district of Ontario indicated a magmatic origin
for the ore fluids. However, a review by Kerrich (1987) of Archaean mesothermal
deposits of Ontario and Quebec documented a greater range in 8'’C values and
defined regional differences, all of which are interpreted as indicating a metamorphic
origin for the ore fluids. As is shown in Table 4.3, a large range in 8'°C values is
reported for carbonates associated with Phanerozoic mesothermal gold deposits.
Following the lines of argument used in the discussion on Archaean deposits, this
large range in values appears to eliminate an igneous source for the carbon. However,
due to the complexities of the interpretation of carbon isotope systematics (Ohmoto
and Rye, 1979), this conclusion is equivocal.

8°*S values for sulphides from Phanerozoic mesothermal gold deposits range from
—10 to +25%0 (CDM) with most values falling between 0 and +10%o (Gulson et al.,
1988; Nesbitt, 1988b; Stuwe et al., 1988; Shelton et al., 1988; Taylor, 1986; Kontak et
al., 1988c). The interpretation of the genetic significance of this range of values is
complex (Ohmoto and Rye, 1979). In general, values near 0%o are considered to be
indicative of an igneous source for the sulphur, whereas more positive values are
likely to reflect a sedimentary source (Ohmoto and Rye, 1979). Results from studies
in both the Victoria gold belt and the Canadian Cordillera indicate that 8**S values
may have some utility as an indicator of zoning around ore veins (Gulson ez al., 1988;
Nesbitt, 1988b; Stuwe e al., 1988).

0D values have been obtained by the analysis of hydrous silicates and fluid
inclusion fluids from many deposits of the North American Cordillera, Korea and
China (Nesbitt et al., in press; Mitchell et al., 1981; Bohlke and Kistler, 1986; Shelton
et al., 1988; Taylor, 1986; Huan-Zhang, 1988; Goldfarb et al., 1988). Values obtained
from inclusion fluids range from — 30 to — 160%0 (SMOW). Agreement between the
fluid inclusion analyses and the 8D values calculated from 8D analyses of hydrous
silicates from the deposits varies from good to poor, with the hydrous silicates in
general indicating more D-rich values (Goldfarb et al., 1988; Nesbitt et al., in press;
Bohlke and Kistler, 1986). Two interpretations of these results are presented in the
literature:

(i) The analyses of fluid inclusion fluids reflect the values of ore fluids whereas
the hydrous silicates retain an earlier, metamorphic imprint (Nesbitt et al.,
1987).

(ii) The values calculated from hydrous silicate data reflect the ore-fluid values
whereas the fluid inclusion data reflect contamination by later secondary
fluids (Goldfarb et al., 1988).

There are several arguments favouring the first interpretation. As pointed out by
Roedder (1984) and earlier in this review, gold is paragenetically late in these systems
and hosted by small fractures in the earlier phases. Such small fractures also contain
secondary inclusions indicating that at least some of the secondary inclusions in the
quartz are gold-related. Secondly, even in samples which have high primary:
secondary inclusion ratios, there is no indication of a significant component of fluid
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more enriched in D (Shelton et al., 1988; Nesbitt et al., in press). Thirdly, there is
good agreement at some locations between both 8'®0 and 8D values calculated from
values for hydrous silicates and the values from vein quartz (Nesbitt et al., in press).
Finally, the results of analyses of noble gases of fluids from laser opened, primary
inclusions are consistent with the first interpretation (Bohlke et al., in press).

In the Sierra Nevada deposits, 8D values range from — 40 to — 70%o, which is similar
to the range in Archaean mesothermal gold deposits (Kerrich, 1987; Groves and
Foster, this volume). The genetic significance of this range of values is difficult to
determine, since the range is typical of magmatic, metamorphic or California meteroic
water. However, in the Canadian and Alaskan Cordillera and in the Chinese and
Korean deposits, fluid-inclusion 8D values range from — 100 to — 160%o and decrease
with increasing latitude (Mitchell er al., 1981; Nesbitt et al., in press; Shelton et al.,
1988; Huan-Zhang, 1988). Such low values and their latitudinal dependence
unambiguously indicate the involvement of meteoric water in the formation of these
deposits.

4.3.9 Applications of Sr, Pb and Nd isotope ratios

Sr, Pb and Nd isotope systematics have been applied to a variety of Phanerozoic,
mesothermal gold deposits as tracers of the origin of vein components. In the Sierra
Nevada deposits, Bohlke and Kistler (1986) found a range in ¥’Sr/*6Sr initial ratios
from 0.704 to 0.718, indicating that either the Sr in the deposits was derived from
diverse sources or re-equilibrated with the differing rock units which host the ores.
Similar results indicating heterogeneous basement sources have been obtained from
87Sr/*¢Sr studies of the Meguma deposits (Kontak, Smith and Kerrich, 1988c). In the
Cassiar deposits of northern British Columbia, using ¥’Sr/*Sr and '**Nd/"**Nd results,
Nesbitt et al. (1989) document the equilibration of the ore fluids with autochthonous,
Palaeozoic sedimentary units prior to the influx of the fluids into an allochthonous,
oceanic basaltic package.

Lead isotope data from the Bridge River district in British Columbia indicate that
Pb in the ores is a mixture of primitive mantle-type lead and more radiogneic lead
(Leitch et al., 1988). In the Victoria gold belt, lead isotope data appear to indicate
derivation of the lead from greenstone units underlying the host sedimentary units
(Gulson et al., 1988). In the Chinese deposits, Pb data are consistent with a model of
derivation of ore-lead from adjoining and underlying older terranes (Sang and Ho,
1987). Consequently, the general picture derived from the application of Sr, Pb and
Nd isotope systematics is one of large-scale systems with the ore components being
derived from underlying, often heterogeneous, sources.

4.4 Genetic models

Due to the efforts of a large number of geologist and geochemists over many years, a
significant data base now exists of the characteristics of Phanerozoic mesothermal
gold deposits, and a summary of the geological and geochemical characteristics of
these deposits is presented in Table 4.1. In several of the categories of Table 4.1, there
is considerable heterogeneity among various districts, especially in host rock-type
relation to plutons, and hydrothermal alteration. However, surprisingly there are other
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characteristics, particularly metamorphism, timing of ore emplacement, ore
morphology and textures, mineralogy and paragenesis, fluid inclusions, and stable
isotopes, for which there are considerable similarities across the principal districts.
The existence of this degree of uniformity for many characteristics suggests that
certain aspects of the genesis of these deposits must be common to all deposits of this
type. Consequently, it appears probable that there is a common genetic process among
the various districts, with differences between the districts being a product of local
geologic heterogeneities. A similar concept of a common genetic process with local
variations has frequently been applied to Archaean, mesothermal gold deposits
(Groves and Phillips, 1987; Kerrich, 1987; Colvine et al., 1984).

Theories of origin for Phanerozoic mesothermal gold deposits are nearly as
numerous as the number of deposits and the number of geologists who have studied
them. The theories span a broad range including syngenetic, metamorphic, magmatic
and meteoric modes of origin, with numerous variations within each of the categories.
A thorough, historical review of theories of origin has been compiled by Boyle (1979,
1986) and consequently this section will focus only on more recent genetic concepts.

Syngenetic hypotheses for the origin of these deposits generally have few
adherents, due to the striking epigenetic characteristics present in most districts.
However, in studies of the Meguma deposits, where the ores are more stratabound
than in other districts, there is some support for a syngenetic origin. Haynes (1986)
proposed that the stratabound deposits were the result of seafloor hot spring activity
and that veins which cross-cut bedding represent feeder conduits for fluids which
formed the seafloor deposits.

Genetic models for Phanerozoic mesothermal deposits, which involve felsic
plutons, vary from models where magmatic fluids are the principal hydrothermal fluid
source to models where the plutons provide only heat to drive the systems. There is
little support amongst current researchers for the concept that magmatic fluids are the
primary, ore-forming fluid. This is largely the result of the lack of consistent and close
spatial and temporal relationships between felsic plutons and the mesothermal gold
deposits (Bohlke and Kistler, 1986). In addition, the large ranges in 8D and §'°C
values are inconsistent with derivation of the ore fluids from a magmatic source. On
the other hand, there is considerable support for the idea that felsic plutons regionally
provided heat to drive the ore-forming systems. Such a process appears to have been
important in the Victoria and Nova Scotia gold districts and the deposits of northern
China and Korea, where there is a close age-relation between late tectonic granites and
the ores (Sandiford and Keays, 1986; Shelton er al., 1988; Sang and Ho, 1987; Kontak
and Smith, 1988). In the Alaska and Sierra Nevada deposits, the link between
plutonism and gold mineralization is less direct, with the thermal drive for
mineralization being ascribed to a general, post-metamorphic, subduction-plutonism
event (Bohlke and Kistler, 1986; Landfeld, 1988; Goldfarb ez al., 1988). Yet in other
areas such as parts of the Canadian Cordillera, there is good evidence that plutonic
activity either significantly preceded or post-dated mineralization (Sketchley et al.,
1986).

The most generally accepted genetic model for the formation of Phanerozoic
mesothermal gold deposits is one of derivation from metamorphic processes and
metamorphic fluids (Graves and Zentilli, 1982; Sandiford and Keays, 1986; Goldfarb
et al., 1988; Kontak and Smith, 1988). In this model, high geothermal gradients with
or without plutonic heat cause regional metamorphism and devolatilization. This
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metamorphic fluid plus any remnant pore fluid acquires CO,, Si, S, and Au, as the
fluid migrates through the metamorphic units toward major structures, often
strike-slip faults. Fluid-migration in the vicinity of major structures is aided by
hydrofracturing in response to fluid pressures exceeding lithostatic (geostatic)
pressure plus the tensile strength of the rock. Chemical data from several districts
indicate that this migration process occurs on a large scale with many of the elements
being derived from units significantly (1 km or greater) below the ore-hosting units.
As the fluids rise, they cool, effervesce CO, and lose sulphur to the gas phase or in
response to sulphidation of the host rocks. The aggregate effect of these processes is
to bring about vein formation, gold precipitation, and wallrock alteration.

The metamorphic model is consistent with the bulk of the geologic and geochemical
data. It clearly accounts for the link to metamorphic grade, the characteristics of the
fluid inclusions, the source of the metals, and the 8'%0, §'3C and &**S data. However,
it is often difficult to account for the general post-peak metamorphic timing of vein
formation, since the bulk of the devolatilization occurs during prograde
metamorphism (Stuwe, 1986; Kontak er al., 1988b). This problem is generally
ignored, ascribed to a second, deeper metamorphic event, or explained by complex
trapping mechanisms for ore fluids during metamorphism (Bohlke and Kistler, 1986;
Paterson, 1982). A second problem is that the model is inconsistent with 8D data
obtained from many of the deposits in the Canadian Cordillera, Alaska, Korea and
China.

The newest model for the genesis of Phanerozoic mesothermal gold deposits is one
that invokes deep convection of meteoric water in the brittle continental crust as the
principal process in ore formation. The convection process is believed to be driven by
heat from either the regional geothermal gradient or deep plutons (Nesbitt et al., 1986;
Shelton et al., 1988). Temperatures in excess of 350°C are attained, indicating that the
fluids interacted with rocks undergoing greenschist facies metamorphism. During
convection, the fluids acquire CO,, Si, S and Au, and, due to water—rock interactions
at relatively low water/rock ratios, the 8'®0 values are strongly enriched in '*0
(Nesbitt and Muehlenbachs, in press). As a result of the significant degree of
water—rock interaction, the meteoric fluids chemically resemble metamorphic fluids
in many respects. 8D values of the fluids do not change appreciably due to the low
hydrogen content of many rock units. As the fluids rise along relatively permeable,
major fault zones, they deposit the ore in response to cooling and loss of CO, and
sulphur. Studies in the Canadian Cordillera indicate that at shallower levels and cooler
temperatures these fluids form Sb + Au mineralization and, near the surface, Hg + Sb
deposits (Nesbitt et al., in press).

The convection process requires permeability values in excess of 107" m? and fluid
pressures approximately equal to hydrostatic pressure values (Nesbitt, 1988a). Values
for permeability equal to or greater than 10™'" m? are common in fractured and jointed
rocks of the brittle rheological regime (Brace, 1984). A probable lower limit for such
permeability values in the crust most likely occurs at the brittle—ductile transition at
350—-450°C (Sibson, 1983; Kusznir and Park, 1983), which is consistent with the
probable upper limit of temperature in the ore fluids. The requirement that the fluid
pressure approximates the hydrostatic head generally precludes hydrofracturing from
being an important phenomenon in vein formation, which is consistent with the results
of permeability studies of Brace (1980; 1984) and the Russian deep-drilling
programme (Kozlovsky, 1984). However, locally hydrofracturing could result from
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fluid pressures within wallrocks exceeding fluid pressures within an opening
extensional fracture in a zone of dilation (Sibson, 1986). In addition, under
hydrostatic conditions, 1000 bar of fluid pressure is equivalent to approximately
10 000 m of depth as opposed to approximately 3300 m of depth under lithostatic
conditions. Consequently, the depths at which the gold ores form are probably much
deeper than previously believed.

The advantage of the meteoric water model is that it is consistent with all of the data
generally cited in support of the metamorphic model as well as being in agreement
with the 8D data. In addition, the late timing of vein formation in many districts
probably reflects the influx of meteoric water into still warm, metamorphic units
during uplift after maximum burial.

In summary, the two principal genetic models, metamorphic and meteoric, are
similar in many respects, such as the importance of regional structure and the
chemistry of the ore deposits, and differ in the source and migration paths of the
fluids. In spite of the differences, recent studies involving either model are consistent
with two fundamental conclusions. First, mesothermal gold deposits are recognized as
volumetrically small, but economically important, parts of large-scale, fluid-flow
systems in the crust. There is increasing evidence that the vein constituents and ore
fluids migrated over large distances and that the ores are not products of local
remobilization or concentration. Secondly, as a corollary to the first point, there is a
recognizable and regular association of the deposits with crustal scale, generally
subvertical structures. These structures provided fluid pathways for the ore fluids,
sites for ore deposition and, consequently, were essential to the formation of the
deposits.

Future research will concentrate on the verification and amplification of many of
the concepts discussed above. Additional testing using a variety of geochemical
techniques is required to resolve the conflicts over fluid source between the
metamorphic and meteoric models. Further structural studies documenting the
relations between large scale structures and ore-hosting structures will be useful in
defining fluid-flow paths and ore-deposition controls. Computer modelling of fluid
flow and chemical evolution will be useful in determining the constraints on gold
mineralization within the larger scale fluid system. Finally, more detailed investiga-
tions of the structure and chemistry of ore zones are necessary to determine the exact
controls on gold deposition.

4.5 Comparisons of Phanerozoic mesothermal deposits to other types of gold
mineralization

As pointed out by a variety of authors (Boyle, 1979; Kerrich, 1987; Nesbitt et al.,
1986; Hutchinson, 1987; Sang and Ho, 1987), there are a number of similarities
between Phanerozoic and Archaean mesothermal gold deposits. In fact, since most
characteristics summarized in Table 4.1 are common to both Phanerozoic and
Archaean mesothermal deposits, the deposits of both age groups should more
appropriately be considered as part of one age-independent class of mesothermal gold
deposits. The recognition of the similarities between Archaecan and Phanerozoic
deposits is important, since the results of studies of the younger deposits, which
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generally have undergone less post-ore deformation and metamorphism, may be
pertinent to the Archaean deposits as well.

One significant difference between the Archaean and Phanerozoic deposits is the
overall larger accumulation of gold in Archaean mesothermal deposits (Boyle, 1979;
Woodall, 1988; Hutchinson, 1987). This is especially significant given the larger area
of exposure of Phanerozoic tectonic belts. This difference in abundance of gold cannot
be simply ascribed to the greater productivity of gold camps in the Archaean, since at
least two Phanerozoic districts, the Mother Lode of California and Bendigo-Ballarat
in Victoria, compare favourably with the richest Archaean districts (Boyle, 1979).
Consequently, it appears that there is simply a greater density of lode gold deposits per
unit area in the Archaean relative to the Phanerozoic. Many authors have noted this
disparity but no satisfactory explanation has been obtained (Boyle, 1979). Hutchinson
(1987) noted that the end of the major era of gold enrichment in the Precambrian
coincided with the oxygenation of the Earth’s atmosphere and hydrosphere. For this
factor to be important it would require a significant involvement of the hydrosphere in
ore generation. An alternative possibility may be linked to a higher regional
geothermal gradient in the Archaean, which may have stimulated either greater
meteoric water convection or shallower metamorphic devolatilization. As yet no
generally accepted answer has been obtained and the differences in gold abundance
between the Phanerozoic and Archaean terranes remain enigmatic.

Of the other three major types of Phanerozoic deposits (intrusion-related, Carlin,
and epithermal), the Phanerozoic mesothermal deposits only have significant
similarities and possible overlap with the first two. As described above, many
Phanerozoic deposits have close spatial and possibly genetic links to igneous plutons,
which may indicate a transition from mesothermal to intrusion-related deposits.
However, many characteristics of mesothermal deposits, in particular ore morphology,
mineralogy, paragenesis, hydrothermal alteration, Au/Ag ratios, and fluid-inclusion
characterisitics, differ substantially from the corresponding characterisitics of
intrusion-related deposits. The most probable explanation for the differences between
the two styles of pluton associated mineralization is one of different depths of
emplacement ranging from the relatively shallow, intrusion-related deposits to the
deeper mesothermal deposits. Mesothermal gold deposits and Carlin-type deposits
share some similarities, especially in terms of structural controls on mineralization
and characteristics of associated elements. At least one model has been proposed
which attempts to explain the relationships between Phanerozoic mesothermal and
Carlin-type deposits based on depth of meteoric water convection in the genesis of the
deposits (Nesbitt, 1988a). In this model, the depth of meteoric water convection is
linked to the depth of the brittle-ductile transition in both settings. In high heat flow
areas such as the extensional regime of Nevada, which hosts the Carlin and related
deposits, the depth of convection, and hence mineralization, is shallower than in the
case of the mesothermal deposits. This leads to distinctly different chemical properties
of the ore fluids and subsequently to differing characteristics of mineralization and
hydrothermal alteration (Nesbitt, 1988a).



PHANEROZOIC GOLD DEPOSITS 127

4.6 Conclusions

The metallogeny of gold in the Phanerozoic is distinctive relative to other aeons in its
wide variety of styles of economic gold mineralization. With epithermal,
intrusive-related, Carlin-type, placer, Au-rich massive sulphide and mesothermal
deposits all being important styles of mineralization, no other aeon offers such a
variety of potential gold targets. In addition, with the recent, major discoveries in
many of these categories, the exploration potential in Phanerozoic terranes is clearly
documented.

This chapter has focused on the geological and geochemical characteristics of
mesothermal gold deposits of the Phanerozoic. One of the principal observations
which has arisen from this review is that in many characteristics, especially in timing
of ore formation, structure, metamorphism, ore morphology, textures, associated
elements, mineralogy, paragenesis, fluid inclusions, and stable and radiogenic
isotopes, there is a considerable degree of similarity among the major districts, world
wide. The existence of this degree of similarity suggests that in many respects the
genetic processes are similar as well. The principal differences between districts,
largely in host-rock type, hydrothermal alteration, and relation to plutons, most likely
reflect local geological heterogeneities.

One of the surprising conclusions arising from this synopsis is the close similarity
between Archaean and Phanerozoic mesothermal deposits. Recognition and
documentation of this similarity here and elsewhere (Hutchinson, 1987; Kerrich,
1987) support a classification scheme of a single general category of mesothermal
lode gold deposits encompassing mesothermal ores ranging from Archaean to Tertiary
in age.
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S Epithermal gold deposits in volcanic terranes
R.W. HENLEY

5.1 Introduction

Epithermal mineral deposits are the products of large-scale hydrothermal convective
systems driven by magmatic heat in the upper 5-10 km of the Earth’s crust. The
choice of such a broad definition reflects (a) the wide use of the term ‘epithermal’ in
contemporary mineral exploration and (b) the recognition that active geothermal
systems in volcanic terranes are the present day equivalent of the epithermal systems
responsible for ore formation in the geologic past (e.g. White, 1981; Henley and Ellis,
1983).

The term ‘epithermal’ was coined by Lindgren (see Lindgren, 1922, 1933, p. 210) in
an attempt to systematize hydrothermal mineral deposits on a basis similar to that
beginning to be applied to metamorphic rocks. Pressure (or depth) and temperature
were recognized as the controlling factors for metamorphic assemblages and both
appeared able to be estimated for ore assemblages based on available data for mineral
stabilities and textures. Some authors (e.g. Schmitt, 1950) have attempted to use the
term ‘epithermal’ to refer to or to infer a specified depth range; since in most cases
depths are derived from temperature estimates, the restriction of the term to a
temperature range commensurate with that of explored geothermal fields (50 to
~350°C) is preferred here. Such a definition of ‘epithermal systems’ lacks the
accustomed (but generally unwieldy) specificity of many ore-deposit classifications
but has the advantage of focusing on crustal environment and crustal process. Deposit
types may be subdivided for convenience (e.g. when deriving exploration models)
using other criteria depending on the objective of the classification; gold deposits in
sedimentary rock overthrust terranes (Carlin-type deposits), for example, are reviewed
in this volume by Berger and Bagby. Similarly, volcanogenic massive sulphide
deposits are a product of such a hydrothermal environment but are characterized by
parageneses and form which reflect seafloor depositional environments. In this
chapter, epithermal deposits closely associated in time and space with terrestrial
volcanic rocks are considered. Common factors in the origin of the various epithermal
deposit-settings are discussed by Berger and Henley (1989).

Lindgren (1922) based his classification of hydrothermal deposits on the concept of
a fluid continuum from high, magmatic temperatures to lower temperatures at the
surface. This approach and his focus on high-grade vein deposits reflects the mineral
prices and mining technology of the time whereas today there is a greater, although
not exclusive, emphasis on bulk-tonnage, low-grade deposits. As a result, present-day
classification focuses more on the geological and hydrothermal ‘environment’ of
mineral deposit formation and far less on an ad hoc use of formation temperatures. In
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recognizing the broader scale environment of formation of epithermal deposits, I wish
to re-emphasize the concept of Lindgren (see also Sillitoe, 1989, and this volume) that
a continuum does indeed exist in ore-forming hydrothermal systems in volcanic
terranes from magmatic fluid to almost entirely meteoric-groundwater environments.
Thus, porphyry gold and related deposits described elsewhere in this volume relate to
a higher temperature hydrothermal-magmatic environment where depositional
processes are in part controlled by the depressurization of magmatic vapour and its
interaction with surrounding groundwater (Henley and McNabb, 1978).

Epithermal gold deposits have had a major impact on world economics past and
present. The epithermal districts of northern Greece and Romania (7-10 million oz),
for example, have respectively underpinned the economies of Ancient Greece and
Rome (P. Eimon, personal communication). More recently, consequent on the
increased value of the metal, epithermal deposits have become the focus of major
exploration booms in the south-western Pacific and western United States.

New discoveries such as Lihir Island, Papua New Guinea, and Hishikari, Japan,
with published reserves of 6.0 x 108 g Au and 9.8 x 107 g Au respectively, rank with
world-class gold deposits of other types; Kalgoorlie’s Golden Mile (Archaean shear
zone type), for example, has yielded some 10° g gold. Together with open-pit mining
methods, the use of modern cyanide extraction and heap leach techniques has lowered
recovery costs for low-grade deposits so that bulk tonnage epithermal deposits may
provide a high rate of return on invested capital. Thus, both high-grade vein and large-
to medium-tonnage, low-grade disseminated or breccia-hosted deposits are attractive
exploration targets.

Figure 5.1 provides a summary of ore reserves and grades for ‘epithermal’ deposits
and comparison with porphyry-related Cu—Au deposits in volcanic terranes.

Figure 5.1 Summary of grade and tonnage data for epithermal- and porphyry-style gold
deposits. The subdivisions reflect more the economics of gold recovery than any intrinsic
geological discontinuity between deposit styles. H=Hishikari, B=Bougainville, L=Ladolam,
K=Kelian and P=Paradise Peak.
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This chapter will first review some exploration case histories and then proceed to
discuss the geological and geochemical environment of ore formation, the distribution
of ‘epithermal’ deposits in time and space, and exploration techniques. A compre-
hensive review of epithermal deposits is not possible in the space available but a
number of excellent reviews and special volumes are available elsewhere (e.g. Berger
and Bethke, 1985; Hedenquist, White and Siddeley, 1990).

5.2 Exploration case studies

A number of epithermal deposits have been intensively studied and reported in the
literature. Here we review the discovery and characteristics of three world-class
deposits (~10% g contained gold, = 30 million oz) illustrative of the bonanza vein and
disseminated bulk-tonnage styles of epithermal gold deposits. The discovery histories
of a number of other epithermal deposits have been summarized by Hollister (1985).
Specific features of other new discoveries or of well-established epithermal deposits
are considered elsewhere in this chapter.

5.2.1 Hishikari, Japan

The Hishikari deposit, 45 km north-west of Kagoshima in Kyushu, rates as one of the
greatest bonanza discoveries of recent times. Drilling commenced in 1980 following
a five-year exploration programme by the Metal Mining Agency of Japan and the first
hole encountered 0.15 m at 290 g/t gold plus 167 g/t silver. A series of 18 drillholes
further defined the extent of high-grade mineralization and the deposit was then
explored from a 2 km decline. Hot water at 65°C was encountered in the ore zone and
has required a major pumping programme to lower the water table below the ore zone.
Concurrent with production, exploration is continuing on this deposit the published
reserves of which currently stand at 1.4 million tonnes with an average grade of 70 g/t
gold. Through 1988, Hishikari (at US$50/0z) was the lowest cost gold-producer in the
world.

Figure 5.2 shows the geology of the Hishikari deposit and is based largely on
Urashima and Izawa (1982) and Urashima et al. (1987). Gold (18-30 g/t gold in
clay—quartz—calcite veins) was discovered in the Neogene andesite volcanic sequence
in the eighteenth century and was worked until 1940. The main host to the deeper
bonanza mineralization are shales of the underlying Shimanto group. The vein
mineralization consists of an anastomosing sequence of veins over a strike length of at
least 1100 m and may be interpreted as a dilational jog in a transcurrent fault system.
Syn-mineralization faults (Ishihara et al., 1986) and the presence of large angular
clasts of wallrock in some parts of the vein provide evidence of an active tectonic
environment during mineralization.

The bonanza veins are up to a few metres wide and consist of symmetrically banded
(syn. crustiform) chalcedonic silica and up to 30% adularia sometimes interbanded
with bladed calcite. The latter has been subsequently leached out. Gold occurs as
electrum (70%Au) grains up to 70 um in diameter. Other vein minerals consist of
silver sulpho-selenides and antimonides, pyrite, minor sphalerite and chalcopyrite,
and a late-stage, coarse stibnite. Kaolinite bands also occur as well as bands of fine
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Figure 5.2 Hishikari Deposit, Kyushu, Japan. (a) Plan view of veins projected to the + 70
metre level in relation to the upper surface of the Shimanto Supergroup sediments (shown as
metres a.s.1.) and the access decline. Ho=Hosen vein, Da=Daisen vein, Ry=Ryosen vein and
Zu=Zuisen vein. (b) General NW-SE cross-section of the Hishikari deposit. (Redrawn with
permission, R. Suzuki, Sumitomo Mining Company.)
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disseminated hematite. Massive reyerite ([Na, K], Ca,4 AL, Siy4 Osg (OH)g 6H,0) is
relatively common in the vein system and zeolites occur in veins in the andesite.

Propylitic alteration is most marked in the andesite sequence and consists of
K-feldspar, chlorite and mixed layer clays. Shales are only visibly altered within a
few centimetres of vein contacts. Fluid inclusion temperatures from vein quartz and
calcite generally are 200°C with a range from 150 to 300°C and some high-grade
bands at 100°C. K—Ar dating of adularia provides a mineralization age in the range
0.78-1.05 Ma.

The geological setting of the deposit has been discussed by Ishihara et al. (1986).
Based on sulphur isotope data and a regional study of the gold content of basement
rocks, these authors suggested that the deposit is associated with an unexposed
porphyry intrusive related to the magnetite-series magmatic arc of southern Japan.

5.2.2 Kelian, Kalimantan, Indonesia

The Kelian district was first recognized through local workings of alluvial gold in the
Kelian River in the 1950s and early 1960s. The discovery of the Kelian deposit came
after a programme of mapping, soil sampling, deep augering and trenching between
1976 and 1979 (Van Leeuwen et al., 1990) followed up by a six-hole drilling
programme on the most promising anomalies. This programme realized low-grade
mineralization at about 2 g/t. Encouraged by the escalation of the price of gold in the
early 1980s, further drilling (a total of 300 holes), together with more surface
exploration and a successful L.P. geophysics survey, has presently outlined a
bulk-tonnage deposit of 40 Mt at an average gold grade of 2 g/t (Van Leeuwen et al.,
op. cit.). Mineralization has been proven well below the 200 m reserve drilling.

Figure 5.3 shows the geology of the Kelian deposit; the data are from Van Leeuwen
et al. (op. cit.). The deposit is associated with Late Oligocene—Early Miocene
andesites, Upper Eocene(?) pyroclastics and minor rhyolites, and some Plio-
Pleistocene basalts. It lies on a north-easterly regional trend which also contains
significant epithermal mineralization at Mt. Muro and Masuparia.

At the deposit scale, mineralization occurs in the margins of a set of andesite bodies
intrusive into the Eocene pyroclastic unit. Mineralization is hosted by fractured
andesite and tuff and by a variety of breccias ranging from primary pyroclastic and
intrusion breccias to clast-supported hydrothermal breccias. Alteration is intense. A
chlorite—carbonate—sericite assemblage is preserved in the cores of the larger andesite
bodies and, in the East and West Prampus ore zones (Figure 5.3), alteration occurred
in the following stages: sericite—pyrite, quartz—sericite—adularia—pyrite, carbonate—
pyrite-base metal sulphide. This alteration is overprinted by a widespread kaolin
+Fe—Mn carbonate assemblage. The adularia has been dated at 20.2 + 0.3 Ma.

Mineralization is closely associated with pyrite, which makes up a few per cent of
the ore, and is disseminated or is present as a fine stockwork throughout the orebodies.
Other sulphides include sphalerite, galena and minor chalcopyrite, tennantite—
tetrahedrite, cinnabar and arsenopyrite. Gold has been observed commonly in
polished sections and is associated with the carbonate-base metal sulphide assem-
blage as inclusions or on grain boundaries. However, much of the gold is sub-
microscopic, possibly associated with pyrite.

Fluid inclusions from quartz, sphalerite and carbonate give temperatures in the
range 270-310°C and generally low salinities, from 0.5 to 4.2.wt.% NaCl equivalent.
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(a)

Figure 5.3 Kelian deposit, Kalimantan. (a) Geology and location of ore zones, Kalimantan,
(b) cross-sections showing geology, mineralization and alteration in the Kelian deposit.
(Published with permission, T.van Leeuwan, Kelian Equatorial Mining, Jakarta.)
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5.2.3 Ladolam deposit, Lihir Island, Papua New Guinea

The Ladolam deposit was discovered in 1982 as part of a regional gold reconnaissance
programme of the Tabar-Feni island chain to the north-east of New Ireland, Papua
New Guinea (Moyle et al., 1990). Earlier geological reconnaissance had recognized
hydrothermal activity and alteration but there was no history of gold workings on
Lihir or adjacent islands. The discovery outcrops consist of a set of silicified and
pyritized rocks adjacent to hot-spring discharges on the beach of Luise Harbour
(Figure 5.4). Mapping and trenching plus soil and rock geochemistry followed in 1983
and identified the Coastal, Kapit and Lienetz mineralized zones. Surface work and
diamond drilling proceeded through late 1983 to 1984 and outlined a large zone of
mineralization. Drilling on vegetation anomalies in 1985 further defined the extent of
the orebodies and identified a fourth ore zone, the Minifie area. By 1987, 153 diamond
holes (41 000 m) and 420 reverse circulation holes (14 000 m) had been completed,
identifying 167 million tonnes of ore at 3.43 g/t gold. About 5% of this is oxide ore.

Lihir Island lies north-east of New Ireland, within the Tabar-Feni volcanic chain
which extends to the south towards Bougainville Island, location of the Panguna
porphyry Cu—Au deposit (Fountain, 1972; Eastoe, 1978). Lihir itself lies at the
intersection of this chain with a north-north-east-trending zone of seismic activity.
The Tabar-Feni Islands are alkaline in composition and may, as suggested by Johnson
(1987), be the result of partial melting of mantle lithosphere modified by earlier
subduction. The Ladolam deposit lies within the Luise collapse caldera (Figure 5.4)
inside the former Luise volcano. The deposit itself underlies an area of about 3 km?.
The Lienetz, Minifie and Coastal Zone orebodies are subhorizontal, breccia-hosted
deposits in volcanics and monzonitic intrusives. As at Kelian, the ore deposit is hosted
by very extensive breccias derived from volcanic, intrusive and hydrothermal events.
One of these is a unique open-space hydrothermal breccia, consisting of subrounded,
potassic-altered intrusive and volcanic clasts, which occurs at 50-200 m below
surface in the Lienetz and Coastal areas. This breccia, which typically contains gold
grades in excess of 5 g/t, grades downward into a more weakly mineralized breccia in
which the interstices are filled with anhydrite and calcite (G. Ballantyne, personal
communication).

Alteration consists of an early porphyry-style event with potassic and propylitic
assemblages. This is overprinted by advanced argillic, argillic and phyllic alteration
associated with gold mineralization. The former is very widespread and occurs to
about 100 m and locally much deeper. Alteration ages range from 0.9 Ma for
biotite-altered volcanics, through 0.33 Ma for biotite—anhydrite veins, to 0.15 Ma for
alunite (Davies and Ballantyne, 1987).

Mineralization consists of pyrite—marcasite with minor base metal sulphides,
arsenopyrite, sulphosalts and gold-silver tellurides. Free gold (50-100 pm, 990
fineness) occurs in the oxide zone but is rare in the sulphide zone where gold occurs
as <20 um particles in pyrite (Moyle et al., 1990).

Fluid inclusion homogenization temperatures show two maxima of 140-150°C and
200-220°C. They have salinities averaging 3.8 wt.% NaCl equivalent and have
relatively high gas contents (Moyle et al., 1990).

In addition to its setting on an oceanic island, the Ladolam deposit has a number of
important features. The Ladolam ore zones lie within an active geothermal system
with boiling hot springs, solfatara, and submarine discharge in Luise Harbour
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Figure 5.4 Ladolam deposit, Lihir Island, Papua New Guinea. Geology, alteration and
locations of the principal ore zones (Coastal Lienitz, Minifie and Kapit). From Moyle et al.,

(1990); redrawn with permission, A.J. Moyle and Kennecott Explorations (Australia) Ltd. and
the Australasian Institute of Mining and Metallurgy.
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emphasizing the relation between ore deposition and present-day active processes.
The current hydrothermal activity represents a late evolutionary stage in the formation
of this unique deposit which commenced with subvolcanic porphyry-style alteration
and mineralization and evolved to the present style following caldera collapse. This
has resulted in the telescoped alteration zoning and overprinting of assemblages and
emphasizes the continuum from magmatic-hydrothermal to meteoric water dominated
hydrothermal environments.

5.3 Environment of alteration and mineralization

5.3.1 Volcanic association

In contrast to the ‘Carlin-type’ gold deposits described by Berger and Bagby in
Chapter 7 (this volume), the deposits described here all show a close temporal and
spatial association with volcanism. Detailed descriptions of the geology and
geological environment of individual deposits abound in the recent literature (e.g.
Hedenquist, White and Siddeley, 1990, proceedings of conferences such as Pacrim
[Aust. LM.M., Gold Coast, Queensland, 1987], Gold ’88 [Geol. Soc. Australia,
Melbourne, 1988], Bulk Mineable Precious Metal Deposits of the Western United
States (Schafer et al., 1988) and many field excursion guides). Reviews are given by
Tooker (1985) and Berger and Bonham (1990).

Cenozoic epithermal gold deposits occur in convergent plate margin settings and
are a consequence of alkalic, andesitic, or felsic volcanism (Berger and Henley, 1989;
Berger and Bonham, 1990; Sillitoe, 1989, and this volume). The latter relates to
anomalous heat flow due to intrusions from the lithosphere in back arc environments
such as the Taupo Volcanic Zone of New Zealand (Henley and Hoffman, 1987) or
analogous extensional environments such as the Northern Great Basin, Nevada (Noble
et al., 1988).

Mineralization in the San Juan Volcanic Field (Colorado) exemplifies the common
time and space association of epithermal deposits with caldera development (Steven
and Lipman, 1976; Lipman er al., 1976; Lipman, 1987) and Sillitoe and Bonham
(1984) have discussed deposit-style as a function of volcanic landforms such as
calderas, stratovolcanoes and domes. Such styles are the consequence of the
hydrology induced by the volcanic structure and the relative level of magmatism (cf.
Berger and Henley, 1989). Sillitoe ez al. (1984) and Sillitoe and Bonham (1984) have
also recognized an association of gold mineralization with large maar-diatremes in
volcanic fields and cite examples such as Wau (New Guinea), Cripple Creek
(Colorado) and Baguio (Phillippines). This association is not restricted to any
particular volcanic composition.

While most epithermal deposits are associated with calc-alkaline volcanics and
intrusives, some show a close association with alkalic volcanics. The Ladolam deposit
and the Cripple Creek district, Colorado, are examples and it may be argued that the
potential for such rocks to act as sources of gold is dependent on magma evolution,
especially with respect to the saturation state of sulphides (Keays and Scott, 1976;
Wyborn, 1988)
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5.3.2 Structural controls

The structural environment of formation of epithermal deposits has received relatively
little attention in the recent literature. Most information derives from earlier mining
which focused on high-grade vein deposits such as at Tonopah, Nevada (see for
example Wisser, 1960, and McKinstry, 1941, 1948).

Both vein and bulk-tonnage deposits are often closely associated with major
regional transcurrent fault structures such as the Walker Lane in Nevada. In many
cases, high-grade ore shoots formed within dilational transcurrent fault jogs as
discussed by Sibson (1987). Examples include Hishikari (Japan), Camp Bird
(Colorado) and Pajingo (Queensland) (see Porter, 1988). At Hishikari (and at Golden
Cross, New Zealand) low-grade vein sets, formed within a few hundred metres of the
palaeosurface in poorly consolidated volcanics, give way at depth to major, high-
grade, repetitively mineralized shear zones. This may be controlled by effective
rock-stress and hydro-fracturing as discussed by Sibson (1981). The regional scale
structural control of ore-forming systems may relate to a variety of structures
associated with reactivation of deep crustal shears in a manner analogous to the flower
structures associated with fault-reactivation beneath sedimentary basins (Harding,
1985). The Kelian deposit is also related to a major regional trend as are the Porgera
and Ladolam deposits, Papua New Guinea. The latter are hosted by extensive zones of
phreato-magmatic and hydrothermal breccias the formation of which may well be
related to interaction of active faults with cooling magma bodies.

5.3.3 Wallrock alteration

From a review of published data, Hayba et al. (1985) and Heald ez al. (1987) have
subdivided volcanic-hosted epithermal deposits into two classes according to their
predominant rock-alteration assemblage: the ‘adularia—sericite’ style and the ‘acid—
sulphate’ style. In this paper (and see Berger and Henley, 1989) the mineralogical
term ‘alunite—kaolinite’ style is preferred for the latter. The characteristics of the two
styles are shown in Table 5.1. Their distinctive mineral assemblages reflect formation
under quite different chemical conditions relating to the near-neutral and highly acidic
pH of the ambient fluid at certain stages in their formation.

Adularia-sericite-type deposits are exemplified by the three case histories outlined
above. Figure 5.5 shows the general distribution of mineralization and alteration in
relation to the hydrological structure of the parent hydrothermal system. Their
alteration corresponds to the intermediate argillic and propylitic assemblages defined
by Meyer and Hemley (1967), although, where erosion has not occurred for more than
a few tens of metres below the palaeosurface, a surficial advanced argillic alteration
assemblage (due to oxidized steam condensate) may be preserved. In the field, the
mappable zonation of alteration is largely dependent on alteration intensity and
primary rock composition, and involves minerals which in the field may not be readily
identified. However, in volcanic rocks, selective alteration of phenocrysts (e.g.
pyroxene to chlorite) may aid field recognition of alteration zonation. Perhaps more
important in exploration is the recognition of alteration-overprinting which may relate
to specific phases of ore deposition.

The temperature-dependence of common alteration minerals in the propylitic—
argillic alteration assemblage may be empirically calibrated from geothermal drilling
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data (Figure 5.6) so that the careful determination of clay mineralogy can provide a
useful exploration guide to temperature and, used carefully in conjunction with an
appropriate boiling point vs depth curve (Figure 5.7), to depth of formation. For
example, at Golden Cross, zonation of clay minerals is closely related to ore zones (De
Ronde, 1986; De Ronde and Blattner, 1988).

Table 5.1 Characteristics of adularia—sericite and kaoline-alunite-style epithermal deposits

(modified with permission from Hayba et al., 1985)

Characteristic

Adularia—sericite

Alunite-kaolinite

Structural setting

Size
length : width ratio

Host rocks
Timing of ore and

host
Mineralogy

Production data

Alteration

Temperature
Salinity

Source of fluids

Source of sulphide
sulphur

Source of lead

Structurally complex volcanic
environments, commonly in
calderas

Variable; some very large
usually 3 : 1 or greater

Silicic to intermediate and
alkalic volcanics

Similar ages of host and ore

Argentite, tetrahedrite,
tennantite, native silver and

gold, and base-metal sulphides.

Chlorite common, selenides
present, Mn gangue present,
no bismuthinite

Both gold- and silver-rich
deposits
variable base-metal production

Propylitic to argillic
Supergene alunite,

occasional kaolinite,
abundant adularia

100-300°C
0-13 wt.% Nacl equiv.>

Dominantly meteoric

Deep-seated magmatic or
derived by leaching wallrocks
deep in system

Precambrian or Phanerozoic
rocks under volcanics

Intrusive centers, 4 out of the 5
studied related to the margins
of calderas

Relatively small
equidimensional

Rhyodacite typical

Similar ages of host and ore
(<0.5m.y.)

Enargite, pyrite, native gold,
electrum, and base-metal
sulphides.

Chlorite rare, no selenides, Mn
minerals rare, sometimes
bismuthinite

Both gold- and silver-rich
deposits,

noteworthy Cu production

Advanced argillic to argillic (+
sericitic)

Extensive hypogene alunite,
major hypogene kaolinite,
no adularia

200-300°C!
1-24 wt.% NaCl equiv.?

Dominantly meteoric, possibly
significant magmatic
component

Deep-seated, probably magmatic

Volcanic rocks or magmatic
fluids

1. Limited data, possibly unrelated to ore.
2. Salinities of 5-24 wt.% NaCl equiv. are probably related to the intense acid-sulphate alteration which

preceded ore deposition.

3. Note: a lower salinity range applies more to Au—Ag deposits than to base-metal Ag + Au deposits (see text).
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Figure 5.5 Schema for the environments of formation of epithermal gold deposits in relation
to hydrology, thermal structure, and rock alteration. Note that this ‘mushrooming’ commonly
drawn in such schema reflects dispersion in the plane of major fracture systems and a much
narrower thermal anomaly would be seen transverse to such structures. While drawn with
reference to a silicic volcanic terrane with deep magmatism, similar patterns apply in other
types of volcanic terrane (cf. Henley and Ellis, 1983).

Certain minerals act as indicators of original subsurface conditions. Adularia and
bladed (or pseudomorphed) calcite, for example (see below), are reliable indicators of
original permeability and the occurrence of boiling conditions (Browne, 1978). A
number of adularia—sericite-style epithermal precious metal deposits are closely
associated with well-preserved silica-sinter deposits containing casts of plants, mud
cracks and other diagnostic features. Berger and Eimon (1983) reviewed such
deposits, which may be exemplified by McLaughlin, California (Lehrman, 1986), and
by the National District (Vikre, 1985), Buckhorn (Plahuta, 1986) and Sulphur
(Wallace, 1987) deposits in Nevada. Silica sinters containing plant fossils and other
features common to modern sinters are well preserved in the newly discovered
Palaeozoic epithermal deposits of North Queensland (Cunneen and Sillitoe, 1989;
White, Wood and Lee, 1989). Such ‘hot springs-style’ deposits are often associated
with hydrothermal eruption breccias and lacustrine sediments (Figure S5.8; cf.
Figure 5.5) and are a subset of the wider adularia—sericite-style deposits.

The most comprehensively studied adularia—sericite-style epithermal system is
Creede, Colorado. Originally a major silver district (Steven and Eaton, 1975) with
production from an extensive vein set, recent exploration has located high-grade gold
mineralization 4-5 km north along strike of the base metal-silver veins (Bethke,
1988). Isotope and inclusion studies now show that the gold mineralization relates to
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Figure 5.6 Temperature ranges for the occurrence of common alteration minerals in active
geothermal systems based on data from drill-core and downhole measurements; note that the
occurrences of calcic minerals are dependent both on temperature and the CO, content of the
ambient fluid. (From Henley and Ellis, 1983.)

the original, low-salinity, convective upflow of the system controlled by magmatism
on the margin of the San Luis caldera. The silver mineralization relates to a satellite
convection system sourced by higher salinity fluid derived from the moat lake of the
Creede caldera to the south (Rye et al., 1988). Similarly at Guanajato, Mexico, base
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metal-gold mineralization occurs at depth in the Veta Madre silver veins and in a
newly discovered vein set cross-cutting the subparallel Villapando vein.

Figure 5.7 Temperature-depth relations for ‘boiling fluids containing NaCl and COZA in
relation to boiling point vs. depth relations for pure water. (From Henley, 1985.)

Alunite-kaolinite-style deposits are exemplified by Goldfield, Nevada (Ransome,
1909), Summitville, Colorado, Rodalquilar, Spain, and Paradise Peak, Nevada
(Thomason, 1986), and their general characteristics are shown in Figure 5.9a.
Somewhat smaller but otherwise similar deposits occur in Japan and these are the
Nansatsu-type deposits (Hedenquist e? al., 1988) such as Iwato and Kasuga (Kyushu).
Sillitoe et al. (1990) have described a similar deposit from Nalesbitan, near Luzon,
Phillippines, which shows a close association with a major regional transcurrent fault
system. In some deposits, the occurrence of pyrophyllite indicates alteration
temperatures above about >280°C (Hemley et al., 1980) and a close genetic
association of alunite-kaolinite-style mineralization with magmas and porphyry
mineralization is highlighted in a number of deposits, e.g. Guinaoang deposit, Luzon,
Phillippinnes (Sillitoe and Angeles, 1985).

At Summitville, an assemblage of covellite—luzonite + gold passes downward to
chalcopyrite—tennantite; gold also occurs with barite and supergene goethite—jarosite
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Figure 5.8 Schematic cross-section showing the main features of a hot-springs sub-type
epithermal deposit. (Redrawn with permission from Berger and Eimon, 1983.)

near the surface (Stoffregen, 1987). This mineralization is mostly hosted by a zone of
vuggy silica developed as pipe-like bodies within a host quartz latite. The
quartz-bearing zones (up to 70 m wide) are enclosed by about 30 m of intense
alunite—quartz alteration and decrease in thickness downward where they are mantled
by quartz—kaolinite with much less alunite (Figure 5.9(a)). At Rodalquilar, where
mineralization is associated with the rhyolitic tuffs and domes of a nested caldera in
the Miocene Cabo de Gata volcanic field, deep drilling has defined mineralization to
more than 860 m. Deep sericitic alteration grades upward into argillic, advanced
argillic, and silicic zones and the gold mineralization (averaging 7.8 g/t) is associated
primarily with the latter (Arribas er al., 1988; Cunningham et al., 1989). In this
example, stable isotope data suggest that seawater was the dominant source of fluid to
the deep system.

In many alunite—kaolinite-style deposits, mineralization is capricious but the El
Indio deposit in Chile is a spectacular very high-grade example with ore in a more
coherent vein system. Bonanza ore grades, averaging 225 g/t Au, 104 g/t Ag and 2.4%
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Figure 5.9 Alunite—kaolinite—style epithermal deposits. (a) Schematic cross-section of an
alunite—kaolinite-style epithermal deposit showing alteration, mineralogy and general location
of ore zones. (Redrawn with permission from Silberman and Berger, 1985.) (b) Hydrology of
the active hydrothermal system within the Hakone caldera and in relation to the occurrence of
rhyolite domes. The regional hydraulic gradient controls groundater-flow from west to east
across the system. In such an environment, high-level magma degassing at an early stage may
produce extensive alunite—kaolinite alteration which subsequently becomes the focus for ore
deposition when invaded by the groundwater-based adularia-sericite system. Hakone is used
here as an analogy of the hydrodynamic setting of some alunite—kaolinite systems without
speculation on the possibility of gold mineralization in the system. (Redrawn from OKki, 1983.)
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Cu, occur in quartz—gold veins cross-cutting enargite-pyrite veins several metres in
width (Siddeley and Araneda, 1986; Jannas et al., 1989). Barite—alunite—quartz vein
and breccia deposits occur nearby at El Tambo and perhaps represent a nearer-surface
part of the system.

Alunite-kaolinite-style deposits appear to be more closely related to high-level
magma degassing environments than do adularia-sericite-style deposits but Berger
and Henley (1989) have stressed some common characteristics which suggest that two
stages of alteration and mineralization are involved in their formation. Stage 1
involves the intense acid alteration of host volcanics and stage 2 is the invasion of
these alteration zones by a more-normal near-neutral pH fluid from which gold and
associated minerals are precipitated by reaction with the alunite-kaolinite assemblage.
Deen et al. (1988), using stable isotope data, have demonstrated this dynamic
sequence in the Julcani district, Peru. The type of hydrodynamic environment for such
mineralization is illustrated in Figure 5.9(b) through analogy with the Hakone
geothermal field in Japan.

5.3.4 Fluid inclusions and light stable isotopes

The systematics of fluid inclusions and stable isotopes in epithermal deposits are
reviewed by Bodnar et al. (1985) and by Field and Fifarek (1985) respectively. Fluid
inclusion data are sparse for alunite—kaolinite systems; Matsuhisa (personal
communication) recorded only low salinities for the Nansatsu alunite—kaolinite-style
deposits in Japan despite the close association with a magmatic environment. A
consistent pattern, however, emerges for adularia—sericite systems (Hedenquist and
Henley, 1985a), showing low salinities for epithermal gold-silver deposits and higher
(= seawater) salinities for epithermal base metal-silver + gold deposits.

In addition to geothermometry using mineral pairs, stable isotope data provide
information on the dominant source or sources of water, sulphur and carbon in
hydrothermal fluids. In adularia—sericite-style epithermal systems in subaerial
volcanic terranes, meteoric water generally dominates throughout the evolution of the
system but there is evidence in some deposits for transient input of magmatic fluid or
of highly exchanged fluids from some deep crustal source. Ocean water may be shown
to contribute to or to substitute for meteoric water in the convective systems
developed in epithermal deposits in oceanic island settings (e.g. Drake silver—
goldfield, New South Wales, Andrew et al., 1985). Carbon and sulphur isotopes
commonly show magmatic signatures. In alunite—kaolinite-style deposits, as noted
above, oxygen isotopes show an evolution from magmatic to meteoric sources while
sulphur isotopes record the breakdown of primary magmatic sulphur dioxide to
sulphate and hydrogen sulphide (Rye et al., 1989).

Gold in a number of epithermal deposits is often associated with tellurium- and
selenium-bearing minerals such as calaverite and naumannite. The specific controls
on this element association are quite unknown, although it is often assumed that it
relates to input from magmatic fluid; examples include Vatukoula, Fiji (Ahmad et al.,
1987), Thames, New Zealand (Merchant, 1986), and Bessie G, Colorado (Saunders
and May, 1986). The chemistry of fluids responsible for mineralization and alteration
lies within the same self-consistent chemical framework as is observed in active
geothermal systems. In the next section, the fluid chemistry, alteration and
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mineralization in the active systems are briefly reviewed. For more comprehensive
treatments see, for example, Henley et al. (1984) and Henley and Hedenquist (1986).

5.4 Active geothermal systems

It has long been recognized that active geothermal systems in volcanic terranes are the
present-day equivalents of those ancient systems responsible for gold- and
silver-bearing base-metal mineralization in epithermal mining districts (e.g.
Lindgren, 1933; White 1955, 1981; Henley and Ellis, 1983). Weissberg (1969),
Weissberg et al. (1979) and Hedenquist and Henley (1985b) have discussed the
occurrence and chemistry of hot spring precipitates in the Ohaaki Pool at Broadlands
and Champagne Pool at Waiotapu, New Zealand, both of which contain around 3 oz/t
gold, 6-16 oz/t silver, about 2% arsenic and antimony and, at Ohaaki, 2000 mg/kg
mercury. Similar hot spring precipitates have also been described from Steamboat
Springs, Nevada (White, 1967). Hot springs such as Champagne Pool represent major
discharge points from extensive subsurface geothermal systems and may be
depositing gold at rates of the order 0.13 million oz per 1000 years at depth
(Hedenquist and Henley, 1985b).

Integrated studies of mineralization and alteration in drill core from active systems
and the geochemistry of geothermal fluids have provided a basis for the understanding
of the hydrodynamics and the geochemistry of epithermal ore-forming systems.
Studies include Browne (1969, 1971) and Browne and Ellis (1970) on Broadlands,
Hedenquist and Henley (1985b) on Waiotapu, Christenson (1987) on Kawerau, and
Krupp and Seward (1987) on Rotokawa. Although reliable geochemical data are now
available for fumarolic gas in active volcanoes (e.g. Giggenbach, 1982,) for self-
evident reasons few studies have been published on alteration and mineralization in
such extreme environments — the equivalent of the early stage of evolution of
alunite—kaolinite-style deposits. Thus the geochemical data reviewed below provide
insight to the geochemistry of the adularia—sericite-style epithermal systems and the
late stages of the evolution of alunite—kaolinite-style deposits.

Exploitation of geothermal energy involves the large-scale discharge of hot water
and steam from geothermal fields. The consequent rapid pressure changes and longer
term changes in temperature profiles and discharge chemistry of production wells
provide critical information on the hydrodynamics of geothermal systems (Elder,
1981) and the recognition of free convection as the control on the gross heat and mass
transfer in such large-scale hydrothermal systems. Geological data and simulation
studies have provided contraints of 10* to 10° years on the duration of such
hydrothermal systems. Taken together with geological and geochemical data, these
observations provide the basis of an integrated geochemical and hydrodynamic
framework for mineralization in epithermal systems (Henley and Ellis, 1983; Henley
and Hedenquist, 1986).

The well-studied systems of the Taupo Volcanic Zone in New Zealand are hosted
largely by porous ashflows and by well-fractured rhyolites. As with epithermal
deposits, structural features control the major flows of hydrothermal fluid and these
are marked by both intensity of alteration (particularly the abundance of adularia) and
often the presence of hydrothermal breccias (Browne, 1978; Grindley and Browne,
1976). Temperatures in the upper few hundred metres of these systems are controlled
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by mixing with cool groundwaters or by phase separation (‘boiling’). Boiling point vs.
depth curves for fluids of differing salinity and gas content have been provided by
Haas (1971) and Hedenquist and Henley (1985a) (Figure 5.7). These curves are
usually drawn assuming no transfer of groundwater pressure from outside the system,
although this certainly occurs in some systems (Fournier, 1987) and leads to higher
temperatures at a given depth.

While the bulk of the fluid in a typical system is a near-neutral pH, alkaline chloride
water containing CO, and H,S (see below), in the near-surface regime phase
separation leads to two types of fluid. Steam-heated (syn. acid sulphate) waters result
from the condensation of steam and adsorption of H,S in regions open to atmospheric
oxygen (Henley and Stewart, 1983). The resultant oxidation of sulphide to sulphate
leads to low-pH conditions and a consequent distinctive, intense alteration of surficial
rocks to alunite—kaolinite—silica assemblages often associated with pyrite and native
sulphur. At deeper levels, the adsorption of CO,-rich vapour into cooler groundwater
results in CO,-rich waters of moderate acidity (Hedenquist and Stewart, 1985). It is
these waters which are responsible for many of the illite—kaolinite ‘clay caps’ seen in
many epithermal deposits and which, through incursions consequent on declining
pressure in the mineralizing systems, probably account for the late-stage occurrence
of kaolinite in banded veins (e.g. Hishikari, Golden Cross) and breccia deposits (e.g.
Kelian) which otherwise have mineral assemblages (adularia, calcite, quartz)
indicative of near-neutral pH, boiling conditions. The second type of fluid evolved in
the near-surface discharge regime, consequent on phase separation at greater depths,
is an alkaline chloride water supersaturated with silica. During ascent to and
discharge at the surface, the alkaline chloride water precipitates amorphous silica to
form the familiar sinter terraces seen in geothermal fields and the silicified zones,
containing banded chalcedonic silica seen in hot-spring-type epithermal deposits.
Remixing of these water types and mixing with shallow groundwaters results in the
wide range of compositions and temperatures of hot springs.

Geothermal systems have been explored by drilling to around 3 km but in the
majority of cases only indirect evidence (for example the comparison of trace and
major gas contents of geothermal and volcanic gases [Giggenbach, 1986]) provides
evidence of deep magmatic fluid-input to these systems. Such an input may be
indirectly argued by analogy with porphyry systems and in some cases this is
supported by stable isotope (8D, 8'80) data from epithermal deposits. J.W.
Hedenquist, (personal communication) has noted that, in the Philippines, one
geothermal well is reported to have discharged SO, which may have been of volcanic
origin.

Table 5.2 provides a summary of the major element composition of a representative
suite of geothermal fluids. Apart from fluids in the Salton Trough and a few other
cases (e.g. Cessano, Italy), salinities lie in the range 1000-10 000 mg/kg chloride and
fluid pH is close to that of neutral for water at the ambient temperature. The major
element compositions are controlled by alteration mineral—fluid equilibria (Browne
and Ellis, 1970; Giggenbach, 1981, 1984) and, through charge-balance, are indirectly
dependent on salinity (Ellis, 1970; Henley ez al., 1984).

Carbon dioxide concentrations are largely independent of salinity and reflect input
from deep magmatic and/or metamorphic sources (Table 5.2). Isotope data tend to
favour the former so that analyses of gases from active volcanic environments (Table
5.3) may be representative of such input — both to the rocks of adularia—sericite
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systems and, at a higher crustal level, to the early formative stages of alunite—
kaolinite-style systems. The concentrations of H,S in Table 5.2 correlate with CO, and
Giggenbach (1980) has suggested that the ratio CO, : H,S is strongly controlled by
alteration temperature through equilibria involving CaCO;—(FeO)-FeS, where (FeO)
represents ferrous iron in aluminosilicates such as chlorite, epidote or prehnite.

Table 5.2 Concentrations (mg/kg) of major constituents in fluids discharged from geothermal
wells in some representative geothermal fields. Compositions have been recalculated by
recombination of liquid- and vapour-phase analyses of samples taken at the wellhead. (For
discussion, see Henley and Hedenquist, 1986.)

Geothermal fields °C Na K Ca Mg Cl SO4 Si2 B HS CO2
Wajrakei, 250 926 154 11.8 0.04 1543 22 484 20 9 348
New Zealand
Broadlands, 261 705 150 5 0.6 1238 7 556 34 72 4104
New Zealand
Rotokawa, 320 265 87 0.5 0.01 520 4 710 15 245 4495

New Zealand
Matilo, Tongonan 324 5018 1379 122 1.4 9124 18 771 194 85 2945
Philippines

Table 5.3 Chemical composition of gas discharges from three calc—alkaline volcanoes; note
that only the most abundant gases are silown; xgis the anhydrous gas content of the fumarole
sample (mmole per mole of H20) and n is the average oxidation state of sulphur (e.g. S = +4
in SO2 and -2 in H2S). From Heinrich et al.(1989) based on data from Giggenbach (1982) and
Gerlack and Casadevall (1986). Note the abundance of acidic gases and the relative abundance
of SOz over H3S relative to the gases in near-neutral pH geothermal fluids — in the latter the
acidity of any deep magmatic gas in neutralized by rapid alteration of primary minerals to
pyrophyllite, alunite, etc.

’C x, CO2 S n HCI HF NH; H N
White Island, 620 165 617 297 +32 59 0.66 0.13 24.1 33
New Zealand
Ngauruhoe, 520 101 696 179 +1.6 31 2.6 0.31 28.4 1424
New Zealand
Mt. St. Helens, 860 84 824 67 +0.22 — — — 101.4 —
Washington

5.5 Metal transport in epithermal systems

The solution chemistry of gold in hydrothermal solutions is now well understood
through both experimental studies and direct observation in geothermal systems.
These studies demonstrate quite clearly that in the epithermal environment the
principal gold-transport species is Au(HS); (Seward, 1973). Confirmation comes from
the observation by Brown (1986) of bonanza-grade (6 wt.% gold) precipitates
resulting from boiling of geothermal fluid near the control plates of discharging
geothermal wells. These data confirm that the Broadlands fluid is, at depths of a few
hundred to a thousand metres, close to saturation with gold as a bisulphide complex.
Equivalent gold arsenide species may contribute in a small way to the solubility, but
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the systematics of gold transport and deposition may be discussed satisfactorily in
terms of the dominant bisulphide complex.
Based on solubility reactions of the form,

Au+2H,S = Au(HS); + H' +0.5H,
ZnS+ 2H' +2C1~ = ZnCl, + H,S

for Au, Ag, Cu, Zn, Pb, Henley (1985, 1990) has shown that the geologic solubility of
gold and base metals (Ag, Pb, Zn) may be calculated for a wide range of salinities and
H,S contents. These relations are developed from empirical and thermodynamic data
relating to pH, fy,, ax*/ay", aps/fu, and alteration assemblages in active geothermal

systems. The resulting solubility isopleths are shown in Figure 5.10 for a temperature
of 250°C. It is important to note that, in constructing these solubility maps, reliable
data are not available for the important copper and silver bisulphide complexes, nor
for copper—chloride complexes. For gold, the solubility due to AuCl; has been
estimated from the thermodynamic extrapolation of Helgeson and Garrels (1986) and
experimental data by Bloom and Seward (in prep.) and Henley (unpublished data) and
becomes important only under extreme salinity conditions near halite saturation. The
chloride complex may become more important for ore transport at higher temperatures
(400°C or so) in the porphyry environment.

The important feature to note in these solubility maps is that the solubility of gold
in epithermal environments is inversely proportional to salinity and directly
proportional to my s. The solubility of chloride-complexed metals is the inverse of this

behaviour and this provides the essential chemical distinction between epithermal
precious metal and epithermal base metal—silver deposits. This is borne out by fluid
inclusion salinity data (Hedenquist and Henley, 1985a). The solubility—salinity data
underpin the observation that polymetallic volcanogenic massive sulphide deposits,
such as the Kuroko deposits of Japan, are essentially seafloor equivalents of terrestrial
epithermal systems. The basic ingredients of their formation are the same but different
or additional depositional controls apply due to the overlying seawater. As with
epithermal systems, some are gold-enriched and others not, reflecting some
fundamental geochemical control in the deep source regime of the systems.

Gold transport is maximized in solutions containing relatively high concentrations
of H,S which, as noted above, is inversely related, through fluid-mineral equilibria, to
the concentration of CO,. Using the thermodynamic and empirical relations of
Giggenbach (1980, 1981), the H, : H,S : CO, ratios may be related to temperature so
that the solubility of gold may be expressed in fxo—m¢, -temperature space as
illustrated in Figure 5.10(b). The implication of these data is clear — the solubility of
gold in crustal fluids in volcanic terranes is strongly linked to CO, concentration and
to temperature in the alteration-buffered roots of hydrothermal systems. In addition to
its role as a source of metals (Au, Cu, etc.), this highlights the importance of magma
degassing and magma evolution in developing epithermal ore-forming systems (note
that CO, /SO, /H,S /H, relations in the porphyry environment are controlled both by
equilibria in the magma and by progressive high-temperature acid-alteration of
country rock).
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Figure 5.10 (a) Solubility controls of gold, silver, and base metals. (a) Relative solubilities
of precious and base metals at 250°C in chloride—sulphide solutions the pH and redox state of
which are controlled by common alteration mineral assemblages (see text). The composition
range for fluids observed in active geothermal systems is shown by the stipple. H,S is the
dominant sulphide species across most of the diagram but sulphate occurs under the
low-salinity, low-sulphur conditions in the bottom left of the figure. Halite saturation is at
about 5.54 log Cl. (b) Solubility of gold at 250 and 300°C in chloride—sulphide—CO, solutions
buffered by common mineral equilibria (see text). The stippled area shows the general region

within which two-phase conditions occur, dependent on pressure. (From Berger and Henley,
1989.)
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5.6 Physico-chemical conditions in the depositional regime

In discussing the transport chemistry of gold and base metals, it was shown that the
principal controlling variables in rock-buffered systems are pH, my; 5, fy, and tempera-
ture. In the high-level discharge/depositional regime of epithermal hydrothermal
systems these factors change rapidly due to phase separation — boiling — in response to
decreasing pressure and to dilution by near-surface cold waters (Figure 5.5). Pressures
and temperatures in the depositional regime are constrained by regional hydrology
and by the phase relations of the CO,—H,0-X system; X represents total dissolved
solids and is a subordinate factor relative to CO, in epithermal gold systems.
Conductive heat loss is not significant in mineralized systems since the formation of
an epithermal deposit itself implies high mass-flow rates and consequent high rates of
convective heat transfer.

During phase separation, dissolved gases partition strongly to the vapour phase
(Giggenbach, 1980; Henley er al., 1984; Drummond and Ohmoto, 1985). Transfer of
CO; out of solution in this way leads to a pH increase of 1-2 pH units relative to the
original mineral-buffered solution through the reaction,

COy) + HO = HCO; +H*

Loss of H,S and H, also occurs and these combined effects increase the saturation of
gold from initial values close to one to high values. The loss of H, may be such as to
oxidize reduced sulphur species to sulphate, further increasing gold supersaturation.
Thus boiling is one of the most important and most efficient processes whereby gold
is deposited as ore but there is no preferred temperature range. Calcite and adularia act
as mineralogical indicators of this process (see below) and some textures may give
circumstantial evidence of episodic boiling (e.g. banded chalcedonic or opaline
silica).

Dilution can also be an important process leading to gold deposition in more saline
systems. In such systems, dilution of chloride ion and accompanying temperature drop
lead to precipitation of co-transported base metals as sulphides. The consequent
removal of H,S lowers the solubility of gold and leads to the deposition of
discontinuous gold-rich shoots in some polymetallic veins (e.g., El Bronces, Chile —
Skewes and Camus, 1988).

Deposition due to chemical changes associated with wallrock reactions are less
important than in other styles of mineral deposit. Exceptions are the Carlin-type
deposits (cf. Berger and Bagby, this volume) which involve dissolution of carbonate
and the alunite—kaolinite-style deposits where, as discussed above, gold deposition
results from the reaction of later stage, near-neutral fluids with acidic, alunite-rich
alteration assemblages developed during earlier, magmatic-stage alteration.

The gangue mineralogies of epithermal deposits record chemical processes in the
depositional regime. Loss of CO, due to boiling leads to supersaturation with respect
to calcite according to,

CaCO; + CO, + H,0 = Ca™ + 2HCO;
Due to the retrograde solubility of calcite (Arnorrsson, 1978; Fournier, 1985a), the

mass of calcite deposited in this way is (in addition to the original CO, or Ca content
of the fluid) dependent on the initial and final temperatures. Calcite deposited by
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boiling has a characteristically massive, bladed texture which is often found replaced
by silica or leached following silica precipitation in the matrix. The change in pH
attendant on boiling commonly leads to the precipitation of adularia in vugs (e.g.
Kelian and Ladolam) or interbanded with silica (e.g. Hishikari, Golden Cross, and
McLaughlin). In exploration, it must be remembered that the occurrence of adularia
and calcite are indicative of phase separation and are not themselves indicative of the
gold potential of a deposit or prospect.

Increasing concentration of silica due to vapour loss leads to the deposition of
quartz or chalcedonic silica from fluids initially at about 250-300°C (Fournier,
1985b). The maximum mass of silica deposition occurs where fluids boil adiabatically
to atmospheric pressure and the high supersaturations attained lead to amorphous and
opaline-chalcedonic silica deposition as observed in silica sinters and shallow veins.
Banding records transient pressure changes in the vein environment due to mineral
deposition, permeability changes due to phase separation or, near surface, to changes
in atmospheric pressure. The solubility of quartz passes through a maximum at about
320°C, so that boiling of fluids at initially higher temperatures leads first to
undersaturation with respect to quartz. Thus at Kelian, only small, well-terminated
quartz crystals occur sporadically in vugs and there are no major zones of silicification
as occur in many other epithermal deposits.

Silica deposition from fluids may occur during dilution by cool groundwaters
(Fournier, 1985b) but the saturation levels attained are low; this favours slow
deposition and the formation of well-crystallized quartz above about 200°C.
Chalcedony may form at lower temperatures but generally lacks the banding
characteristic of boiling environments. Massive chalcedonic silica often occurs with
alunite—kaolinite deposits; in this case, the high silica saturations relate to the rapid
destruction of primary aluminosilicates by acidic fluids.

Over time the various polymorphs of silica recrystallize to quartz but primary
deposition textures in banded veins and silica sinters are generally preserved; for
example, in the 324+ 5 Ma Pajingo deposit, Queensland, recrystallization has
occurred and destroyed any primary fluid inclusions but vein textures are well
preserved (Etminan et al., 1988).

5.7 Epithermal deposits through geologic time

Until recently the majority of epithermal deposits were known from Cenozoic to
Recent volcanic terranes. However, the ingredients for their formation — high-level
magmatism, brittle fracture systems and groundwater flow —are timeless. For this
reason it is likely that epithermal deposits have been formed throughout crustal
evolution and the only restriction upon their present distribution relates to
preservation from erosion or severe metamorphic overprinting. Newly discovered
deposits in north-eastern Queensland (e.g. Pajingo—Etminan ez al., 1988; Wirralie—
Fellows and Hammond, 1988; Yandan—-Wood et al., 1989) are Permo- Carboniferous
in age and associated with acid to intermediate volcanic suites. Their preservation has
been due to younger cover rocks which are only recently being stripped in response to
uplift of the Eastern Highlands. Epithermal deposits of similar age also occur at
Drake, New South Wales (Bottomer, 1986) and Cracow, Queensland. Palaeozoic
epithermal deposits are recognized in the Lachlan fold belt of south- eastern Australia
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and in the Appalachians. In both regions, alunite-kaolinite-type deposits are preserved
(e.g. Temora, New South Wales—Thompson et al., 1986; Pilot Mountain — Klein and
Criss, 1988; Haile, Carolina — Kiff and Spence, 1988). Epithermal deposits have also
tentatively been recognized in Archaean rocks in Canada and Australia (e.g. Adams,
1976; Groves, 1988).

5.8 Exploration

Modern exploration for epithermal deposits follows the methodology developed in the
1960s and 1970s for porphyry deposits and volcanogenic massive sulphide deposits.
Thus, regional geochemistry and the mapping of alteration in bedrock or float material
are of prime importance. Geochemical stream sediment and soil surveys are proving
increasingly useful but their utility as a cost-effective exploration method has been
dependent on the development of sub-ppm, carbon-rod, atomic absorption techniques.
The bulk-cyanide leach technique has also developed as a qualitative and inexpensive
tool for regional gold surveys. Arsenic, antimony and mercury are covariant with gold
and may be used as additional pathfinders (Silberman and Berger, 1985) and base
metals and copper may be useful for some deposit styles. Thallium and tellurium may
be useful as discriminants but are generally precluded by the difficulties and cost of
analysis.

The majority of large epithermal systems are characterized by extensive intense
alteration haloes consequent on widespread feldspar and ferromagnesian mineral
destructive reactions, silicification, and pyritization. Other characteristics of
epithermal systems are the transfer of potassium into the upper few hundred metres of
the system and, due to the presence of reduced sulphur, the widespread demagnet-
ization of host rocks. These features ensure that airborne magnetic, radiometric and
resistivity surveys are very useful in locating epithermal systems (Allis, 1990). The
former have been very successful in epithermal exploration throughout eastern
Australia (Tennison Woods and Webster, 1985; Irvine and Smith, 1990). Such surveys
also provide basic geological information and, depending on correct flight line
orientation, can locate major regional and related structures which may provide a
fundamental control on the location of ore districts. The recognition of possible
regional structures is also aided by satellite thematic mapper and SLAR radar imagery.
Zones of extensive rock alteration may, in some cases, be detected through gravity
survey (Locke and De Ronde, 1987).

At the prospect scale, geochemical surveys based primarily on gold are obviously of
great importance in locating ore zones. Where outcrop is sufficient or pilot drilling has
been completed, alteration mapping (backed by X-ray diffraction and petrography) are
both important, although the distinction of hypogene or supergene origin for kaolinite
and alunite may often be impossible. Recognition of multiple alteration stages may be
very important. Similarly, mapping of breccia types provides an important guide to
mineralization style and possible targets. Fluid inclusion thermometry is useful in
characterizing deposits but only if great care is taken in selecting suitable samples and
in interpreting the homogenization data.

Strong variations in electrical properties within hydrothermally altered rocks allow
conductive clay—pyrite zones and resistive silicified zones to be mapped in detail by
standard resistivity methods (Irvine and Smith, 1990). Controlled Source Audio-
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Magnetic-Telluric (CSAMT) surveys have been used with varying success in targeting
capricious vein systems at depth and discriminating resistive quartz-rich zones or
conductive clay—pyrite zones (Austpac, 1988). In many epithermal districts, recog-
nition of the original geomorphology provides clues to the palacohydrology which
may then aid in developing exploration targets. At Creede, Colorado, for example, the
silver—base metal vein district lies on the outflow portion of a much larger epithermal
system which upflowed several kilometres to the north near the ring fracture of the
San Luis caldera and developed some high-grade gold mineralization.

No single technique provides the key to epithermal exploration. Instead, the use of
careful mapping in conjunction with geophysics and geochemistry may lead to the
recognition of good prospects. Drilling as always is the ultimate test. The discovery of
the Hishikari bonanza deposit, for example, was the result of a five-year combined
geological and geophysical programme. Exploration drilling tested a series of
helicopter-detected electromagnetic and ground resistivity anomalies coincident with
a basement high recognized from gravity survey (Johnson and Fujita, 1985; Urashima
et al., 1987). Drilling also tested the complementary concept of depth-extension to
the exposed andesite-hosted veins.

5.9 Summary

This chapter has focused on the geochemical character of epithermal gold deposits in
volcanic terranes rather than the geology of their occurrence. This is deliberate in that
epithermal deposits owe more to the chemistry imposed on their host-rock package by
hydrothermal fluids at high water/rock ratios than they do on their intrinsic
geochemistry.

Epithermal gold deposits are the product of large-scale hydrothermal systems in
volcanic terranes. Their essential ingredients are a magmatic heat source in the upper
few kilometres of the crust, a source of groundwater, metal and reduced sulphur, and
zones of brittle fracture. These ingredients have been available throughout crustal
history so that there is no restriction on age, only on preservation. Mixing of these
ingredients leads to the formation of deposits and deposit- settings which share more
common features than differences — one of the primary controls on deposit style is the
relative level in the crust where magma degassing occurs.

In the past there has been much controversy on the role of magmas as metal sources.
To the author, the growing body of field evidence and geochemical data is
unequivocal; high-level magmas are the source of gold in epithermal gold systems and
in most cases are also the source of the sulphur required for gold transport. The ability
of degassing magmas to supply metals is becoming more firmly established; Meeker
(1988), for example, has shown that in December, 1986, Mt. Erebus, Antarctica,
discharged daily about 0.1 kg Au together with 0.2 kg Cu, 200t HCI and 56t SO, —
equivalent to 360t Au per 10 000 years. What differs between deposit styles, as
discussed above, may relate largely to the relative depth of intrusion. Thus the
alunite—kaolinite-style deposits relate to degassing of high level magmas (e.g. rhyolite
domes), with later hydrothermal flow driven by the larger, deeper magma system,
whereas adularia—sericite-style systems relate to deeper magma bodies degassing into
an overlying groundwater system. Convecting groundwaters serve to disperse the
magma fluid. In high-permeability systems, dispersion may be so strong as to prevent
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the formation of an ore deposit even though a billion grams of gold may be
disseminated at low grade in the upper few hundred metres of the system (e.g.
Broadlands, New Zealand). In lower permeability host rocks, major structures control
groundwater flow and focus fluids to a high-level deposition site (e.g. Hishikari,
Japan). Extensive brecciation, due to magmatic processes in some way associated
with major regional structures, appears to provide an optimum environment (Kelian,
Indonesia, and Ladolam, Papua New Guinea, are examples).

Epithermal gold deposits are attractive exploration targets. Although many
questions remain open, the quantitative understanding of epithermal deposits based on
geothermal physics and chemistry provides a much stronger, less speculative
geological framework than for many other types of deposit. It is this framework, used
wisely, that provides the basis for their systematic and successful exploration.
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6 Intrusion-related gold deposits
R.H. SILLITOE

6.1 Introduction

A broad spectrum of gold mineralization styles is found in the epizonal intrusive
environment, and a number of these give rise to world-class gold deposits
(Figure 6.1). Here the spectrum is subdivided into: (a) intrusion-hosted stock-
work/disseminated deposits of both porphyry and non-porphyry types, the former
possessing all the essential geological attributes (especially multidirectional stock-
works) of typical porphyry copper and/or molybdenum deposits; (b) skarn and
non-skarn replacement deposits in carbonate wallrocks; (c) stockwork, disseminated
and replacement deposits in non-carbonate wallrocks; (d) wallrock-hosted breccia
pipes; and (e) veins in both intrusions and wallrocks. This spectrum of deposits is
transitional upwards to the volcanic-hosted, epithermal gold environment, which is
mentioned only briefly in this chapter but discussed at length by Henley (this volume).

This chapter documents the variety of intrusion-related gold deposits, and considers
their interrelationships and origin. Major, newly discovered deposits of current
economic importance are emphasized throughout (Figure 6.1). Deposits in which gold
possesses only by-product status are largely omitted even though the tonnage of
contained gold may be large (e.g. Bingham porphyry copper-molybdenum deposit,
Utah, USA).

6.2 Geotectonic settings

The majority (at least 85%) of the intrusion-related gold deposits used as examples in
this review were generated at Phanerozoic convergent plate margins above zones of
active subduction. The convergent margins ranged from primitive through mature
island arcs to continental margins. Clearly the overall constitution and thickness of the
lithosphere are not fundamental controls of intrusion-related gold deposits, although
carbonate-hosted gold mineralization is more widespread in continental-margin arcs
than in island arcs because of the restriction of shelf-carbonate sequences to the
former (Sillitoe, 1989a). However, linear zones of crustal weakness that underwent
repeated reactivation localized some of the deposits; Fortitude and McCoy-Cove
(Tables 6.3 and 6.4) in the Battle Mountain-Eureka trend of Nevada, USA (Roberts,
1966), and Tai Parit (Table 6.4) in the Bau trend of Sarawak, East Malaysia (Sillitoe
and Bonham, 1990), are typical examples.

In the western Pacific region, overriding plates and their volcano-plutonic arcs were
commonly subjected to neutral or extensional stress regimes during mid- to
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Figure 6.1 Grade—tonnage plot for representative gold deposits reviewed in this chapter.
Data are taken from references listed in Tables 6.1 to 6.7 or from the mining press. The total
gold tonnages in Tables 6.1 to 6.7 may be greater than those implied by this figure which for
some deposits does not include previous production because the grades are unknown.
Numbers: 1 Lepanto, 2 Santo Tomas II, 3 Dizon, 4 Ok Tedi, 5 Cuervo, 6 Marte, 7 Boddington,
8 Zortman-Landusky, 9 Salave, 10 Gilt Edge, 11 Kori Kollo, 12 Fortitude, 13 McCoy, 14
Nickel Plate, 15 Red Dome, 16 Thanksgiving, 17 Barney’s Canyon, 18 Tai Parit, 19 Star
Pointer, 20 Ketza River, 21 Cove, 22 Beal, 23 Quesnel River, 24 Equity Silver, 25 Mount
Morgan, 26a Porgera (Waruwari), 26b Porgera (Zone VII), 27 Montana Tunnels, 28 Golden
Sunlight, 29 Colosseum, 30 Ortiz, 31 Kidston, 32 Mount Leyshon, 33 Chadbourne, 34 Charters
Towers, 35 Los Mantos de Punitaqui, 36 Masara.

late-Cainozoic intrusion and gold mineralization, but more rarely overthrusting (e.g.
Ok Tedi, Papua New Guinea; Table 6.1) or strike-slip faulting (e.g. Masara,
Philippines; Table 6.7) were prevalent (Sillitoe, 1989b). Extensional conditions were
commonly accompanied by bimodal magmatism dominated by silicic products
(Sillitoe, 1989a, b), and a comparable geotectonic setting may have characterized
northern Queensland, Australia, in the Carboniferous when gold deposits (Kidston,
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Red Dome, Mount Leyshon; Tables 6.3 and 6.6) were generated in association with
rhyolitic to trachytic intrusions (Morrison, 1988). Alkaline magmatism also marks
extensional situations, commonly in back-arc environments, as exemplified by the late
Cretaceous to mid-Tertiary intrusions and gold deposits of Montana, South Dakota,
Colorado, and New Mexico in the western USA (e.g. Giles, 1983; Mutschler et al.,
1985; DeWitt et al., 1986).

Many convergent plate boundaries were constructed by accretion of numerous
tectono-stratigraphic terranes, some including parts of volcano-plutonic arcs, which
attained their present sites as the combined results of subduction and transform
faulting. Such tectonically emplaced allochthonous terranes may contain intrusion-
related gold deposits, including the Jurassic deposits at Nickel Plate (Table 6.3) and
Quesnel River (Table 6.5) in British Columbia, Canada (McMillan et al., 1987).

The geotectonic settings of several of the older gold deposits discussed below are
more obscure. This is the case particularly for deposits like Boddington, Young-
Davidson (Table 6.1) and Chadbourne (Table 6.6) that are components of Archaean
greenstone belts. Nevertheless, some recent hypotheses draw analogies between the
evolution of greenstone belts and convergent plate boundaries, and assign intrusion-
related gold deposition to the final stages of subduction, possibly in a transpressional
tectonic regime (e.g. Wyman and Kerrich, 1988). However, the Hercynian and
Pan-African orogens that host the Salave, Spain (Table 6.2), and the Tiouit, Morocco
(Table 6.7), and Navachab, Namibia (Table 6.3), intrusion-related gold deposits,
respectively, are generally considered to be the products of convergence that resulted
in continental collision. Magmatism and associated gold mineralization may have
been triggered by crustal thickening consequent upon collisional tectonics as, for
example, in the Damaran part of the Pan-African orogen in Namibia (Miller, 1983).

6.3 Intrusion-hosted stockwork/disseminated deposits

6.3.1 Porphyry deposits

Several major porphyry copper—gold deposits (Table 6.1) are (or shortly will be)
exploited for their gold contents, with copper commonly constituting either a co- or
by-product. However, the leached capping at Ok Tedi (Hewitt e al., 1980) and part of
the laterite profile at Boddington (Symons et al., 1988) constitute gold-only deposits
above sulphide-bearing copper—gold mineralization. On the basis of the geological
characteristics of gold-rich porphyry copper systems, Sillitoe (1979, 1983a) predicted
the existence of copper-deficient porphyry gold deposits in Phanerozoic volcano-
plutonic arcs. These have now been discovered in Chile and are exemplified by the
Marte deposit (Table 6.1; T. Vila, R.H. Sillitoe, J. Betzhold and E. Viteri, in prep.).
Small porphyry gold deposits may also be present in some Archaean greenstone belts
(Table 6.1; Franklin and Thorpe, 1982). However, most cited examples of porphyry
gold mineralization (e.g. Lawrence, 1978; Schmidt, 1985) are not of porphyry type in
the strict genetic sense defined below.

Gold-rich porphyry deposits, like those dominated by copper or molybdenum, are
centred on stocks, which are commonly composite (Figure 6.2) and subvolcanic in
character. The stocks tend to be rather basic in composition but commonly contain
quartz and/or K-feldspar (Table 6.1). Gold ore constitutes steeply inclined bodies
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Figure 6.2 Cross-section of the Santo Tomas II porphyry copper—gold deposit, Philippines,
after Sillitoe and Gappe (1984). The annular form of the copper—gold ore, approximated by the
copper isopleths, is due to the lower grade mineralization present in inter-mineralization
porphyry intrusions occupying the core of the cylindrical stock. The stock, K-silicate
alteration, and orebody were truncated about 800 m below the present surface by a propylitized
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(Figure 6.2) of quartz stockwork and subordinate disseminated mineralization, which
at some deposits contain low-grade cores attributable to either inter-mineralization
intrusions (Figure 6.2; Serafica and Baluda, 1977; Sillitoe and Gappe, 1984) or bodies
of replacement quartz (Hewitt et al., 1980).

Gold was generally introduced as a component of K-silicate alteration in which
biotite may be accompanied by K-feldspar and/or actinolite (Table 6.1; Bamford,
1972; Sillitoe and Gappe, 1984; Symons et al., 1988). Cuervo, with argillic alteration
reportedly dominant (Table 6.1), is an exception. Anhydrite and its supergene
hydration product, gypsum, are commonplace. Gold in hypogene porphyry copper—
gold deposits is commonly present in pyrite-poor, chalcopyrite—bornite assemblages,
whereas in porphyry gold deposits pyrite is the only significant sulphide (Table 6.1).
Magnetite, in part transformed to hypogene hematite, is a common but not ubiquitous
associate of the sulphides, in both veinlet and disseminated form (Sillitoe, 1979). At
least 8 vol.% iron oxides are present at Santo Tomas II (Sillitoe and Gappe, 1984) and
Marte (T. Vila, R.H. Sillitoe, J. Betzhold and E. Viteri, in prep.). The presence of
hypogene iron oxides and anhydrite testifies to the highly oxidized condition of the
ore fluids.

In porphyry copper—gold deposits, the contents of the two contained metals
typically display a positive correlation, a relationship that supports their co-transport
and co-precipitation and argues strongly against the introduction of significant
amounts of gold later than the K-silicate—copper association. The high-fineness gold
is closely related to chalcopyrite and bornite, especially the latter where present, in
porphyry copper—gold deposits, but occurs mainly with quartz or pyrite in the
porphyry gold deposits.

Gold-bearing K-silicate alteration was overprinted in several shallowly eroded
deposits, such as Dizon and Marte, by a sericite—clay—chlorite assemblage, which
seems to have introduced some of the pyrite, martitized some of the magnetite, but
induced little modification of gold and copper grades (Sillitoe and Gappe, 1984; T.
Vila, R.H. Sillitoe, J. Betzhold and E. Viteri, in prep.). It is not clear, however, if the
clay at Cuervo was developed at the expense of earlier K-silicate alteration.

These shallowly eroded deposits may also be partly overlain and/or flanked by
erosional remnants of extensive zones of volcanic-hosted advanced argillic alteration
dominated by the quartz—alunite assemblage and containing bodies of chalcedonic
silicification. These zones contain ~ 10 vol. % pyrite along with high-sulphidation
minerals such as enargite and native sulphur. At Lepanto, a major enargite-gold
orebody has been mined from a body of massive pyrite and chalcedony which is
located at higher elevations than, but marginal to, the porphyry copper—gold deposit
(Gonzalez, 1956; Sillitoe, 1983b). It is an acid-sulphate or high-sulphidation-type
epithermal deposit in the sense of Bonham (1986) and Heald et al. (1987) (see Henley,
this volume).

6.3.2 Other intrusion-hosted stockwork/disseminated deposits

Several disparate stockwork or disseminated gold deposits are hosted, at least in large
part, by stocks (Table 6.2), but none of them is of porphyry-type sensu stricto because
of the absence of multidirectional stockworks and associated K-silicate alteration. The
category includes shallow, low-sulphidation, adularia—sericite-type epithermal
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deposits (Bonham, 1986; Heald et al., 1987; Henley, this volume) through to deeper-
level types.

The Kori Kollo deposit in the La Joya district would be considered epithermal by
many investigators, although its stockwork gold—copper mineralization, pervasive
sericitic alteration and, in the nearby La Joya stock, the presence of tourmaline
combine to suggest a porphyry-type deposit. The rhyodacite porphyry stocks in the La
Joya district are locally flow-banded and, in accordance with Redwood’s (1987)
interpretation, are considered as the roots of lava domes. Such shallow intrusion offers
a ready explanation for the combination of epithermal and porphyry-type character-
istics. Hastings (1987, 1988) likewise designated the Zortman-Landusky deposits as
epithermal because of the vein textures and Hg—Te—As trace-element signature, but
emphasized their intimate intrusive connection. The Gilt Edge deposit was also
considered to be of epithermal type by Paterson et al. (1987).

In contrast, Salave creates the overall impression of being a deeper-seated gold
deposit. The dominantly disseminated form of the arsenopyrite-rich ore and its
association with pervasive sericite—albite—carbonate alteration (Harris, 1980a, b)
suggest that the deposit may be considered as a greisen.

The stocks that host these stockwork and disseminated gold deposits possess a
wider compositional range than those that carry the porphyry-type gold deposits
(Tables 6.1 and 6.2). The geometries of the ore zones appear to be more varied than
those in the porphyry deposits, with structural localization playing an important role
at Zortman-Landusky (Figure 6.3; Rogers and Enders, 1982) and Gilt Edge

Figure 6.3 Cross-section of the August orebody in the non-porphyry-type intrusion-hosted
Zortman-Landusky gold—silver deposit, Montana, USA, after Enders and Rogers (1983) with
modifications from Hastings (1988). The orebody is centred on a steeply dipping zone of
shearing and trachyte porphyry dykes which, due to enhanced permeability, gave rise to deeper
supergene oxidation — a prerequisite for the development of gold ore.
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(MacLeod, 1987), and ponding of ore fluids beneath relatively impermeable wallrock
quartzites and slates appearing to have been influential at Salave. Furthermore, at
Zortman-Landusky, a transition from deeper narrow veins to shallow, wide, low-grade
stockworks, breccias and intensely fractured ‘sheeted’ zones is observed (Hastings,
1987, 1988).

All the deposits (Table 6.2) underwent gold-introduction along with sericitic
+carbonate alteration. Gold is accompanied by a more varied suite of metals (Table
6.2) than in the porphyry-type deposits, although copper and/or molybdenum are still
present in minor quantities in all deposits. Gold is present at least partly in the native
state, although gold-bearing tellurides are dominant at Zortman-Landusky (Rogers
and Enders, 1982). Appreciable silver contents also characterize Zortman-Landusky
and Kori Kollo.

6.4 Deposits in carbonate rocks

6.4.1 Skarn deposits

Skarn deposits in which gold occurs as the principal commodity or as an important
by-product are widespread (Table 6.3; Orris et al., 1987). Many of these deposits may
be assigned to the iron, copper, lead-zinc or porphyry copper skarn types defined by
Einaudi et al. (1981), whereas others constitute a separate and, as yet, poorly
characterized gold skarn category (Table 6.3; Orris et al., 1987; Meinert, 1988).
However, the divisions between the gold-bearing skarn types are not clearcut
geologically, and some deposits are difficult to categorize. For example, the
Thanksgiving deposit (Table 6.3) is porphyry copper-related but classified as a gold-
rich zinc skarn by Orris et al. (1987).

The gold skarns may be related genetically to either unmineralized intrusions with
porphyritic or equigranular textures, or linked to porphyry stocks carrying mineral-
ization of porphyry copper (Fortitude, Thanksgiving) or porphyry molybdenum (Red
Dome) type (Table 6.3). The skarns may also be subdivided into proximal, where they
abut the progenitor intrusion (McCoy, Red Dome, Thanksgiving and Suan), or distal,
where they are observed or inferred to occur at distances of several hundred metres or
more from stock contacts (Fortitude, and probably Nickel Plate and Navachab).

Most auriferous skarn is present in the exoskarn environment, although endoskarn
also constitutes ore locally at some deposits (e.g. Red Dome; Torrey et al., 1986). The
gold-rich exoskarns are normally calcic and developed from limestone and/or
calcareous siltstone, but magnesian skarns developed from dolomite dominate at Suan
(Watanabe, 1943).

Gold skarns, in common with other skarn types, were localized invariably by a
combination of lithological and structural factors. At most large deposits, such as
Fortitude (Figure 6.4; Wotruba et al., 1988), Suan (Watanabe, 1943) and McCoy
(Kuyper, 1988), auriferous skarn developed as stratabound mantos in favourable
carbonate horizons. Steep, pre-mineral faults that united progenitor intrusions and
sites of mineralization acted as feeders for the mineralizing fluids at Fortitude (Figure
6.4; Wotruba et al., 1988) and McCoy (Kuyper, 1988). Smaller skarn bodies tend to
form as discontinuous rinds along intrusive contacts, as at Red Dome, Thanksgiving
and, at depth, McCoy. Even in large auriferous skarns, however, local features, such



INTRUSION-RELATED GOLD DEPOSITS 177

w UPPER OREBODY E

Copper Canyon
fault

metres above sea-level

- 1800

metres 200

38.5 Ma GRANODIORITE

PENNSYLVANIAN [ | (;,IHERT-ARGILLITE

e thrust

CSexd SANDSTONE-SILTSTONE-CONGLOMERATE
5 LIMESTONE
== CALCAREOUS SILTSTONE-CONGLOMERATE
~——= unconformity

CAMBRIAN SANDSTONE-QUARTZITE

\ Fault

@ SKARN Au ORE

PENNSYLVANIAN-
PERMIAN

Figuré 6.4 Cross-section of the Fortitude skarn gold deposit, Nevada, USA, after Wotruba et
al. (1988). The principal conduit for mineralizing fluids was the pre-mineralization Virgin
fault which was intruded by a granodiorite dyke, an offshoot of the Copper Canyon stock some
800 m farther south. The dyke, in common with the stock, underwent K-silicate alteration.
Prograde skarn replaced limestone in the lower orebody and calcareous siltstone and
conglomerate in the upper orebody.

as the sills, dykes and small-scale fold hinges at Nickel Plate (Ray er al., 1988), acted
as cogent ore controls.

Gold skarns, like those carrying other metals, developed in several stages, which
may be subdivided into early, anhydrous, prograde and late, hydrous, retrograde
events (Einaudi ef al., 1981). Prograde skarn, typically comprising Fe-rich garnet and
pyroxene (Table 6.3), originally may have been widespread (6 km? at surface in the
Nickel Plate area) or restricted to small pods, patches and veins (e.g. Navachab,
Thanksgiving). Retrograde events may have almost completely destroyed prograde
skarn, but commonly acted only weakly, as at Fortitude (Myers and Meinert, 1989)
and Nickel Plate (Ray et al., 1988).

Gold may be precipitated during both prograde and retrograde stages of skarn
formation. Proximal skarns commonly display an association between gold and
retrograde events (e.g. Red Dome; Torrey et al., 1986), whereas gold in several major
distal skarns was introduced during prograde alteration (e.g. Fortitude — Myers and
Meinert, 1989; Nickel Plate — Ray et al., 1988). Auriferous skarn is rich in sulphides,
principally pyrite and/or pyrrhotite, and, locally, also in magnetite; total sulphide
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contents commonly exceed 10 vol.% and, as in parts of the Fortitude orebody, even 50
vol.% (Wotruba et al., 1988).

Gold in retrograde skarns is usually associated closely with the sulphides, in which
copper or, less commonly, zinc occur as the main base metals (Table 6.3). As
emphasized recently by Meinert (1988), many, but apparently not all, gold-rich skarns
are enriched in arsenic as arsenopyrite, bismuth as the native metal, bismuthinite,
hedleyite and other minerals, and tellurium (Table 6.3). At Thanksgiving, tellurides
are the principal gold-bearing minerals (Callow, 1967).

6.4.2 Carbonate-replacement deposits

Intrusion-related, carbonate-replacement deposits are well-known sources of lead,
zinc and silver (e.g. Titley and Megaw, 1985), but are less widely recognized as
receptacles for gold. Carbonate-replacement deposits generally occur distally beyond
the skarn front, but in some districts skarn is either poorly developed and devoid of
significant metallization (Bau, Yauricocha) or absent entirely (Kendall, Ketza River,
Foley Ridge).

As reflected by Table 6.4, the carbonate-replacement category is amenable to
subdivision into deposits which, like the gold skarns, contain gold in combination
with at least small quantities of the common base metals (Star Pointer, Cove, Ketza
River) and deposits characterized by a gold—arsenic—(antimony) association (Barney’s
Canyon, Tai Parit, Purisima Concepcién, Foley Ridge, Kendall). Foley Ridge and
Kendall do, however, also contain anomalous amounts of base metals. Cove contains
tin (Emmons and Coyle, 1988).

Most deposits may be related readily to exposed intrusions, although the Ketza
River deposit is only inferred on the basis of hornfelsing to overlie a concealed stock
(Abbott, 1986). The stock that is linked to the Barney’s Canyon deposit is the focus of
the Bingham district, with its porphyry Cu—Mo—Au, skarn Cu—Au and carbonate-
replacement Pb—Zn—Ag—(Au) deposits. Barney’s Canyon is on the northern fringe of
the district, some 8 km from the stock. However, a genetic connection is supported by
the presence of similar, structurally controlled gold-arsenic mineralization as an
overprint to the other deposit types in the Bingham district, and by the fact that at least
some of this gold mineralization pre-dated end-stage molybdenum introduction in the
skarn environment (Cameron and Garmoe, 1987). Porphyry-type mineralization, with
or without skarn and/or carbonate-replacement deposits, is also present with
intrusions related genetically to the Tai Parit (Sillitoe and Bonham, 1990), Purisima
Concepcién (Alvarez and Noble, 1988) and Star Pointer (Smith et al., 1988) gold
deposits, and the Cove gold-silver deposit is only 1.5 km from, and apparently related
to, the McCoy gold-skarn deposit (Emmons and Coyle, 1988).

As in the case of the skarn gold deposits, the carbonate-replacement deposits were
localized by combinations of lithological and structural features, with steep faults
(e.g. Tai Parit; Figure 6.5), steep fractures (e.g. Foley Ridge; DeWitt er al., 1986),
lithological contacts (e.g. Ketza River, Tai Parit; Figure 6.5) and regionally extensive
aquifers (e.g. Kendall; Giles, 1983) playing prominent roles.

Gold and associated sulphides in the carbonate-replacement deposits are present in
a variety of forms. They may be disseminated and fracture-controlled, as in all the
gold—arsenic—(antimony) deposits, but locally, as at Ketza River and Cove, more
pervasive replacement has taken place. Silicification is commonplace, and jasperoid
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Figure 6.5 Surface map of the Tai Parit carbonate-replacement gold deposit, Sarawak, East
Malaysia, after Wolfenden (1965). Gold ore was generated along the Tai Parit normal fault and
dacite porphyry dyke-contacts directly beneath a cover of flat-lying shale, which is preserved
immediately north-west of the orebody. The dykes emanate from a cluster of porphyry stocks
600 m or more farther south. The ornamental lake coincides roughly with the outline of the old

open-pit.

was formed in parts of the Star Pointer (Smith er al., 1988), Cove (Emmons and
Coyle, 1988) and Tai Parit deposits. At Tai Parit, the jasperoid is extensively
hydrothermally brecciated (Geikie, 1906; Wolfenden, 1965). However, sanding
(matrix removal) of the mineralized carbonate rocks was the main alteration feature at
Barney’s Canyon. At Cove, part of the deeper orebody comprises sulphide stockworks
in clastic sedimentary rocks rather than mineralized carbonates (Emmons and Coyle,
1988), thereby making this ore type similar to the gold deposits hosted by non-
carbonate rocks. The pipe and manto configuration described for gold ore at Ketza
River (Abbott, 1986) is reminiscent of the geometry of many carbonate-replacement
lead-zinc—silver deposits.

The overall features of the gold—arsenic—(antimony) deposits, including the paucity
of base metals and the frequent occurrence of arsenopyrite, realgar, orpiment and
stibnite (or their supergene oxidation products) as accompaniments to decalcification
and various degrees of silicification and argillization of the carbonate host rocks led
Giles (1983), Lindsey (1985), Alvarez and Noble (1988) and Sillitoe and Bonham
(1990) to compare one or more of the deposits summarized in Table 6.4 with
sediment-hosted (Carlin-type) gold deposits.

The carbonate-replacement deposit characterized by the gold—base metal
association at Cove, in common with three of the gold—arsenic—(antimony) deposits,
formed alongside the skarn environment. However, at Star Pointer, reconstruction of
district geology reveals that gold mineralization took place at shallower depths than
those conducive to skarn development, in an environment where silica-pyrite formed



GOLD METALLOGENY AND EXPLORATION

182

(Lg61)

(parsayur

urdswoorg QuOoISI[IS uoinid paung)
(9861) moiq ‘duiewmol - 3y-1g—qs pue oreys "SoYAp onueld ASSN
AOYYSIIS  ‘ayuoqyd ‘redspiey —uz—qd-n) (i) 210z013101d puE 9)1uaks 910Z0de[ed dind uruisar  ‘ueisryeqzn
{(861) UOSery I[ey[e ‘UONBOYIJI[IS —M—SY-NY de] ({) QUON  snourwinerdq e 00520001 ‘nd uado :oury ‘neyunny
pasajuIoy [[e
:91eIowo[uod
pue Juojlspnui uonid
sKe[o ‘ajeuoqIEd (a119- ‘Quojspues  pazijelouru JuoIpoueI3d
(8861) PloLeH ‘91I0113S “QILIO[YD UZ—ON—SV) NiiER1 ) i) Aprermuns ‘soyAp pue yoes| deay vSn
pue s3unsey ‘UOTIBIJIDI[IS -n)-ny e QuOIJ  YO0Is U0l 8IL o€l ‘nd uado :oury ‘eueIUOIN ‘[BIg
(8861)
A1uaH (9861) o
meysperg $)003S QWIOS ‘punoigiopun
pue As[puey AqupAyue BH) areys Ais ur e10231q /nd uado)
‘(9861)  ‘zuenb-a11j900s01 —3I-SY—qd SNOJ0LIAI)) PUB YIOMYD01S  SIYAP pue S[[IS uowdo[oAsp  eAUIND MIN
D 32 Surwia]  ‘9)WO[OP-IIOLIG —UZ-Fy-ny ae] Suueaq-ny  ‘s}2038 AUOIJ o1-L oy ourpy endeq ‘e1afiod
S[eIQUIWI UOTJBIS)[E  UOIIRIJOSSE uoTjeZI[RIUIWI uoIsnIur SQuuo) ‘ny
(s)a01nos vleq quaSodAy Aoy eI $)001 1SOH PaIRIo0SSy pareaI-a1) BN 98y paurejuo) snyels nsodoq

$[001 91eUOqGIES-UoU Ul s}sodap piog Judwade[dal pue PAJBUTWASSIP FIOMNI0IS PAIO[IS JO SOUSLIAORIEYD  §°9 IqEL



183

INTRUSION-RELATED GOLD DEPOSITS

(6861) 20u11s
pue pjoury ny-n)
{(9861) aqnef, SOIUBD[OA OIS[f Iourur yjm (uonejoy BIfeNSNY
6961) QUOYD ‘NS (JL-1g—U7) ueruoAdq  sadid erooaiq ‘nd uado) surw ﬁ:ﬁ.m:oozo
SnI[AUI0)) ‘oiikd-zizengd) -np-ny SIPPIA  [[eWS [B19A3S uoinid dj1[eUOy, 79¢ 082 pauopueqy ‘ue3IOp JUNON
QUO[YD ‘d)udIIOWNp
‘wnpuniod
(¥861) 1rejourg ‘dN[eZ1008 (1g- epeue)
pue yeplop ‘QuifewInol M—ON—qd— 30018 ‘elquinjo))
‘(¥861) ‘a[[Aydoikd uz) -Sy—qg SoTuBd[OA OIS[3) a10101d oy Anuozuow uonelofy ysnug
P12 1) SNSN[EpUE ‘9IDUAS —n)-Fy-ny snodoe1ar) —n) Kikydiog zuend) 6586 LT ‘nd uddo Uty “rRA[IS b?.cm
(L861) S[[Is pue
uosuryIeM JAijowan BI003Iq pue jjm so)Ap A1hydiod epeue))
pue Surjoy ‘aored (9S—  ‘eae[ onjyeseq PUE Y0018 ‘erquinjo))
(L861) ‘AqIO[Yd ON) ~SY—q4  oIsseinf A[Ied d1o101d  9JLI0IpOZUOW ofeis  ysnug “(¥0O)
‘ID 12 X0 ‘alopidyg ~uz-nJ-ny —oIsSel] 3L  n) K1kydiog -oIoI( 102 STl Anpqiseaq uoz.m [ousang)
(o€861) =0u[[IS SOIUBD[OA DIS[3} NV UIaA pue
0861) Ioyo ‘redspyay (sy— SN022e3RI) Nsodap ny—OoJ  ¥003s K1kydiod SN0AJRIID Sururw Elilie)
nowne[ I[eY[e ‘UONBOYIOI[IS uZ-03) —ny Aweg -np A1kydiod  symorpoueln Aeg €€ J[eIs-[[ewS d:o%v.:<



184 GOLD METALLOGENY AND EXPLORATION

at the expense of carbonate rocks and sericitic and/or advanced argillic rather than
K-silicate alteration affected contiguous intrusive rocks (James, 1976; Einaudi, 1982;
Durgin, 1989).

6.5 Stockwork, disseminated and replacement deposits in non-carbonate rocks

Fewer intrusion-related stockwork, disseminated or replacement gold deposits are
found in non-carbonate than in carbonate rocks, which is presumably a reflection of
the less-reactive nature of the former. However, the overall mineralization styles and
metal associations (Table 6.5) resemble those characteristic of skarn and
carbonate-replacement gold deposits.

The gold deposits in non-carbonate rocks may be in contact locally with the related
intrusions as at Mount Morgan (Figure 6.6) and Porgera, or may occur up to several
hundred metres away from them (Andacollo, Quesnel River, Equity Silver). Dykes
associated with the Muruntau deposit are inferred to overlie a larger, concealed pluton
(Krason, 1984). The intrusions carry porphyry copper-type mineralization at
Andacollo (Llaumett, 1980), Quesnel River (Fox et al., 1987) and Equity Silver (Cyr
et al., 1984), whereas the dioritic stocks at Porgera and Beal are mineralized like,
although to a lesser extent than, the sedimentary wallrocks (Fleming et al., 1986;
Hastings and Harrold, 1988).

As in the case of gold deposits hosted by carbonate rocks, fault and fold structures
and rock permeability and/or reactivity are obvious ore controls. Gold ore is
distributed parallel to bedding as grossly manto-like bodies at Andacollo (Llaumett,
1980), Quesnel River (Fox et al., 1987) and Equity Silver (Cyr et al., 1984), whereas
control by pre-mineral structures dominates at Porgera (Henry, 1988) and Beal
(Hastings and Harrold, 1988). The fault-localized, late-stage Zone VII at Porgera
carries very high-grade ore (40 g/t Au) and is epithermal in character (Handley and
Bradshaw, 1986; Henry, 1988). In contrast, the annular fractures that delimit the
pipe-like Mount Morgan orebody are believed to have been generated as a
consequence of alteration and mineralization (Figure 6.6; Arnold and Sillitoe, 1989).

Mineralization is mainly disseminated in form at Beal, Andacollo, Quesnel River
and Equity Silver but is largely veinlet-controlled at Porgera and Muruntau. Massive
to semi-massive sulphide intergrown with quartz constitutes the major replacement
body at Mount Morgan (Figure 6.6; Cornelius, 1969), and small massive sulphide
lenses of replacement origin are also reported at Equity Silver (Cyr et al., 1984) and
Quesnel River (Fox et al., 1987). It is interesting to note that the two deposits hosted
by felsic volcanic rocks — Equity Silver and Mount Morgan — have both been
considered as volcanogenic deposits of overall Kuroko type (Ney et al., 1972; Taube,
1986). Rock reactivity was apparently augmented at Porgera by the weakly calcareous
nature of some of the shales (Fleming et al., 1986), and at Quesnel River by the
presence of pre-mineralization calcite and pyrite in the basaltic host rocks (Fox et al.,
1987). Small lenses of sulphide- and magnetite-bearing retrograde skarn after
limestone occur alongside and beneath the Mount Morgan orebody (Arnold and
Sillitoe, 1989), and traces of skarn are also reported at Porgera (Fleming et al., 1986).
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Figure 6.6 Cross-section of the Mount Morgan gold-copper replacement deposit in
predominantly non-carbonate rocks, Queensland, Australia, after Arnold and Sillitoe (1989).
Post-mineral displacement on the Slide-Ballard’s fault system has been restored. Texture-
destructive alteration along the pluton contact extended for at least 280 m beneath the orebody,
and locally also affected the tonalite itself. The footwall of the Main Pipe (the principal
orebody component) is delimited by an annular array of listric faults, which define a down-
dropped block largely replaced by quartz—pyrite. Collapse of the ore-bearing block is
attributed to volume reduction consequent upon rock replacement. The orebody has been
mined out and the open pit is largely filled by water containing cyanide derived from a major
tailings retreatment operation.

The introduction of ore-related hydrothermal quartz, sericite and/or chlorite was
characteristic of most deposits in this category (Table 6.5). The obvious exceptions are
Equity Silver and Quesnel River, where gold deposition was accompanied by
aluminium- and boron-rich advanced argillic alteration (Table 6.5; Cyr et al., 1984;
Wojdak and Sinclair, 1984) and propylitization (Table 6.5; Fox et al., 1987; Melling
and Watkinson, 1988), respectively. These deposits in largely non-carbonate rocks are
characterized by the same general gold—base metal association evident in most of the
deposits in carbonate host rocks. Arsenic as arsenopyrite is a prominent component
and is related intimately to gold at Equity Silver (Cyr et al., 1984). Beal (Hastings and
Harrold, 1988), Muruntau (Bloomstein, 1987), and Mount Morgan (Cornelius, 1969)
also display the late-stage gold—bismuth—tellurium association, which is so
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widespread in carbonate-hosted gold deposits (Table 6.3), and bismuth is also reported
from Equity Silver (Cyr et al., 1984) and tellurium from Porgera (Handley and
Bradshaw, 1986).

6.6 Breccia-hosted deposits

Although hydrothermal breccias are common components of intrusion-related gold
deposits, especially those hosted by the intrusions themselves, a discrete class of gold

{ POST-BRECCIA RHYOLITE PORPHYRY

5,55] MATRIX-RICH
AY| MATRIX-POOR
+++ PRE-BRECCIA RHYOLITE

PRE-BRECCIA RHYOLITE PORPHYRY

GRANODIORITE

[_] METAMORPHIC ROCKS

Q:Q ORE ZONE

~~~- BOUNDARY BETWEEN METAMORPHIC- AND
GRANODIORITE-DOMINATED BRECCIA

HYDROTHERMAL BRECCIA

Figure 6.7 Surface plan of the Kidston gold-bearing breccia deposit, Queensland, Australia,
after Baker (1987). Emplacement of the magmatic-hydrothermal breccia resulted in little
mixing of fragments, and wallrock contacts may be traced across the pipe. Rhyolite porphyry
was intruded immediately before and after brecciation, and the porphyry body and associated
fragments within the outline of the gold orebody underwent pre-brecciation development of a
quartz—molybdenite stockwork. The ore zone is centred on an annular swarm of sheeted veins
and veinlets that follow the south-western contact of the pipe.
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deposits confined to pipe-like breccias is also evident. These breccias (Table 6.6)
generally transect wallrock lithologies, and therefore must be related to concealed
intrusions. However, outcropping intrusions, commonly in the form of felsic dykes
and/or sills (Figure 6.7; Kidston, Montana Tunnels, Golden Sunlight, Colosseum,
Mount Leyshon and probably Ortiz) may be interpreted reasonably to possess genetic
and perhaps physical connections with the inferred intrusions at depth. Porphyry
copper or molybdenum protore is associated with the auriferous breccia pipes at
Kidston (Baker, 1987), Mount Leyshon (Morrison et al., 1988) and Golden Sunlight
(R.H. Sillitoe and H.F. Bonham, Jr., personal observations, 1980), but everywhere
pre-dated brecciation, and at Kidston and Mount Leyshon was incorporated as clasts
in the pipe breccias.

Using the breccia classification outlined by Sillitoe (1985), the gold-bearing pipes
may be subdivided into two distinct types: magmatic-hydrothermal breccias at Golden
Sunlight (cf. Porter and Ripley, 1985), Colosseum, Ortiz, Kidston (cf. Baker, 1987;
Baker and Andrew, 1988) and Chadbourne; and phreatomagmatic breccias (diatremes)
at Montana Tunnels (Sillitoe et al., 1985) and, in part, Mount Leyshon (Morrison et
al., 1987, 1988). In the case of Ortiz, the auriferous pipe abuts a poorly mineralized
vent filled with latitic tuff (Lindquist, 1980), which was interpreted as a magmatic
(rather than phreatomagmatic) diatreme by Sillitoe (1985). The magmatic-hydrother-
mal breccias are characterized by angular to rounded clasts in a matrix of comminuted
rock flour and/or hydrothermal products, which in the phreatomagmatic breccias are
accompanied by juvenile tuffaceous material.

Table 6.6 shows that the gold and associated mineralization were accompanied by
feldspar-destructive alteration dominated by sericite and carbonates. However, at
Kidston (Baker, 1987; Baker and Andrew, 1988) and Mount Leyshon (Morrison et al.,
1987, 1988), K-silicate alteration was related to pre-breccia porphyry-type mineral-
ization and, at Kidston, also to early brecciation events. Base and other metals
accompany the gold in all the deposits considered (Table 6.6), but attain tenors that are
exploitable or potentially so only in the case of zinc and lead at Montana Tunnels
(Sillitoe et al., 1985) and tungsten at Ortiz (Wright, 1983). Gold ore generally occurs
only in restricted portions of the breccia pipes, commonly in sheeted zones along parts
of the pipe contacts (e.g. Kidston — Wilson ez al., 1986, Figure 6.7; upper levels at
Colosseum — Sharp, 1984).

6.7 Vein-type deposits

Numerous gold-bearing quartz veins, many of them insignificant from the standpoint
of their gold contents (say, < 1 tonne), are associated, at least spatially, with intrusions.
Here a representative selection of larger vein-type gold districts, including three
world-class camps (Charters Towers, Segovia, Zhao-Ye), is presented (Table 6.7).

The auriferous veins may be subdivided into two broad categories: massive quartz
veins of ‘mesothermal’ type hosted by equigranular plutons or their wallrocks
(Charters Towers, Tiouit, Los Mantos de Punitaqui, Segovia, Zhao-Ye); and partly
crustified quartz veins of adularia—sericite epithermal type cutting the wallrocks to
porphyry stocks, which at both Masara and Paracale are associated with porphyry- and
skarn-type base- and precious-metal mineralization (Table 6.7).
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Both vein categories are confined to brittle structures, which range in scale from
district-wide to local (e.g. Tiouit), and in dip from steep to shallow (e.g. Charters
Towers, Tiouit, Segovia, upper levels at Los Mantos de Punitaqui). Locally,
lithological parameters, such as the contact between gneissic granodiorite and
ultramafic rocks at Paracale (Frost, 1959), influenced gold deposition.

Both vein categories are also characterized by an association of gold with base
metals, and by a predominance of narrow sericitic alteration selvages around veins
(Table 6.7). However, at Los Mantos de Punitaqui, mercurian tetrahedrite and
cinnabar — sulphides normally ascribed to epithermal processes — in association with
magnetite and specular hematite are major components of the mesothermal vein, from
which mercury ore was once exploited (McAllister et al., 1950).

6.8 Deposit interrelationships and metal zoning

The different types of intrusion-related gold deposits reviewed above commonly
occur in juxtaposition, and locally exhibit transitions between one another. This may
be apparent at the scale of a gold province as well as within individual districts. An
example of province-scale associations is provided by the early Tertiary gold province
of the northern Black Hills, South Dakota, USA, where deposits of non-porphyry-type
intrusion-hosted (e.g. Gilt Edge; Table 6.2), carbonate-replacement (e.g. Foley Ridge;
Table 6.4) and breccia-hosted types, as well as gold deposits transitional between
these three types, are products of alkaline igneous activity (DeWitt ef al., 1986).

At the district scale, one of the pre-eminent features apparent from Tables 6.3 to 6.7
is the intimate association between wallrock-hosted gold deposits and porphyry-type
copper-molybdenum or molybdenum mineralization, with or without gold, in the
progenitor intrusions. This intrusion-hosted porphyry-type mineralization is
commonly developed only weakly (cf. Sillitoe, 1988). In a few districts, two or more
wallrock-hosted deposit types occur together: proximal Cu-Au skarns and the
Fortitude and other distal gold skarns in the Copper Canyon district, Nevada (Table
6.3); the McCoy skarn and Cove carbonate-replacement deposits in the McCoy
district, Nevada (Tables 6.3 and 6.4); skarn Cu—Au, carbonate-replacement
Pb—Zn-Ag—(Au) and the Bamney’s Canyon and one other carbonate-replacement
Au—(As-Sb) deposits in the Bingham district, Utah (Table 6.4); carbonate-
replacement base metals plus silver and the Purisima Concepcién carbonate-
replacement Au—(As-Sb) deposit in the Yauricocha district of Peru (Table 6.4); and
gold veins and skarn-type deposits in the Larap-Paracale and Masara districts,
Philippines (Table 6.7).

Using the information on interrelationships furnished by these and other deposits, a
typical intrusion-centred gold district characterized by carbonate wallrocks may be
reconstructed (Figure 6.8). Porphyry-type mineralization carrying Cu and/or Mo
(£ Au) is abutted by a Cu—Au or Au—Cu skarn environment. In the Copper Canyon
district, Nevada, an outward zonation from copper to gold is present within the skarn
environment (Blake et al., 1984; Myers and Meinert, 1989). Further from the
intrusion, skarn gives way typically to carbonate-replacement-type Pb—Zn-Ag
mineralization which may or may not carry Cu or Au. Meinert (1987) has documented
in detail a transition between skarn and carbonate-replacement deposits. Upwards,
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skarn gives way to silica-pyrite alteration which is gold-bearing at Star Pointer
(Table 6.4). Beyond the base-metal-bearing carbonate-replacement environment, a
few districts possess base- metal-depleted carbonate-replacement Au—As—Sb mineral-
ization. Where carbonate wallrocks are absent, district-scale zoning beyond
progenitor stocks appears to be less well developed, as seen in the case of the
non-carbonate-hosted disseminated, stockwork and replacement gold deposits and the
breccia-hosted gold deposits (Figure 6.8).

Only one district, Bingham, displays the complete proximal-to-distal sequence
depicted in Figure 6.8. More commonly, only parts of this sequence are developed,
and there is complete dominance by a single gold deposit type. The absence of
porphyry-type stockworks from some progenitor stocks may therefore be regarded in
the same way as a deficiency of, say, carbonate-replacement gold (e.g. Ok Tedi) or
skarn gold (e.g. Kendall) in other districts.

Hydrothermal overprinting and/or telescoping are common complicating factors in
many intrusion-centred districts, and result in the juxtaposition or superimposition of
earlier and later gold deposit types. Thus, gold-bearing porphyry-type mineralization
may be immediately overlain by or situated alongside acid—sulphate-type gold
deposits associated with advanced argillic alteration (Figure 6.8), as at Lepanto
(Table 6.1) and Equity Silver (Table 6.5). Distal Au—As—Sb mineralization may be
localized by structures cutting more proximal mineralization types, as at Bingham
(see above). Breccia-hosted gold deposits may cut through and partially destroy at
least the upper parts of porphyry-type stockworks (Figure 6.8), as at Kidston and
Mount Leyshon (Table 6.6). The occurrence of gold deposits of epithermal character
within or alongside intrusions, as at Porgera, Zortman-Landusky, Gilt Edge and Kori
Kollo (Tables 6.2 and 6.5), may be attributed to the telescoping of environments,
which could result from deep penetration of late-stage, shallow-level ore fluids and/or
extremely high-level magma emplacement.

It is clear, therefore, that gold has the potential to precipitate in economic
concentrations both within, and at various distances away from, progenitor intrusions.
Traditional hydrothermal zoning theory (Fe — Ni — Sn — Cu— Zn — Pb 5Ag—
Au — Sb — Hg; Barnes, 1975) does not explain this behaviour but predicts only distal
precipitation of gold along with Sb, Hg, and possibly As. However, more recently,
Hemley et al. (1987) showed that hydrothermal zoning is dependent mainly on
temperature—concentration relationships, and suggested that zoning reversals are due
to differences in the relative concentrations of metals. Presumably gold-rich systems
possess the potential for gold precipitation in one or more proximal sites, which leads
to variations in the zonal position of gold relative to base metals. For example, gold at
Fortitude and other distal skarn gold deposits in the Copper Canyon district is located
immediately inboard of the main concentration of Pb and Zn (Blake et al., 1984),
whereas at Bingham the Barney’s Canyon gold deposit occurs several kilometres
beyond the main carbonate-replacement Pb-Zn zone.

A surprising number of the wallrock-hosted gold deposits summarized in Tables 6.3
to 6.7, including skarn, carbonate-replacement, non-carbonate-hosted, breccia-pipe
and vein types, carry As and small amounts of Bi and/or Te besides the common base
metals. It appears, therefore, that the As—Bi—Te association may be typical not only of
gold skarns (Meinert, 1988) but of all types of wallrock-hosted gold deposits related
to intrusions.
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6.9 Genetic considerations

6.9.1 Magma type

Ishihara (1981) proposed that all significant copper, molybdenum, lead—zinc and
gold-silver deposits in volcano-plutonic arcs, especially porphyry-type deposits, are
related genetically to magnetite-series magmas characterized by their relatively
oxidized nature (bulk Fe,03/FeO >0.5). All magnetite-series magmas fall within the
I-type classification of Chappell and White (1974). Cameron and Hattori (1987) also
stressed the relationship between magmas with relatively high oxygen fugacities and
the generation of major gold deposits. In apparent contrast, Keith and Swan (1987a)
proposed an association of gold deposits with some of the more reduced
(Fe,03/Fe0 < 0.85), albeit I-type, intrusions in the southwestern USA.

Ishihara (1981) pointed out that magnetite-series magmas tend to be enriched in S
and Cl, components which, like the ore metals (Sillitoe, 1972, 1987), may have been
derived, at least in part, from dehydration of subducted lithospheric slabs. This
mechanism, involving incorporation of seawater sulphate (and chloride), accounts for
both the positive §°**S values and relatively high oxygen fugacities of magnetite-series
magmas. It also explains the localization of most major intrusion-related gold deposits
at sites of ancient or modern subduction.

As far as is known, all the gold deposits summarized in Tables 6.1 to 6.7, except
perhaps for Muruntau and Navachab, are related to magnetite-series, I-type intrusions.
The presence of magnetite as the principal opaque mineral (>0.1 vol.%), the general
occurrence of magmatic hornblende and the absence of magmatic muscovite, garnet
and cordierite all support this assumption (cf. Ishihara, 1981). However, it should be
mentioned that Keith and Swan (1987b) have proposed a class of peraluminous gold
deposits related genetically to ilmenite-series, S-type intrusions, although many
workers do not accept connections between these intrusions and the nearby gold
mineralization (e.g. at Mesquite, California; Willis ez al., 1989). This caveat notwith-
standing, Keith and Swan (1987b) and Bloomstein (1987) claimed that the huge
Muruntau gold deposit (Table 6.5) is assignable to the peraluminous category, as
indeed may be several rhyolite-related gold occurrences in the Iditarod district of
western Alaska (Buntzen et al., 1987) and the aluminous gneiss-hosted American Girl
and Padre y Madre gold deposits in south-eastern California (Tosdal and Smith,
1987).

Magnetite-series, I-type intrusions (and volcanics) may be subdivided into calcic,
calc—alkaline, alkali-calcic and alkaline series on the basis of their alkalinity
expressed by Ks; 5 indices. Keith (1983) concluded that major gold deposits are linked
to calcic, calc—alkaline and alkaline rocks but are generally absent in association with
alkali-calcic rocks possessing Ks; s indices between 2.45 and 3.8. The alkali-calcic
series may, however, give rise to major precious-metal deposits with high Ag/Au
ratios (say >100). Insufficient analytical data are available to the writer for the
progenitor intrusions summarized in Tables 6.1 to 6.7 to test Keith’s proposal
properly. However, it is clear (Figure 6.9) that few analyses fall in the alkali-calcic
field, and most of the analysed intrusions, with the possible exception of those at Ok
Tedi and Star Pointer, are calcic, calc—alkaline or alkaline. It should be emphasized
further that, in addition to the deposit-related intrusions plotted as alkaline in Figure
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6.9, the progenitor intrusions at Zortman-Landusky, Gilt Edge (Table 6.2), Kendall,
Foley Ridge (Table 6.4), Quesnel River (Table 6.5), Golden Sunlight and Ortiz (Table
6.6) are also considered to belong to the alkaline series (e.g. Mutschler et al., 1985).

Leveille et al. (1988) attempted to reconcile previous hypotheses relating gold
endowment to selected magmatic parameters by plotting alkalinity (expressed as
K,0 + Na,0 - 0.57Si0,) against oxidation state for 200 unaltered intrusions. Their
results suggested that gold deposits accompany the more reduced rather than more
oxidized intrusions across the full alkalinity range.
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Figure 6.9 K;0O/SiO; diagram for unaltered intrusive rocks related genetically to nine of the
gold deposits reviewed above. The quality of samples and analyses is largely unknown. Data
sources: Ok Tedi—Mason and McDonald (1978); Young-Davidson— Sinclair (1982);
Porgera — Fleming et al. (1986); Bingham district — Moore (1973); Nickel Plate — Ray et al.
(1988); Salave —Harris (1980b); Tai Parit — Wolfenden (1965); Mount Morgan — Cornelius
(1969); and Star Pointer — Bauer ef al. (1966).
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6.9.2  Ore formation

Many investigators (e.g. Henley and McNabb, 1978; Eastoe, 1982) identify three
partly interdependent fluid regimes in intrusion-centred systems of porphyry type:
relatively dense magmatic-hydrothermal brines that tend to reflux within the cooling
intrusions; ascendant plumes of lower-density, sulphur-rich magmatic volatiles that
condense upwards and mix with meteoric fluids; and convectively circulating
meteoric cells marginal to intrusions that tend to ‘collapse’ progressively on to the
intrusions as magmatic fluid generation wanes (Figure 6.10). Recognition of the
former presence of one or more of these different fluids in intrusion-centred gold
systems depends largely on alteration assemblages and interpretation of the results of
fluid-inclusion and oxygen and hydrogen isotopic studies.

It is well documented that the magmatic-hydrothermal brines in association with
magnetite-series, I-type (and other) magmas are capable of transporting the metals,
including gold, and sulphur required for ore formation (Burnham and Ohmoto, 1980).
The release of the brines by retrograde boiling is capable of dissipating sufficient
mechanical energy to induce rock fragmentation, including the development of
porphyry-type stockworks (Burnham, 1979) and breccia pipe formation (Burnham,
1985; the magmatic-hydrothermal breccia of Sillitoe, 1985).

Porphyry-type mineralization characterized by K-silicate alteration and variable
quantities of Au, Cu and/or Mo is the hallmark of magmatic-hydrothermal brine
activity, and has been documented in association with all the intrusion-related gold
categories summarized in Tables 6.1 and 6.3-6.7. As shown in Figure 6.10, these
magmatic-hydrothermal fluids possessed high temperatures (400°C to > 700°C) and
salinities (30 to > 75 wt.% alkali chlorides) and, at least in the Bingham (Bowman et
al., 1987) and Robinson (Sheppard ez al., 1971) districts and at Red Dome (Ewers and
Sun, 1988), exhibited §'30 and 8D values appropriate for a magmatic source. The
brines coexisted with a lower-density volatile phase. The intrusion-related gold
deposits that lack any recorded porphyry-type mineralization (Tables 6.2 to 6.7) are
inferred to have either evolved smaller volumes of magmatic-hydrothermal brine less
violently or, alternatively, have their porphyry-type stockworks concealed (e.g. at
depth in some of the breccia-hosted deposits; Table 6.6).

Given the broadly coeval development of K-silicate alteration and prograde skarn
assemblages, the latter are also likely to be the products of magmatic-hydrothermal
brines (e.g. Red Dome; Ewers and Sun, 1988), even where skarn generation took place
at distal sites, as in the Copper Canyon district (Theodore et al., 1986).

Magmatic-hydrothermal brines might also be expected to have been responsible for
generation of intrusion-hosted gold veins (Table 6.7), and indeed a fluid of
dominantly magmatic origin is proposed at Zhao-Ye (summarized by Sang and Ho,
1987). However, at Charters Towers, Peters and Golding (1987) were unable to assign
vein formation to any specific intrusive phase which, in conjunction with their oxygen
isotopic results, led Morrison (1988) to propose a deep-seated source for the ore fluids
that was not related directly to consolidation of the host intrusion (see below).

The low-pH fluids resulting from shallow condensation and groundwater-
dissolution of acid magmatic volatiles are thought to give rise to the extensive zones
of generally volcanic-hosted advanced argillic alteration that overlie porphyry-type
stockworks (e.g. Meyer and Hemley, 1967; Sillitoe, 1983b; Heald et al., 1987). Some
of the metals, including Au and Cu, in these fluids, as well as the sulphur, may have
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Figure 6.10 Genetic model for an intrusion-centred gold district, including the
acid-sulphate- and adularia-sericite-type epithermal environments: (A) early stage dominated
by magmatic-hydrothermal fluids; (B) late stage with ‘collapse’ of meteoric system. Arrows
represent inferred flow-lines for different types of fluids. Circled numbers and attached boxes
denote gold deposit types and the homogenization temperatures (°C) and salinities (wt.% NaCl
equivalent) of representative ore fluids as determined for the intrusion-related deposits
reviewed above and epithermal deposits in general: @ porphyry type (Alvarez and Noble,
1988; Baker and Andrew, 1988; Bowman et al., 1987; Ewers and Sun, 1988; Morrison et al.,
1988; Takenouchi, 1981; Theodore and Blake, 1978; Wojdak and Sinclair, 1984); @ prograde
skarn (Ewers and Sun, 1988; Theodore et al., 1986; Torrey et al. 1986); @ retrograde skarn
(Ewers and Sun, 1988; Theodore et al., 1986; Torrey er al., 1986); ® carbonate-replacement
Au-base metals; ® carbonate-replacement Au—As—Sb (Paterson et al., 1987); ® non-carbonate
disseminated, stockwork and replacement (Eadington et al., 1974; Handley and Bradshaw,
1986); @ deep acid-sulphate (Wojdak and Sinclair, 1984); acid-sulphate epithermal
(summary by Sillitoe, 1989a); and adularia—sericite epithermal (summary by Sillitoe,
1989a). Based on relationships detailed in Figure 6.8 and Sillitoe (1989a).
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been contributed directly from the subjacent porphyry environment as volatile
complexes (Sillitoe, 1983b; Symonds et al., 1987). The acid-sulphate-type enargite—
gold deposit at Lepanto (see above) forms part of such a shallow advanced argillic
environment, whereas the intrusion-hosted enargite-bearing veins at Yauricocha
(Alvarez and Noble, 1988; Table 6.4) and the Equity Silver gold deposit (Table 6.5)
were emplaced at deeper levels, possibly in the roots of now-eroded advanced argillic
zones (Figure 6.8; Sillitoe, 1988). At Equity Silver, the presence of both andalusite
and pyrophyllite rather than alunite in the advanced argillic assemblages, and
fluid-inclusion homogenization temperatures as high as 400°C (Figure 6.10; Wojdak
and Sinclair, 1984) support this interpretation. However, as in most acid-
sulphate-type epithermal gold deposits (e.g. Stoffregen, 1987), the fluids responsible
for metallization at Equity Silver were relatively dilute (< 8 wt.% NaCl equivalent)
and in all likelihood dominated by meteoric water (Wojdak and Sinclair, 1984).

The inferred positions of convectively circulating, meteoric-hydrothermal cells
alongside intrusions (Figure 6.10) encompass the sites occupied by wallrock-hosted
gold deposits (Tables 6.4, 6.5 and 6.7). The principal alteration characteristics of these
deposits — decalcification and/or silicification of carbonate host rocks and feldspar-
destructive alteration of silicate host rocks — are indeed compatible with magmatic-
hydrothermal fluids that underwent cooling and dilution as a result of admixture with
variable quantities of meteoric water during focused outward and upward flow
through stratigraphic and/or structural conduits. Few wallrock-hosted gold deposits
have been subjected to fluid-inclusion and isotopic studies, and the data available
(Figure 6.10) are only of a reconnaissance nature. However, the results show that
despite the contributions of meteoric-hydrothermal fluid, a magmatic signature
apparently may be still decipherable at Foley Ridge (Paterson et al., 1987), Porgera
(Handley and Bradshaw, 1986), Mount Morgan (Eadington et al., 1974) and probably
Beal (Hastings and Harrold, 1988).

The inward and downward collapse of meteoric-hydrothermal cells during waning
magmatic-hydrothermal activity gives rise to numerous important consequences in
intrusion-centred gold systems. Firstly, prograde garnet-pyroxene skarn is partly
retrograded to gold- and sulphide-rich, hydrous assemblages (Table 6.3; see above),
although Theodore er al. (1986) and Ewers and Sun (1988) demonstrated that
magmatic-hydrothermal brines (Figure 6.10) also participated in retrograde skarn
stages in the Copper Canyon district and at Red Dome, respectively. Secondly, the
sericitic alteration and epithermal characteristics of several non-porphyry-type
intrusion-hosted gold deposits (Table 6.2) may be attributed to collapse of meteoric-
hydrothermal cells on to the intrusions themselves, as supported by the results of
fluid-inclusions and light stable isotopic studies at Zortman-Landusky (Wilson and
Kyser, 1988). However, some samples from Gilt Edge (Table 6.2) also contain high-
salinity fluids which, with homogenization temperatures as high as 700°C, are
apparently magmatic-hydrothermal in origin (Paterson et al., 1987, 1988). In contrast,
comparable meteoric- hydrothermal overprinting of porphyry-type gold deposits, as at
Marte and Dizon (Table 6.1; see above), does not appear to have introduced an
appreciable amount of additional gold, although it did produce feldspar-destructive
alteration.

As noted above, gold-bearing magmatic-hydrothermal and phreatomagmatic
breccias post-dated the development of porphyry-type protore (Table 6.6). Whereas
magmatic-hydrothermal breccias were emplaced largely without the involvement of
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meteoric-hydrothermal fluids, ingress of the latter to high-level magma chambers is
proposed as a mechanism for the explosive emplacement of phreatomagmatic
diatremes (Sillitoe, 1985) such as that which hosts the Montana Tunnels gold deposit
(Sillitoe er al., 1985). Light stable isotopic studies conducted on hydrothermal
material from Golden Sunlight (Porter and Ripley, 1985), Mount Leyshon (Morrison
et al., 1988) and Kidston (Baker and Andrew, 1988) have all demonstrated the
importance of magmatic-hydrothermal fluids. Moreover, at Kidston, the deuterium-
depleted 8D values for the main gold stage are interpreted by E.M. Baker and A.S.
Andrew (in prep.) in terms of condensation of late magmatic volatiles rather than
meteoric-hydrothermal dilution (cf. Taylor, 1988).

Given the oxidized, saline and high-temperature nature of the magmatic-
hydrothermal fluids in the porphyry-type gold environment, gold — like copper — must
have been introduced as chloride complexes, and underwent precipitation with the
K-silicate assemblage as a consequence of cooling and/or pH increase (Seward,
1984). In the wallrock-, breccia- and non-porphyry-type intrusion-hosted gold
environments, dilution and additional cooling of magmatic fluids by those of meteoric
(or, locally, connate) origin would act as an effective mechanism for continued or
renewed gold deposition (Seward, 1984). The tellurium contents of many
wallrock-hosted gold deposits (Tables 6.3—6.7) may further support such a direct
magmatic source (Afifi e al., 1988).

The cooler, more dilute and more reduced character of meteoric water-dominated
fluids may permit the outward transport of gold as bisulphide complexes to the fringes
of intrusion-centred systems (cf. Seward, 1984). There they could precipitate gold in
distal skarn or carbonate-replacement deposits. Such fluids could also mobilize As
and Sb but, because of low chloride contents, would be rather ineffective transporters
of base metals (Henley, this volume). If such fluids followed highly permeable
stratigraphic and/or structural conduits characterized by decreasing pressure gradients
(Henley et al., 1986) and attained the distal parts of intrusion-centred systems, they
could have been stripped efficiently of their base-metal contents, and perhaps were
able to generate carbonate-replacement Au—As—Sb deposits (Table 6.4) upon
encountering appropriate reactive rocks (Sillitoe and Bonham, 1990).

As an alternative or an addition to the direct input of gold-bearing magmatic fluids
to meteoric-hydrothermal systems, the meteoric fluids themselves may scavenge, in
bisulphide form, some of the gold that was precipitated previously by destabilization
of gold chloride complexes (Sillitoe, 1989a). For example, early-deposited gold in
porphyry-type ore or protore could undergo partial remobilization followed by its
reprecipitation during later-stage distal and/or retrograde skarn development. Such
hydrothermal upgrading of gold pre-concentrations may play an important role in the
generation of multistage mega-deposits in intrusion-centred gold systems (e.g.
Porgera; Fleming et al., 1986; Sillitoe, 1989a).

6.10 Possible relationships with other gold deposit types

6.10.1 Epithermal deposits

In a number of geological models of hydrothermal systems, most notably those
presented by Bonham (1986, 1988), Mutschler et al. (1985), Panteleyev (1986) and
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Sillitoe (1983b, 1988, 1989a), some epithermal gold deposits are positioned at
shallow levels above or marginal to intrusion-related porphyry-type mineralization
(e.g. Figure 6.10). However, as noted above, telescoping, which is commonly caused
by rapid erosion during the 2- to 3-Ma lifespans (Silberman, 1985) of major
hydrothermal systems (Sillitoe, 1989a), may result in juxtaposition of epithermal and
intrusion-related mineralization types.

Typically, acid-sulphate-type epithermal gold deposits are located above
porphyry-type mineralization (Figure 6.10), albeit offset laterally because of
structural factors in some districts (e.g. Lepanto; see above). In contrast, the
adularia—sericite-type gold deposits tend to be situated in the shallow, marginal parts
of intrusion-centred systems (Figure 6.10), although telescoping can result in their
presence alongside (e.g. Masara) or even superimposed on (e.g. Porgera) intrusions.
The giant Ladolam deposit in Lihir Island, Papua New Guinea (Davies and
Ballantyne, 1987; Henley, this volume) seems to be the product of extreme
telescoping of a gold-rich porphyry deposit, like those discussed above, and a major
epithermal system.

6.10.2 Sediment-hosted deposits

Sediment-hosted or Carlin-type gold deposits are best known from Nevada and
contiguous parts of the western USA. Typically they are hosted by thinly bedded, silty
carbonate rocks, localized by high-angle faults, associated with decalcification,
silicification (including jasperoid) and argillization, and carry Au with As, Sb, Hg and
TI (e.g. Bagby and Berger, 1985; Berger and Bagby, this volume). These deposits
possess marked geological similarities to the carbonate-replacement gold deposits at
Barney’s Canyon, Tai Parit, Purfsima Concepcién, Kendall and Foley Ridge (Table
6.4), which are considered to be distal manifestations of intrusion-centred systems.

Furthermore, most sediment-hosted gold deposits contain intrusive rocks,
commonly in the form of sills or dykes (Bagby and Berger, 1985; Berger and Bagby,
this volume) and, as emphasized by Sillitoe and Bonham (in press), several major
deposits in Nevada (e.g. Rain, Goldstrike, Deep Post, Gold Acres, Getchell, Chimney
Creek) are near to, or even contain, intrusion-related base- and/or precious-metal
mineralization. A genetic relationship between sediment-hosted gold mineralization
and that of obvious intrusive affiliation is distinctly possible.

Sillitoe and Bonham (1990) suggest that many sediment-hosted gold deposits are
the distal manifestations of intrusion-centred base- and precious-metal districts, and
that commonly the progenitor intrusions and proximal ore deposit types remain
unexposed. The gold, therefore, is assigned a direct or indirect magmatic origin rather
than invoking leaching of the metal from sedimentary sequences by geothermal fluids
in high heat-flow extensional settings (e.g. Radtke and Dickson, 1974; Nesbitt, 1988).

6.10.3 Mother Lode-type deposits

Mother Lode-type or mesothermal gold deposits occur as thick, massive to ribboned
quartz—carbonate veins in association with major, steep, regional fault zones. They are
hosted by a variety of wallrocks, are associated with sericite, carbonate and albite as
alteration minerals and carry a generally base-metal-poor Au-As—Sb—Hg—W-B-Te
suite of elements (see Nesbitt, this volume). Deposits of this type in the Grass Valley
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part of the Mother Lode belt in California, USA, are hosted exclusively by granitoid
rocks (Johnston, 1940), and have been compared by Morrison (1988) with the
Charters Towers gold veins (Table 6.7), although the latter do seem to carry a greater
abundance of base metals. However, Morrison’s (1988) analogy draws attention to the
convergence in geological characteristics between the Mother Lode and pluton-hosted
vein types of gold deposit — a topic beyond the scope of this review but requiring
further attention.

6.11 Concluding remarks

Several distinct kinds of gold deposits in volcano-plutonic arcs are components of
intrusion-centred base- and precious-metal systems, many of which possess porphyry-
type Cu, Mo and/or Au mineralization as a central focus. The intrusion-centred
systems may also encompass many epithermal and sediment-hosted (Carlin-type)
gold deposits. There is a strong suggestion that systems possessing structurally
prepared host rocks, especially if calcareous, tend to contain predominantly wallrock-
hosted gold deposits, whereas ‘tight” systems are more likely to be characterized by
intrusion-hosted gold. However, some giant systems, like Bingham, exhibit metal-
lization from their cores to their distal extremities.

An appreciation of the variety of gold deposit types in intrusion-centred systems,
the geological parameters that controlled them, their mutual interrelationships and the
resultant metal zoning patterns provides a cogent framework for gold exploration in
volcano-plutonic arcs. When one reflects on several recent discoveries of intrusion-
related gold deposits in long-active mining districts, such as those at Barney’s
Canyon, Cove, Fortitude, Lepanto and Purisima Concepcién, it is obvious that
numerous intrusion-centred base- and precious-metal districts world wide possess
untested gold potential. No less than 25 of the 33 newly discovered (post-1979)
deposits considered here (Tables 6.1-6.7) are located in old mining districts.
Furthermore, given that districts possess radii as great as 8 km, individual exploration
targets can be large.

At the practical level, however, accurate and expeditious geological diagnosis
permits recognition of the style(s) of gold mineralization revealed during geological,
geochemical and/or geophysical prospecting, and thereby helps to determine the most
suitable exploration methodology to be employed. Geological analogy (e.g. Tables
6.1-6.7) often assists with identification of the style of newly discovered gold
mineralization and of its overall economic potential.
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7 The geology and origin of Carlin-type gold

deposits
B.R. BERGER and W.C. BAGBY

7.1 Introduction

The static price of gold coupled with increased costs for underground mining in the
post-World War II era in the United States led companies such as the Newmont
Mining Company to seek precious-metal properties amenable to low-cost mining
(Ramsey, 1973). Following concepts proposed on the relationship of gold and silver
mineralization to windows through the Palaeozoic Roberts Mountains thrust fault in
north-central Nevada (Roberts, 1960), Newmont conducted an exploration pro-
gramme in the Tuscarora Mountains north of Carlin, Nevada, that resulted in the
discovery of the Carlin gold deposit in 1962. Because of both the exploration and
research attention paid to the Carlin Mine in the years following its discovery,
deposits with similar mineralogy, host rocks, and trace elements to Carlin have
become known as ‘Carlin-type deposits’ (Figure 7.1).

Carbonate-replacement gold deposits associated with alkaline igneous intrusions
similar in many, but not all, respects to the Carlin-type are here termed ‘Carlin-like
deposits’. Data on these deposits are included to aid the reader in discriminating them
from the Carlin-type.

In this chapter, we first discuss the classification of sedimentary rock-hosted gold
and silver deposits as a general class in order to better define the nature of Carlin-type
deposits. This is followed by a discussion of the regional geological and tectonic
settings of Carlin-type deposits in both North America and China. The general
characteristics of these deposits and those of selected, specific deposits are discussed
in the third section. The final sections of this chapter deal with deposit models,
speculations regarding the genesis of Carlin-type deposits, and some exploration
guidelines. A complete review of all of the individual deposits is beyond the scope of
this chapter and the reader is referred to the Reference section and bibliographies
contained in those papers for further information. Recent general reviews of
Carlin-type deposits include Bagby and Berger (1985) and Percival et al. (1988).

7.2 Classification of Carlin-type deposits

7.2.1 A historical perspective

What are referred to in this chapter as Carlin deposits were classified by Lindgren
(1913) in a subcategory of mesothermal deposits in which gold-bearing jasperoids
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replace limestone (e.g. Black Hills, South Dakota; Mercur, Utah). Lindgren noted that
few examples of this deposit type were known outside the western US Cordillera, and
he did not discriminate between Carlin-type (Mercur) and Carlin-like (Black Hills).
Joralemon (1951) published a description of the Carlin-type Getchell Mine in
north-central Nevada, and noted open-space filling textures and the similarity of the
geochemistry to that found in active hot springs and, from this period on, the common
usage has been to include Carlin deposits in the epithermal rather than in the
mesothermal category.

Weed and Pirsson (1898) described the Judith Mountains district, Montana, where
limestone intruded by alkalic igneous rocks is replaced by silica with associated gold
and fluorite. Lindgren (1913) observed that the Black Hills silicification replaces
dolomite ‘with great fidelity’, a common textural feature in jasperoids of Carlin-type
deposits. Giles (1983) mentioned the similarity of the Montana alkalic-rock-related
replacement gold deposits to Carlin-type deposits, including low base-metal concen-
trations and regional anomalies in arsenic, antimony, and mercury (e.g. Kendall Mine,
Montana).

By analogy with modern hot springs, Joralemon (1951) interpreted the Getchell,
Nevada, deposit to have formed close to the surface based on the occurrence of vugs
and breccia textures and the presence of gold in association with realgar, orpiment,
stibnite, and cinnabar. Hausen (1967) interpreted the silicification at the Carlin gold
mine, Nevada, as being similar to surficial siliceous sinter found around hot-spring
vents, and the trace-element associations as similar to those in the Steamboat hot
springs, Nevada.

Bagby and Berger (1985) accepted the epithermal classification for Carlin-type
deposits, but included them along with a wider range of gold and silver replacement
deposits in a single class they termed ‘sediment-hosted, disseminated precious-metal
deposits’. Bagby and Berger (1985) further subdivided this class into subsets based
upon the metal suites and host-rock alteration characteristics of individual deposits.
By contrast, Sawkins (1984) likened Carlin-type deposits to ‘distal, low-temperature
equivalents of gold-bearing skarns’. He based this interpretation on their association
with igneous rocks, with high-angle faults that controlled the flow of hydrothermal
fluids, and with the presence of reactive carbonate-bearing rocks.

7.2.2 Current perspectives

Recent research at Carlin and at other Carlin-type deposits has provided new insights
into the genesis of these deposits. It is now clear that, as Lindgren (1913) suspected,
many of the deposits (e.g. Carlin, Getchell, Jerritt Canyon) were formed at
considerable depth relative to the depths of formation for most volcanic-rock-related
epithermal deposits (e.g. Bodie and McLaughlin, California; Comstock Lode and
Tonopah, Nevada). In addition, there are other attributes that indicate an environment
of deposition dissimilar to most epithermal-type deposits including the considerable
vertical continuity of mineral assemblages without apparent zonation and, in several
districts, the spatial and temporal association of gold mineralization with granitic
intrusive complexes that form tungsten- and molybdenum-bearing skarns (e.g.
Getchell, Gold Acres, White Caps, Northumberland). There may be a continuum of
depths over which the ore-forming processes may take place in Carlin-type deposits,
but more data on the palaeosurfaces are needed. These facts tend to support
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Lindgren’s (1913) original designation of these deposits as having formed in
geological environments different from the classic epithermal veins related to
subaerial volcanic rocks.

The close spatial and temporal association of Carlin-like deposits with the intrusion
of alkalic igneous complexes and geochemical studies of stable isotopes have led
workers to relate them genetically to the igneous rocks (e.g. Giebink and Paterson,
1986), but the deposits are normally classified with volcanic-rock-related epithermal
deposits.

The tectonic settings and local thermal histories within the western Cordilleras of
North America may have played key roles in determining the nature of Carlin
deposit-forming fluids, and may have been important controls on whether a deposit is
Carlin-type or Carlin-like. If this is true, then the grouping of both Carlin-type and
Carlin-like carbonate-replacement deposits as subtypes in the same class is appropri-
ate, but this class is distinct enough from epithermal deposits as defined by Lindgren
(1913, 1933) to warrant a separate classification.

7.2.3 Relationship of Carlin-type deposits to polymetallic replacements

Carbonate-replacement deposits which contain relatively high amounts of silver and
associated base metals as well as typical vein structures, like at Candelaria and Taylor,
Nevada, show some affinities to polymetallic replacement deposits such as those at
Eureka, Nevada, and Tintic, Utah. Nevertheless, because these polymetallic deposits
have produced only small quantities of base metals, common usage amongst explora-
tion geologists has tended to combine these deposits with the Carlin deposits in a
single class separate from the polymetallic replacement deposits. Bagby and Berger
(1985) used such a classification scheme calling them ‘sediment-hosted, disseminated
precious-metal deposits’, but separated them into different end-member types based in
part upon their contained metal values. We believe that there has been insufficient
research on the base-metal-deficient polymetallic carbonate-replacement deposits to
clearly understand their relationship, if any, to the Carlin-type deposits. Where
appropriate, in this chapter we present data from polymetallic carbonate replacement
deposits in order to illustrate their differences with respect to Carlin-type deposits, but
the main focus of this chapter will be on the Carlin-type deposits per se.

7.3 Regional geological and tectonic setting

The Carlin-type deposits of western North America and southern China all occur
predominantly in sequences of marine sedimentary rocks within or adjacent to
overthrust terranes related to continental margin tectonics. The majority of the known
deposits in western North America occur in Nevada, although there are deposits from
Montana to northern Mexico. The Chinese deposits are only now being studied, but it
appears that they are widespread within a terrane analogous to parts of western North
America. Locations of the known deposits on both continents are shown on
Figures 7.1 and 7.2.
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7.3.1 Regional geological and tectonic setting in North America

The North American Carlin-type deposits occur predominantly in Palaeozoic and
early Mesozoic marine sedimentary and volcanic rocks deposited along a complexly
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Figure 7.1 Location of Carlin-type (@) and selected Carlin-like (@) and polymetallic
replacement (A) deposits in the western Cordillera of North America.

evolving continental margin. The highest grade deposits are in carbonaceous, finely
laminated silty carbonate, commonly dolomitic, and in carbonate-bearing siltstones,
although substantial tonnages of ore also occur in other lithologies. Table 7.1 lists the
major deposits in the western United States, the age of the host rocks, and the
generalized nature of the predominant ore-bearing lithology.

The tectonic history is an important aspect of the genesis of Carlin-type deposits
(Figure 7.3). Three major orogenic events affected the nature of pre-Tertiary
sedimentation in western North America. The Antler event, which occurred in the Late
Devonian to Early Mississippian, thrust eugeoclinal volcanic and siliciclastic rocks
eastward in an imbricate manner over transitional and miogeoclinal shelf-slope
carbonate and siliciclastic facies rocks along the Roberts Mountains thrust fault
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Figure 7.2 Location of Carlin-type deposits (#) in south-eastern China. (From Cunningham et
al., 1988.)

(Merriam and Anderson, 1942; Roberts, 1951). Magmatism did not accompany this
orogenic activity. The Permian Sonoma event thrust post-Antler siliciclastic and
carbonate rocks eastwards over the Roberts Mountains allochthon. In the Late Jurassic
to Early Cretaceous, there was a period of imbricate thrusting behind the island arc
along a series of thrusts (Speed, 1983), and in the Late Cretaceous thrust faults
developed near the old Palaeozoic geoclinal shelf-slope hinge line during the Sevier
orogeny. Unlike the Palaeozoic orogenies in the region, the Mesozoic orogenies were
accompanied by both magmatism and metamorphism.

The repeated orogenic events of the Palaeozoic and Mesozoic resulted in crustal
thickening. Although the actual thickness of the accumulated thrust sheets is largely
unknown, our conservative estimate totals 10 to 20 km (cf. Langenheim and Larson,
1973).

Tectonic elements important to ore genesis in the western Cordilleras are more
apparent in Mesozoic and younger rocks than in older sequences. For example, in the
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Osgood Mountains and vicinity, central Nevada, north-south faulting of at least
Jurassic age and cross-cut by northeast-trending faults is of considerable importance
in controlling mineralization along the Getchell trend. This north-south faulting is
truncated to the north and east by a series of subparallel north-western tectonic trends
that are important in the control of a large number of mineral deposits including those
of the Carlin trend per se. In general, the Mesozoic tectonic fabric in the northern
Cordillera is predominantly one of north-west- and north-east-trending high-angle
faults.

120° o
42° 14

~ Leading edge
of Paleozoic
thrusting

40°

Leading edge of S
Mesozoic thrusting\,\ -
36°N\_ !

Figure 7.3 Map of Nevada showing leading edges of Palaeozoic and Mesozoic thrust faulting,
aeromagnetic lineaments suggestive of deep-continental rifting [thin dotted lines] (cf. Blakely,
1988), the western boundary of continental crust as inferred from 8751728 > 0.706 (Stewart,
1988), and the location of selected Carlin-type deposits (®). The stipple pattern shows the
distribution of Palaeozoic allochthonous rocks (Stewart, 1980).

Widespread extensional faulting became important in the western United States
commencing in the Eocene, and by Middle Oligocene normal faulting was widespread
throughout the Cordillera. The greatest period of rifting in the Basin and Range
Province appears to have taken place from the Middle Miocene onwards. For reasons
discussed in a later section, we believe that all of the Carlin-type deposits are no
younger than earliest Miocene and, in some cases, could be considerably older.
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7.3.2 Magmatism in western North America

Pre-Early Triassic igneous activity in the overthrust zones of western North America
is primarily confined to the oceanic volcanic terranes along the continental margin. In
the Mesozoic, plutonic and volcanic activity increased throughout the Cordillera
climaxing in the Cretaceous (Stewart, 1980). A number of the Carlin-type deposits are
spatially associated with Cretaceous plutons, a relationship that is discussed further in
other sections of this chapter.

Initially, early to mid-Tertiary magmatism was widespread throughout most of the
Cordillera. However, by middle to late Tertiary, activity became confined to the
western margin of the Basin and Range Province and in the Rio Grande Rift of central
New Mexico and central Colorado.

7.3.3 Regional geological, tectonic, and magmatic settings in south-eastern China

Within the past decade, several Carlin-type deposits have been recognized in
south-eastern China (Cunningham et al., 1988). The deposits occur in south-western
and eastern Guizhou, eastern Guangxi, and eastern Hunan Provinces (Figure 7.2), and
are located near the southern edge of the Yangtze Craton adjoining an accretionary
fold belt (Zhang et al., 1984). The Yangtze Craton consists of Proterozoic crystalline
rocks overlain by Palaeozoic to Middle Triassic marine sedimentary rocks with a
transition to non-marine deposition evident in the Upper Triassic (Cunningham et al.,
1988). The Phanerozoic marine carbonate rocks were laid down on a broad cratonic
platform in environments similar to those that existed during the same time-period in
western North America. Turbidites interbedded with argillaceous rocks were
deposited on the south-eastern China continental shelf and slope (Cunningham et al.,
1988).

The Carlin-type deposits in eastern Guizhou Province (Table 7.1) and those in
Hunan Province occur in a Cambrian stratigraphic succession consisting of sand-
stones, commonly carbonaceous, and carbonaceous dolomite and limestone with
intercalated black shale (I-Ming Chou, US Geological Survey, written communica-
tion, 1986; Hua, 1988). The south-western Guizhou Province deposits are in a Triassic
sequence of carbonaceous, thinly laminated, argillaceous limestone with interbedded
shale and sandstone. Rocks along the south-western margin of the Yangtze Craton
were folded and faulted in the Jurassic and Cretaceous, developing gentle folds in the
vicinity of the Guizhou deposits (Cunningham et al., 1988). Granodioritic intrusions
accompanied the Mesozoic orogenic activity in the eastern Guangxi to western Hunan
region, which is the location of a major, deep-penetrating fracture zone. In addition,
granites with associated tin deposits at Dachang are known in the vicinity of
Carlin-type gold deposits (H.F. Bonham, Nevada Burecau Mines, personal
communication, 1989).

7.4 Characteristics of the deposits

Features common amongst the Carlin-type deposits were recognized after the
discovery of the Carlin deposit. These features have been summarized in some detail
by a number of workers including Radtke and Dickson (1976), Bagby and Berger
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(1985), and Percival et al. (1988) for the Carlin-type deposits, and are evident in the
publications by Weed and Pirsson (1898) and Irving (1904) for Carlin-like deposits.
Consequently, these features will only be discussed briefly in this chapter.

7.4.1 Nature of the host rocks

Carlin-type deposits occur in a number of different lithologies (Table 7.1). The most
favourable rocks are very finely laminated, carbonaceous silty carbonates and
carbonate-bearing siltstones and shales. Host rock ages vary from Cambrian to
Triassic, but the most favourable hosts in the western United States are Cambrian to
Mississippian.

In Nevada, the Lower Silurian to Lower Devonian Roberts Mountains Formation is
a host to ores in several Carlin-type deposits and serves as a useful example of
important host-rock characteristics. In the Carlin Mine area it is a dark-grey, fine-
grained, laminated dolomitic limestone which contains some silt (Evans, 1980). The
grain size averages 0.05 mm and ranges from a calcite:dolomite ratio of 3:1 to 1:9.
Detrital quartz makes up 5-40% of the rock with lesser amounts of chlorite, illite,
kaolinite, collophane, epidote, hornblende, plagioclase, K-feldspar, and tourmaline.
The total organic carbon content varies from about 0.4 to 1.6%, occurring as lenticular
seams along bedding planes in dolomitic siltstones, as patches filling open spaces in
limestone, and as disseminated material in siltstones, cherts, and dolomitic limestones
(Hausen and Park, 1986). The finer grained, more detritus-rich parts of the formation
are most susceptible to replacement in the Carlin-type deposits.

7.4.2 Structural setting of the deposits

In north-central Nevada, the doming of autochthonous rocks is an important control
on the locus of mineralization (Roberts, 1960). Normal faults related to the doming
served to channel hydrothermal fluids to favourable horizons. Organic geochemical
studies at several deposits lend some support to the doming concept, as there is a
suggestion of increased content of carbonaceous material in the vicinity of some
orebodies (Hausen and Park, 1986; Leventhal et al., 1987). Hausen and Park (1986)
interpreted the Carlin Mine area as a ‘failed’ petroleum reservoir.

High-angle, normal faults are important elements in each of the Carlin-type
deposits, but details of the structural setting differ from district to district. The faulting
increased host-rock permeability, creating breccias that focused ore deposition in
several deposits. Replacement orebodies do not occur at great distances from
mappable fractures.

All of the Carlin-type deposits in the western United States occur within the

overthrust belt, and the same tectonic setting appears to be present in south-eastern
China.

7.4.3 Associated igneous rocks

Igneous rocks occur within, or in the vicinity of, nearly all of the Carlin-type deposits
(Table 7.2). Granodioritic stocks as well as granodiorite to granite dykes are found in
the Getchell, Gold Acres, Goldstrike, Northumberland, and White Caps deposits, and
magnetic anomalies suggest the presence of large granitic bodies beneath other
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deposits such as Carlin (Grauch, 1988). The Alligator Ridge deposit is unique in that
igneous intrusions have not been exposed in the mine workings. The Carlin-like
deposits in central Montana and the Black Hills are closely associated with alkaline
igneous rocks including syenite and alkaline granite. In most districts, the igneous
rocks are intensely altered by the hydrothermal fluids, and ore commonly occurs in
fractures parallel to the intrusions.

7.4.4 Geochronology of the deposits

The age of formation of the Carlin-type deposits is difficult to determine. The host
rocks intrinsically contain illite and(or) chlorite, the argon systematics of which may
be variably changed during hydrothermal activity, commonly resulting in hybrid ages.
Also, alteration in dyke rocks is typically extremely fine grained, and the material is
commonly unsuitable for dating. In many deposits, supergene effects have altered the
exposed portions of many orebodies and rendered difficult the interpretation of
radiometric ages. Nevertheless, there have been a number of attempts to date the
different deposits and associated igneous rocks, the results of which are summarized
in Table 7.2. The limited geochronological studies indicate that there is no single time
of formation for all of the Carlin-type deposits in the western United States.
Geological and geochronological evidence from Getchell, Pinson, Northumberland,
and Gold Acres suggest a Cretaceous age for mineralization, while similar evidence
from Cortez indicates an Oligocene mineralization age.

The most comprehensive chronology studies to date have been in the Carlin and
Getchell mine areas, but the published dates are controversial. In the Carlin Mine
region, we believe that either the Mesozoic or Oligocene ages are reasonable for the
age of mineralization, with the lower limit being an age of ~ 28 Ma based on
supergene alunite from Gold Quarry (W.C. Bagby, unpublished data). At the Getchell
Mine, Silberman et al. (1974) interpreted the gold mineralization to be related to the
thermal event accompanying the emplacement of the Osgood Mountains stock and
related tungsten-bearing skarns. The same samples of altered granodiorite were later
re-dated using the “°Ar/*’Ar method in a six-step experiment with plateau ages
obtained (B.R. Berger, unpublished data) corroborating the earlier K-Ar dates, and
indicating that the altered minerals have not been heated to more than about 250°C
since the Cretaceous (unpublished fluid-inclusion data indicate that late-stage
mineralization occurred at 250°C [W.C. Bagby, unpublished data, 1989]). It is most
likely that the Getchell deposits are Cretaceous.

7.4.5 Alteration and metallization

Carlin-type deposits are characterized by the dissolution of carbonate minerals and the
precipitation of silica. In some deposits, pre-gold-ore stage jasperoid replaced
carbonate along and adjacent to fault structures. In many instances, these jasperoids
display a delicate silica-replacement of the carbonate host that preserves primary
features such as fine laminations, bedding, and many fossils. During the gold-
deposition stage, replacement silicification continued; quartz veins and silicified
breccias formed that cross-cut the earlier, pre-ore silicification, and additional
silicification of the host rocks continued elsewhere in the evolving hydrothermal
system. Some clay alteration of detrital material took place in the host rocks during the



GOLD METALLOGENY AND EXPLORATION

222

(LL61) '[P 12 UOLOIN QUOZ QIO ‘pull ASSB[D)  jI9[0ym I'TF0¢6¢ AI[oAys QUIA ZAU0D

duozuour
(1L61) 3330 pue UBULISQ[IS wonoq 1id mofaq W LT ALLRS 61 + 86 z1b SUIN SAIOV PIOD

Jjuozuow
(1L61) 3330 pue ueuLIq[lS 138 + [0 01 “Je A[[ened Jmolq T8+ 886 z1b QUIIN S3IDY P[OD
(1L6T) 3330 pue UBULId[IS 9UO0Z 310 WOL] AU 61 F EV6 [11s O1S[3) SUIJA $310V P[0D
u0182.4 §240y p]0D—231410)
(6861) 19510g pue Aq3eg Quo0Z 210 ur MAQ QIS (9'T FH°001 Jjuorpoued QUIA 9[qQaId
(¥L6T) 1v 12 URULIAQ[IS 114 "0 ‘paureis aurg APULS  ¢'¢€F 0L sjuIoIpouel3 QUIN [[9Y1°D
(YL6T) Ip 12 UBULIQ[IS 114 0§ ‘pauteIs aulg AURS  TTFLYL sjuotpoueld SUIA [[3Y932D
(bL61) “]p 12 uRULIQ[IS 114 '0§ ‘paureis as1e0) APUS  ¢'EF 608 Juorpoued QUIIA [[9Y919D
($L61) 1P 12 URULIdQ[IS 1  "09S ‘paureid asieo) AU §TFTTL6 JuoIpoueid QUIIA [[9Y19D
(PL6T) '1p 12 uRULINQ[IS ysalq amoiq 8'1+668 aoep QUIA [[3Yd19D
(YL61) “Iv 12 uRULIQ[IS ureys E0M AULRS T F9T6 Sur QM Sury IN
(¥L61) I 12 uRULIQ[IS ureys E0M ALIBS  ¢'C F 188 QU QM STOTRN
(pL6T) 'Iv 12 uBULIAQIS umeys QM AU YEF LY QUi fFOM AQIry

spusiquIoy 8'1+6568
(¥L6T) Iv 12 uRLLISQ[IS ysalg Jmolq IFTT6 Smorpoueid Ul EQM MIIA AS[[BA IN
(YL61) "1p 12 uRULIQ[IS ysarg amoiq 81F668 anopoueid suty oM aurdry IN
u0182.4 pua.j 112Y2125
(6861) aIpey proxadsel uo yoo1 padjeuny  Suipiues COFOECYI A[oAYx uorga urre)
(erep paystiqndun)
utoyydI4 pue AqSeg QUOZ 910 WIOI] Junye 6LT= Jury Auend) pjoo
(0861) sueag ysarg amolq L0F99¢ amey z1b QUIA UT[IED) JO "OS
(LL6T) ' 32 uOMON  uOTIeII[E 1YSI[S PAJOU (0861) SUBAH amoiq TIF68¢ Jjuorp SUIN UI[IED) JO "OS
(LL6Y) Iv 12 UOHON S}d0I[[em Ul UONBIY amoiq € 0801 anuerd SUIN UI[IED) JO "OS
(S861) 2peY 10adsns ‘Arepunoq a34p Suory ALRS  CTFILS SYAp o1s[0] SUIA UI[IED)
(LL61) "Iv 12 UOHON 3U0Z 310 Ul ‘pazNIoLLs A[[enied amolq  yFOIEI oYAp o1s[ey SUIA Ul[Ie)
(s861) appey pasdle Ajfenred 1nq ‘ ysaxy, amolq YFO8TTL AP dIS[) SUIN Ul[Ie)
(S861) dPPEY  U0Z 310 ‘O MO] [ Inq * YSL, amoiq 9F0'6YT AP 9IS[3) SUIN UlfIe)
(evep paysijqndun)

uroyyd1d pue Aqegq 9YAp ur uonRIAY AUIS  §'1 FH9€ OYAp 21S[9J yisodop ayIspon
(LL6T) 'Iv 12 UOLON 210 {QTY MO[ Yiim AZuoIq Amorg A0  6'CF V8L Juorp yisodap ayinsplon
(8961) 1193 pue uasney gaIe parsfe woly ardwres Ysaiq, amoiq SFO0' 171 uoipoueId nsodap oyspion
uo1ga1 urpIe)

pajep (e]n) oSe (eN) 2S¢ adfy
QOUIYIY SJUOWIWO)  [PIOUI[N  UONEIS)Y 390I snoauS] Y001 snodusy nsodaqg

sore1S paNu[) uIdlsam oY) ut syisodop Juoweoejdar orrerowkjod pue adA1-urfre) jo £30[0uoyo0a3 pue syo0I snoaust Jo uonisodwo)  7°L dqeL



223

THE GEOLOGY AND ORIGIN OF CARLIN-TYPE GOLD DEPOSITS

“uonedriqnd payto Ay UI USAIS J0U 9Xom PIsK[eUe [eIUIW PUE ‘SINSAI [EONA[RUR ‘POYIOW [BoNATeUR 3y Jo sonyIdads ¢
“anbruyoss yoen-uoissyy e Jursn suop uoneurusiep a3y ‘7
*anbruyosy TV TV o, UB Suisn £3aIng [e0130[03D) S Ay JO 30US “M T Aq SuOp UONBUIULIAIEP 3TV ‘|

(9L61) 10 32 33O
(¥861) sunsusaey

(SL61) “Iv 12 URWLIAQ[IS

(£861) 99O PUE 100N
(€L61) 2100

(S861) 1asaeN pue Kaspur]

(0861) "1v 12 UIATe
(0861) 10 12 UIATeN

(e1ep paystiqndun) ueULISq[IS T

(1L61) '1p 12 333N
(¥861) uewdey) pue 12110
(IL61) 233O pue URWIq[IS

(1L61) 99O pue UewIdq[IS

(1L61) “1v 12 STIom
(1L61) "Iv 12 S[IoM

a1kydonia parayeun
paxaife Aqreoridry

BAIR QUTIA] O[qRI(T "IN

K1hydiod ainorpouern
3nyd anoky: [y 91Seg

paae Aqresrpidry

UT9A 9)I0[BD-ILION[J-Z1(0)
Yead wipnf jo 13 Yy

[BLISJBUI UIOA

JuIw ur SAYAP I[e 0 Je[IWIS
U0z 310 Ul A¥Ap Y
uoinjd puepIaquINYLION

¥oois deny raddrp)

Jm oueae)

amoiq
M A0ym

B3 GYREN

amoiq
amoiq

U001z

9)1[209501
a3e 15-qy

isoref

amoiq
Y d[oym
amoiq

amoiq

31 Jjoym
amoiq

mmm =

I'C+8'8S

0T+91¢

L'TF9Y8

a3uey YD [1oYoS
BAIR QUI\ IO[AR],
BPBAJN ‘QUIA Jo[Ae],

BPRAJN ‘QUIJA BLIB[3pUR))

syisodap juawaoeidad drfje3omijog

P¥08¢ ame| 21b
YAp Ajohyr

AJruozuowr

¥ +0921 b
S0F L'9¢ omorpoueId
60F91¢ oAy
't + 865 ANMUILS
1F079 Juerd
E1F19¢ oEp
K1kydiod z1b

€FOPSI uoIpoueId
duozuour

EFOISIT 7b

01F06g A1kydiod z1b
'l F¥v€ oAyl

QUIA] INDISPN
QUI\ INDISIA

yen

LN “'SIN yupng
‘QUIA [[epUSy

LN ‘SIA yipnf
‘QuIy 3sI0H panods
LN “SIA yiipng
BUBJUOIA]

Jury Surralg
UO0182.4 DPDAIN ULIISIY

SUIA TTeJpuIm
SUIAl PUBISQUINYUON
SUIJA| pUB[ISQUINYHON

93uey ewinboy, ‘0N
U0182.4 DPDAIN [D4IUI))

SUTIAl ZOUO)) JO "ON
QUTIAT ZOMO)) JO "ON



GOLD METALLOGENY AND EXPLORATION

224

SJO[UIAOIITUI
z)xenb ([erolew
SNOdoBUOQIRD
pue 9101198
juepunqge

‘s Kis

SUIoA
z)1enb (sa1nxo)

suroA url zjzenb Areyuawipas
rernpueid 1oyo swos Surazesaid
ur o1zznd-mes3i[ 110yd pue s| Aiis

proxadsel
ur eoIIs Jo
Sassewr [eIpey

QIn)xa)
o1zznd-mesJif

$2IN)X9)
ArejuouIipas
qwos Juraresaxd

amyxay 9[zznd  onwojop Aifis

pale[nonal pue

SYIMO0ITIOA0

quIOdX0D
[eIpayqns  SIJNSIdAUI pue
o1 [elpoyng  s3naA ur zuend)
OIUOPIJRYD)  (SIO[UIRA BII[IS
z)xenb
[IM B10221q
S2INIX3) prozodsel

pue proradsel

oydiowoudy  JO UOHBIUSWID)

proxadsef jo aseq
Je uoIeIddAIq
uornn[os
[euLay10IpAH

soImx9) Arejudui

-1pas QuIOS

amxay  Suraresaxd 1sif1s
orzznd-mes3i[  [ed pue s| Ai1s

amxe)  Jo juswadeldar ‘prozadsel  jo juswooeldar -mes3if pue o jusuraoeldar pue  Jo juswade[dar
o[zznd-mes3ip eoifts ‘prorodser ur orydiowousy eoyls ‘proxadser  drydrowoudy -eoIIs ‘proradser  orydiowoudy -eoI[Is ‘proxadser
UONDZID AU age)s
142Y2 424]18 a10-p03-214
Suruioa pue Jururoa pue Jururoa pue Sururoa pue
BOIIS JO QIMIXQ],  juawaoe[day eBOI[IS JO AIMXIY, juowooe[doy BOI[IS JO AIMXI],  JUSWAOR[dIY OIS JO SAIMXIL, Juowaoe[doy
+ Rilie} (UoAueD) NLLISf Zuosurg (AN
nsodoq sisouoSereq
sysodap

urIe) pue ‘uokue) NILIS[ ‘UOSULJ INDISJ AU} 1& UOHEILJIOI[IS Sy} JO SANIX3) oY) pue Fururoa uoneoyoIis-1sod pue UOLEdIISIS Jo sisduafered €L dqeL



225

THE GEOLOGY AND ORIGIN OF CARLIN-TYPE GOLD DEPOSITS

proxadsef pue e1001q prozadsef oys ur saxnioely Juofe pue sIONSINUI UL LOTEIYINIS Jo aposida siy1 Jayge own dwios doe[d }00) UONRZI[RISUTUI JAAIS °G
(AaaIng 1eo130[030) §n) FuLaaoT *0' [ woyy viep paystqndup ‘4
(8861) 1P 42 BXISJOH PUE (G861) SUDMEH PUE Yelig WoIj ele( '
(8L61) S19mod woij ele( '

(L861) Unye], pue ($861) [omaf woly ee( '

sydrowousx
st s3nA ur spren)

2IN)x2) Je[NONAI
03 siydiowouax

SIO[UIAA $2INIX9)
9zznd-mesSi[

ST UOTIBIYIOIIS

s3na
ur z3renb suroa
Kuopaoey)

S1O[UIAA
z7yrenb sy A1s

[eIpayna
0} Ie[nuein

Jo Juowaoedar a1n)xa) Aje[nonax
-eoI[Ig 0 orydiowouay

SUTOA 9)LIeq

+ 9)IuqIs ‘olLIeq

10 Juouurdio
‘regeax

YIM uANjo
SUIdA AII[RD

saoeds
uado ur zyrenQd)

SuraA zjrenb
Jo saposide
sidnnpy

Iegear 1o
Yuaundio ‘ajrreq
qIM udNjo

SUIAA AIO[RD) SUIdA AIO[R)

zyrenb [eIpayqng  sjouIeA oIS
S[esourw
JleuOqIed

Jo Juduwoedar
-BoIfIs
PaIRUTWIASSI(]

suroA zirenb
Jo saposida
sidnmpy

anxa)
Jenoney

71b [espayqns
0} [eIpayng

S2IN)X9)

AIejuawopas

Surarasaxd

Juo)s[Is

182 pue sy LIS

2InIx3d1  Jo yuswadsedar
9[zznd-mes3if eorfis ‘prosodser
uoONDZIDLIUIU

PIoo

93e)s urew-1sog

a8es a10-pjon



226 GOLD METALLOGENY AND EXPLORATION

ore-stage silicification and veining. Post-ore calcite veins are common and may
contain associated barite, orpiment, realgar, stibnite, cinnabar, and (or) complex
thallium minerals (e.g. Radtke, 1985; Tafuri, 1987). The variable textures of silica
deposited during the different stages of alteration are indicative of pre-ore, ore-stage,
and post-ore events during the life of the hydrothermal system, and are summarized
for the Mercur, Pinson, Jerritt Canyon, and Carlin deposits in Table 7.3.

The gold is native and extremely fine-grained. Native silver and electrum have also
been reported. In the alkaline-rock-related deposits, tellurides are common, and
tellurides are reported from Mercur (Tafuri, 1987). Pyrite is the most abundant
ore-stage sulphide, and is a host for gold at many deposits. Marcasite is also common
and arsenopyrite is generally present, but is uncommon. Realgar is a typical
post-main-stage sulphide, often acompanied by lesser amounts of orpiment, cinnabar,
and stibnite. Barite is commonly present in considerable amounts in the post-
main-stage veining, and fluorite is found locally (fluorite is ubiquitous in ‘Carlin-like’
ores). Barite is also typical as a constituent of pre-ore-stage silicification in the
Nevada deposits. With the exception of Mercur, where base metals and silver are early
in the paragenesis, base-metal sulphides generally occur only in small quantities as
late-stage vein constituents, normally associated with barite.

Table 7.4 gives the alteration paragenesis in the Carlin Mine and elucidates features
found in many deposits. Calcite + quartz and calcite + hydrocarbon veins (Kuehn and
Bodnar, 1984), generally referred to as ‘metamorphic’ in character, are early and are
found at many deposits in Nevada (e.g. Carlin, Pinson, Alligator Ridge, Jerritt
Canyon; Holland et al., 1988; Hofstra et al., 1988). Bakken and Einaudi (1986) noted
that these early veins at Carlin are fractured and that ore-stage mineralization
commonly fills the fractures.

At Carlin, gold is spatially related to the development of silicified zones and no
correlation exists between the density of veinlets and gold tenor (Bakken and Einaudi,
1986). Kuehn and Rose (1987) found the alteration to be zoned away from the most
intensely silicified rock as follows: (1) quartz + dickite/kaolinite; (2) quartz +
dickite/kaolinite + K-mica/illite; (3) quartz + dolomite + illite/K-mica; (4) quartz +
dolomite + illite + calcite; and (5) through quartz + calcite + dolomite + illite(2M,) +
K-feldspar, progressively into ‘unaltered’ host rocks (Kuehn and Rose, 1987). The
highest grades of gold are not in the most intensely silicified or jasperoidal lenses, but
in zone (3) where both silicification and potassium metasomatism are co-extensive
(Kuehn and Rose, 1987). Radtke (1985) indicated that some deposition of gold in fact
pre-dated some of the more intense silicification, because gold grains are locally
encapsulated in quartz. Kuehn and Rose (1987) found that post-ore-stage calcite veins
contain barite, realgar, and local cinnabar, tetrahedrite, and other Sb—As-TI phases.
Radtke (1985) noted that some scheelite occurs in the upper parts of the Carlin
deposit.

Hofstra et al. (1988) studied the alteration across a typical orebody in the Jerritt
Canyon deposit and found a zonation from the ore outwards of: (a) quartz; (b) quartz
+ dolomite; (c) dolomite + calcite; and (d) calcite. The ore is generally within the
intermediate zones of carbonate dissolution and silicification (Hofstra et al., 1988),
similar to that recognized at the Carlin deposit by Kuehn and Rose (1987).

The Mercur district is somewhat unusual amongst the Carlin-type deposits in
having a paragenetically early silver-base metal mineralized area referred to as the
Silver Chert (Table 7.3) where high-grade silver ore was produced from oxidized rock.
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These silver ores differ from silver—lead ores in other districts near Mercur in that they
lack lead. The gold ores at Mercur are very similar to those of other Carlin-type
deposits, although Hills (1894) noted the presence of local rhodochrosite in late-stage
carbonate veins in the gold ores.

Occurrence of gold. Most of the gold in Carlin-type deposits is very irregularly
distributed. At Carlin, Radtke (1985) found the gold to occur as thin coatings or films
on pyrite, and locally on the surfaces of amorphous carbon, encapsulated in silica, and
dispersed in auriferous pyrite within grains of realgar. The majority of the gold at
Carlin is within or on pyrite. Wells and Mullens (1973) examined the occurrence of
gold at the Carlin and Cortez Mines and found it mainly within arsenian pyrite and in
arsenian rims around pyrite grains. Wells and Mullens (1973) detected little or no gold
in carbonaceous material at either deposit.

Tafuri (1987) observed gold in the Mercur deposit in two forms —as free gold
surrounded by quartz and calcite in disseminated ores, and as inclusions in marcasite.
Tafuri (1987) also speculated that arsenian pyrite contains gold, because separates of
this pyrite always contain assayable amounts of gold.

Joralemon (1949) observed gold at Getchell associated with pyrite, marcasite,
quartz, and realgar. He recognized both native gold and electrum, and reported
laboratory tests that indicate that most of the gold occurs as inclusions in pyrite. The
more porous grains are the best hosts, with the gold occurring near grain margins and
rarely in the cores. Joralemon (1949) observed gold rimming quartz grains, both as
individual, large grains and as clusters of very tiny grains. The clusters are elongate
parallel to the bedding. The gold with the calcite—realgar veins is paragenetically late
and followed the main period of gold deposition.

7.4.6 Geochemistry of the deposits

Trace-element geochemistry. A characteristic sulphide-mineral assemblage (pyrite,
realgar, orpiment, stibnite, cinnabar) and barite accompany the gold in Carlin-type
deposits. At the Getchell Mine, Erickson ef al. (1964) identified a suite of anomalous
As, Sb, Hg, and W; concentrations of base metals were consistently low. Erickson e?
al. (1966) found this same trace-element suite at Cortez, Bootstrap, Carlin, and Gold
Acres. Analytical data that we have acquired from selected Carlin gold deposits are
shown in Table 7.5.

The Carlin-type deposits in south-eastern China also contain anomalous Hg, As, and
Sb and therefore show a similar trace-element suite to that found in the North
American deposits. In addition, the Chinese deposits are in a region that has a variety
of other types of gold deposits with the most common being those containing
W-Sb—Au, W-Au, and Sb—Au (Hua, 1988).

Organic geochemistry. The nature and role of organic matter in the mineralizing
processes responsible for the genesis of Carlin-type deposits has been studied by a
number of workers. At Carlin, Radtke (1985) found that mineralized rocks contain
significantly more organic carbon (0.5-0.6 wt.%) than unmineralized rock (0.2-0.4
wt.%). A similar study at Jerritt Canyon found <O0.1wt.% organic carbon in
unmineralized rock and 0.3-5 wt.% in mineralized rock (Leventhal et al., 1987).
Hausen and Park (1986) concluded from a study of the Carlin deposit and from
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comparisons with other deposits that the domed and faulted areas associated with
some Carlin-type deposits had been petroleum reservoirs.

A number of studies have been conducted to characterize the nature of the
carbonaceous material. Hausen and Park (1986) concluded that the ores at Carlin,
Getchell, and Alligator Ridge contain bituminous matter that is mostly petroleum
residues emplaced in the host rocks prior to gold mineralization. Kuehn and Bodnar
(1984) found pyrobituminous material within fluid inclusions in calcite * quartz +
hydrocarbon veins at Carlin. Gize (1986) studied the thermal history, oxidation, and
re-working of organic matter at Carlin, and concluded that there was evidence for
multiple generations of bitumens indicative of a pulsing of incoming brines during
original migration of the organic matter. During hydrothermal activity, the carbon-
aceous material was heated, partially volatilized, and mobilized locally by the
hydrothermal solutions (Hausen and Park, 1986).

The role of carbonaceous material in the transport and precipitation of gold has been
somewhat controversial. Radtke and Scheiner (1970) determined empirically that,
when the organic content of the ore exceeded 0.3 wt.%, there was a significant
percentage of the gold with the organic material, and concluded that organic carbon
played an important role in the deposition of gold at Carlin. Wells and Mullens (1973)
studied the distribution of gold in the Carlin and Cortez mines and found that most of
the gold was within or on pyrite, and little, if any, gold was contained in carbonaceous
material. Hausen and Park (1986) also examined the carbonaceous ore at Carlin and
found that most of the gold was on and within pyrite and to a much lesser degree in the
carbonaceous matter. Using a high-resolution synchrotron X-ray fluorescence
technique, Chao et al. (1986) also failed to discover any gold in areas of carbonaceous
material within a gold-rich sample from the Horse Canyon deposit (Figure 7.1). We
believe that the carbonaceous material in Carlin-type deposits may have been
important in the chemistry of the ore-carrying solutions, but played no significant role
in metal transport.

The hydrogen index of maturity of organic matter in the vicinity of the Alligator
Ridge deposit increases near the orebodies (Ilchik er al., 1986). Kettler ef al. (1986)
studied the distribution of n-alkane and total aliphatic hydrocarbons within and
around the same orebodies and found a systematic variation related to distance from
the Vantage orebodies. Within 0.5 and 1.9 km of these orebodies, there is a unimodal
n-alkane distribution with a maximum at nC,s. Close to the ore, but not within it,
Kettler et al. (1986) found a depletion of short-chain n-alkanes, but an increase in the
abundance of n-alkanes and total aliphatic hydrocarbons relative to those further out.
Within the ore, there is a decrease in the total concentrations of both types of
hydrocarbons. Kettler et al. (1986) interpreted the zonation as indicative of
hydrothermal washing or oxidation of the hydrocarbons. Their data also suggest a
relatively higher concentration of organic material in the ore zone at the time of
mineralization relative to the organic content of the host rocks away from
mineralization. Gerdenich ez al. (1986) studied the amounts of C, through C,
hydrocarbon gases within fluid inclusions in jasperoids in Carlin-type deposits. They
were unable to detect any C,Hg, but all samples contained C,H,; and CH, . They thus
concluded that meteoric water was predominant in the hydrothermal recharge zones,
and that the alkene/alkane of hydrocarbons may be useful in delineating recharging
and mixing zones within deposits.
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Isotope geochemistry. Detailed stable-isotopic studies have been undertaken at Jerritt
Canyon (Northrop et al., 1987) and Carlin (Radtke et al., 1980). The paragenetically
earliest stage of these deposits was characterized by an isotopically heavy fluid of
basinal or ‘metamorphic’ origin involved in early, pre-ore jasperoid formation. This
was followed by the progressive mixing of the isotopically heavy fluid with a lighter,
overlying, oxygenated fluid during the gold-depositing stage, and finally the
swamping of the system totally by meteoric waters during the last stages when
cross-cutting calcite veins were deposited. A less comprehensive data set was
published by Holland et al. (1988), but their data are consistent with the above
interpretation.

In the Enfield Bell Mine in the Jerritt Canyon district, Northrop et al. (1987) found
a range of 8'®0=+25 to +28%o in pre-ore jasperoid, and associated quartz veins
exhibited a variation with time from &8'30 of about +24 to +26%o to +17.2%o. The
calculated §'*Oy,o of the fluid that precipitated the early pre-ore silica varies from

about + 18 to <+7%o. Methane-rich inclusions in this early phase of silicification
contain 8D =—118%e. Barite was formed late in the initial silicification and records the
lightest fluid at 8'®0 = + 12.0%o (calculated 5180H20 =+ 5%o). The ore-stage jasperoid

varies from 8'%0 of = 15.2 to 1.1%o, and the grade of gold in the jasperoid is directly
proportional to the oxygen isotopic composition (Northrop et al., 1987; Hofstra et al.,
1988) (Figure 7.4). Calculated 8‘80H20 for these gold ore-stage fluids is about +5 to

—5%o (Hofstra er al., 1988). The latest stage of silica veining shows a §'®0 isotopic
variation from +9.2 to —1.0%o, and a corresponding calculated 8'80H20 variation of -3

to —15%o (Northrop et al., 1987). These data reflect a hydrothermal system evolving
through time, a system which Hofstra et al. (1988) interpreted to indicate the mixing
of deeper fluids of original meteoric origin with shallow, more oxidizing fluids, for
which mixing was the predominant mechanism of gold deposition.

Fluids in the jasperoids of the Carlin deposit are isotopically heavy, varying from
about §'®0 of +13.0 to +18.1%o, and remain so in jasperoid with detectable gold.
Quartz veins, interpreted by Radtke ez al. (1980) to be related to the time of jasperoid
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Figure 7.4 The correlation of gold content and 8'%0 of ore-stage jasperoid from the Enfield Bell
Mine in the Jerritt Canyon mining district, Nevada. (Data from Hofstra er al., 1988.)
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formation, range in 8'®0O from +18.6 to +21.8%, whereas quartz veins containing gold
in the main stage of ore deposition vary from +18.1 to +19.1%oc. A jasperoid sample
associated with late-stage stibnite mineralization is considerably lighter at +9.3%o.
There is some suggestion in the data that the Carlin ore fluids were isotopically lighter
during late stages of the mineralization.

Typical sulphur-isotope values for sulphides at the Pinson, Preble, Getchell, White
Caps, Mercur, Jerritt Canyon, Cortez, and Carlin deposits are heavy, varying from
8*S of +4.2 to +16.1%o, with the exception of Getchell which contains some 8*S
values near 0%o in late-stage realgar (Rye, 1985). Rye found barite to range from
+27.5 to +37.7%o at each of these deposits. Northrop et al. (1987) analysed the sulphur
isotopic composition of minerals in each alteration stage in jasperoid at Jerritt Canyon
and discovered the early pre-ore barite to have 8*'S =+ 29.7%o, averaging +29.3%o
during the ore-stage event, and averaging +19.5%o in the post-ore-stage veining.

Fluid-inclusion geochemistry. At Carlin, Kuehn and Rose (1986, 1987) and Rose and
Kuehn (1987) found pre-ore veins to contain methane-bearing and high-CO2
inclusions indicative of pressures of formation on the order of 750-1600 bar
(=24 km). In the ore-forming paragenesis, they found two broad generations of
fluids, one a low-salinity, high-CO2, high-H2S fluid associated with the gold-
deposition stage (depth of formation of 500-800 bar [ =2-3 km]) and the other a
low-salinity, low-CO2 fluid in late-stage and peripheral minerals (Rose and Kuehn,
1987). The latter authors found no evidence for widespread boiling of either the
ore-depositing fluids or the late-stage fluids and concluded that the ore was deposited
through cooling, most likely during the mixing of two distinct fluids.

Jewell (1984) measured fluid-inclusion filling temperatures at Mercur, Utah, and
found that some quartz in the silver- mineralized Silver Chert jasperoid formed from
solutions with a mean of about 7 wt.% NaCl equiv. and an average temperature range
of 237 to 270°C. Gold-bearing rock contains fluid inclusions that yield a mean salinity
of about 6.6 wt.% NaCl equiv. and a temperature variation of 222 to 256°C.
Post-silicification calcite veins (Table 7.3) give a range in mean salinity from 5 to 7.2
wt.% NaCl equiv. and a mean temperature range of 152 to 192°C.

Cunningham et al. (1988) measured fluid-inclusion filling temperatures for several
deposits in south-western Guizhou Province, China. At the Yata deposit, the
temperatures vary from 150 to 240°C with salinities up to 5 wt.% NaCl equiv.,
although no data are given for CO, concentrations in the inclusions. Lu (1988) studied
fluid inclusions from some unspecified Carlin-type deposits in south-eastern China
and reported a variation in homogenization temperatures from about 75°C to about
200°C in what we infer to be a single deposit, and from about 100°C to over 300°C in
another. Lu (1988) also noted extremely high salinities at 30-35 wt.% NaCl equiv.

7.4.7 Geophysical studies

Little has been published regarding the geophysical characteristics of Carlin-type
deposits. Heran and Smith (1984) conducted induced polarization, electromagnetic,
gravity, and magnetic geophysical surveys across the Getchell and Preble deposits.
The electrical surveys, particularly those using the Very Low Frequency (VLF)
method, were useful for identifying fault structures and present a view from the
near-surface zone to 1-2 km depth. The gravity data largely outline intrusive rocks in



234 GOLD METALLOGENY AND EXPLORATION

the region as do the aeromagnetic and ground magnetic data. Because of the presence
of clay along the Getchell fault, the induced polarization method primarily outlined
faults which contain argillic material.

Grauch et al. (1987) and Grauch (1988) examined the relationships among steep
magnetization boundaries, gravity, and geological map data, and used these data to
interpret the locations of the margins of plutons. They found that many Carlin gold
deposits are located along the boundaries of such features.

7.4.8 Sizes, shapes, and graes of deposits

Carlin-type deposits vary considerably in size and ore grade (Figure 7.5). The
tonnages and mineability of several deposits depend to a great extent on the current
price of gold. However, in higher grade deposits, the considerable vertical extent that
some orebodies can attain has only recently been recognized, thereby greatly
enlarging actual and potential mineable tonnages in some deposits.

The distribution of ore has not been published for most deposits. However,
published reports commonly refer to abrupt assay boundaries on ore grades and the
intimate control on ore of faults and favourable horizons in the host rocks immediately
adjacent to the faults. Berger (1985) described the distribution of gold grades in a
portion of the South Pit at the Getchell Mine (Figure 7.6), where the orebodies tend to
be irregularly shaped pods elongated along favourable beds adjacent to and within the
faults that served as the main fluid conduits. Berger (1985) also showed from drillhole
data that the mineralization at Getchell persists to a depth exceeding 1 km down dip
from the present outcrop, and that the character of the mineralization is the same at the
deep intersection as it is in outcrop. Recent exploration north-east of Getchell has
found deep ores in the Chimney and Rabbit Creek deposits, and along the Carlin trend
deep ores have been discovered in the Post deposit. This persistence of gold ore to
great depths without apparent zonation in the ore mineralogy is not typical of
volcanic-rock-related epithermal deposits, and is additional evidence for a different
classification of Carlin-type deposits.

7.5 Ore deposit models

7.5.1 Published models

The earliest narrative models of Carlin deposits were the detailed descriptions and
theories of origin presented by Spurr (1896) for the Mercur, Utah, Carlin-type
deposits and by Weed and Pirsson (1898) for the Judith Mountains, Montana,
Carlin-like deposits. The main period of model development was much later, and
followed the discovery of the Carlin deposit in the 1960s. Radtke and Dickson (1976)
proposed that igneous activity provided heat to convecting meteoric waters, which
leached metals from sedimentary rocks and transported them to favourable horizons in
the near-surface zone, depositing quartz, pyrite, gold, and associated elements. An
integral part of their model was the development of a late-stage, hypogene,
acid-leaching phase at higher than ore-stage temperatures due to boiling that produced
much of the oxide ores at Carlin. Cox and Singer (1986) presented a descriptive model
for Carlin-type deposits that summarizes all of the geological and mineralogical
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Figure 7.6 A plan and cross-section of gold grades in the South Pit of the Getchell mine at the
end of mining activity in the 1960s. A similar distribution pattern occurred in the central and
northern pits suggesting that the ore was fed from three discrete fluid channels as shown
schematically in the top part of the figure (after Joralemon, 1951).
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characteristics and grade—tonnage relationships of this deposit type, but the model
contains no genetic concepts. Rose and Kuehn (1987) tied the formation of
Carlin-type deposits to intrusions that de-gas CO, and mix it with CO, generated from
the contact metasomatism of adjacent carbonate rocks. This low-salinity mixed fluid
then rises until it encounters and mixes with a lower temperature, low-CO, fluid
where gold is precipitated. The low- salinity, high-CO,, and high-H,S contents would
enhance gold transport and inhibit the transport of Ag, Zn, and Pb. Rose and Kuehn
(1987) did not consider boiling to be a factor in their genetic model for the Carlin
deposit.

7.5.2 A speculative model

The restriction of Carlin-type deposits to the western Cordilleras and a similar
regional setting in China implies to us that some relationship exists between the
genesis of the deposits and the magmatic and tectonic processes that occur in active
continental margins. The following model reflects our contention that there is a strong
link between magmatism as a probable heat and metal source and tectonism in the
formation of Carlin-type deposits.

As with all hydrothermal ore deposits, the essential components to form Carlin-type
deposits are sources of heat, fluids, and metals, and sufficient permeability to permit
large-scale fluid convection and metal deposition. The following discussion is
organized accordingly.

Constraints on the nature of the heat source. High- enthalpy, high-gas, metal-bearing
geothermal systems are large-scale features with steep lateral and vertical thermal
gradients (Elder, 1981) The high-temperature upflow regime may have a
cross-section of 3—5 km> (Henley and Hoffman, 1987) and extend from depths of 8
km (Henley and McNabb, 1978) with outflow rates of 100—400 kg/s at the surface
(Henley and Hoffman, 1987). Assuming the fluid contams on the order of 10 pg/kg Au
in solution, then, at 250°C, approximately 1.3 X 10%°J of heat energy are required to
form a typical 30 x 10° gold deposit; additional heat of about 0.6 x 10207 is required
to bring the upflow region to the ambient temperature of the convecting fluids (Henley
and Hoffman, 1987). Carlin-type deposits are not related to periods of metamorphism;
therefore, the heat from about 100 km? of cooling basaltic magma or approximately
200 km® of granitic magma (a large stock or batholithic complex) is required (Henley
and Hoffman, 1987). High concentrations of Te in some deposits (e.g. Mercur,
Getchell), and mass balance constraints on H2S and possibly COz2 in all deposits are
suggestive of a magmatic heat source. Rye’s (1985) report of 8%*S near zero per mil for
realgar at Getchell is also supportive of this hypothesis.

The apparent contemporaneity of magmatic activity and mineralization at Getchell,
Preble, Gold Acres, Cortez, and at the Carlin-like deposits in central Montana
(Table 7.2) is compelling evidence for a magmatic heat input into the formation of
many, if not all, Carlin-type deposits.

Alternatively, the conductive heating of fluids in an elevated, but non-magma
related, continental geothermal gradient can form convective systems that may
transport and deposit Carlin-type ores. Above-average continental heat flows are
known in such areas as the Great Basin of the western United States (e.g.
Lachenbruch and Sass, 1977), but recent deep-crustal seismic surveys indicate that the
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lower crust in this region is being both underplated and intruded by magmas (Potter et
al., 1987). Therefore, the high heat flow in the Great Basin is, in fact, related to
magmatism. In other tectonic regimes, such as the Tibetan plateau, convective
geothermal systems are related to rapid uplift, where large volumes of fluid are rapidly
expelled upward, the rate of expulsion being evidenced by the lack of retrograde
metamorphism (Fyfe et al., 1978). The tectonic pumping mechanism of Sibson ez al.
(1975) is a possible way to induce fluid flow from deep crustal levels to shallower
ones during the rapid uplift. However, in both of the above tectonic settings,
geothermal exploration has not found fluids of comparable temperature or chemistry
to those in metal-bearing hydrothermal systems more directly related to magmatism.
For extensional terranes such as the Great Basin, the main source for the high heat
flow is probably basaltic magmas, and this same heat source may have predominated
during the formation of many of the Carlin-type deposits.

Constraints on the origin of the hydrothermal fluids. The light, stable-isotopic data
presented earlier indicate that fluids from multiple sources formed Carlin-type
deposits. Entrapped, slightly acidic and oxidizing sedimentary basin waters are
indicated by heavy %0 in early jasperoids at a number of deposits including Pinson,
Alligator Ridge, Carlin, and Jerritt Canyon (Northrop et al., 1987; Holland et al.,
1988). The data of Radtke et al. (1980) and Northrop et al. (1987) suggest the
presence of an upwelling fluid, with 8D indicative of original meteoric derivation,
mixing with a second dilute, meteoric water that became predominant in the waning
stages of mineralization.

Between 200 and 300°C, gold is transported as a bisulphide complex (Henley,
1985); consequently, the solubility of Au(HS); is a function of the concentration of
dissolved H,S. Fluid-mineral equilibria in geothermal systems couple H,S and CO,
(Henley et al., 1984) and both species are required in any model. Both may be derived
from magma sor, at elevated temperatures, from sedimentary rocks. However, the high
3He/*He in ores at Zacatecas (Simmons et al., 1988) and in volcanic emanations and
active geothermal systems in the Taupo Volcanic Zone, New Zealand (Giggenbach,
1986) suggest that metalliferous geothermal fluids obtain some components such as
H,S and CO, from magmatic sources ultimately with a mantle origin. In the Taupo
Volcanic Zone, relative to the regional groundwater, the thermal waters show a small
8D shift consistent with the input of magmatic fluids (Hedenquist, 1986).

Constraints on the sources of ore metals. There is no direct way to determine the
source of gold in Carlin-type ore deposits. Indirect evidence is provided by the
clustering of several large deposits, implying closely spaced, individual hydrothermal
systems in a number of districts including Carlin, Jerritt Canyon, Cortez, and
Getchell. This is analogous to the clustering of geothermal systems in the Taupo
Volcanic Zone, New Zealand, and in Yellowstone National Park in the United States.
As stated previously, gold-depositing geothermal systems transport on the order of
5-10 pg/kg gold. If the gold is derived from leaching of metal from crustal rocks, then
from a typical rock averaging 3 m%/t gold, there must be 100% efficiency of extraction
from a volume of about 130 km” to supply the observed metal to the geothermal
system. It is more likely that extraction processes are less efficient and so an even
larger volume of rock is required for each individual system. This implies that in
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specific areas with multiple deposits of a similar age, each separated by 10-20 km
(e.g. Carlin, Jerritt Canyon, Getchell), the possible leach areas would significantly
overlap. This renders lateral leaching as an unlikely source for all or most of the gold.
A more probable, yet speculative, source is the derivation of gold from basaltic
magmas emplaced into the lower or middle crust.

Constraints on the composition of genetically related igneous rocks. Reliable ages of
intrusion and hydrothermal alteration are known only from a few deposits (e.g.
Getchell, Preble, Gold Acres, Cortez, Northumberland; Table 7.2). In these deposits,
the associated igneous rocks have granodioritic (dacitic) to granitic (rhyolitic)
compositions and textures. These same compositions are found for intrusive bodies in
most Carlin-type deposits, whereas in the Carlin-like deposits in the Black Hills,
South Dakota, and central Montana the intrusions are syenites to alkaline granites. For
the south-eastern China deposits, Cunningham et al. (1988) reported no igneous rocks
in the immediate vicinity of these deposits. Additional discussion of the composition
of associated igneous rocks follows below.

A model: Carlin deposits as distal, magma-related, replacement deposits. Given the
above constraints, several aspects of Carlin-type deposits lead us to consider them as
spatially and temporally related to thermal events associated with relatively reduced,
primarily granodioritic or alkaline magmas that may also form tungsten-bearing skarn
deposits and (or) molybdenum-bearing stockwork deposits.

A tungsten—molybdenum connection? Tungsten-bearing skarns are present within
and in the vicinity of several Carlin deposits (e.g. Getchell, Gold Acres, Carlin,
Goldstrike, Ermont, and Standard). In addition, scheelite occurs in the later stages of
ore deposition, (e.g. Carlin, Getchell, and Gold Acres) and tungsten is a trace
constituent of many of the deposits (Table 7.5). We infer from this that there may be a
genetic link between tungsten skarn-producing magmas and Carlin-type hydrothermal
systems. The Carlin-type systems may be distal replacement-type deposits of such
tungsten-deposit-producing granodioritic or granitic intrusions. In the Getchell and
Ermont regions, the intrusions also produced stockwork molybdenum deposits, and
skarns in the vicinity of the Getchell, Chimney Creek, and Rabbit Creek deposits
contain some molybdenite. The parent magmas associated with tungsten deposits have
relatively low Fe/Al, low water contents, and were emplaced with relatively high
pressures of crystallization. These factors result in relatively uniform, non-porphyritic
granitic textures, common late-stage aplites and pegmatites, and the retention of
tungsten in the residual melt (Newberry and Swanson, 1986). The tectonic thickening
of the western Cordillera of North America was possibly instrumental in the creation
of an environment amenable to tungsten-deposit-producing intrusions — the same
environment ostensibly necessary for the formation of Carlin-type deposits.

Evolution of a deposit: the tectonic setting. Mixed carbonate, siliciclastic, and
carbonaceous material accumulated as finely laminated sediments along a continental
margin. When lithified, these rock are highly favourable host rocks. Where present,
overthrusting in the western Cordillera provided: (a) an over-thickened wedge of
favourable host rocks; (b) entrapped aquifers of meteoric water within the thrust
slices; (c) a structural setting for later migration of bituminous material and fluids into
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favourable structural traps; and (d) a conduit for later, near-surface, oxygenated
meteoric waters to migrate into deeper parts of the sedimentary section. When
deep-seated, high-angle normal faults, or rifts, developed or were reactivated in the
back-arc region and were superimposed on earlier thrust structures, fluid-flow
channels were provided for deep circulation as well as for the entrapped basin brines
to flow along in a thermal gradient. All of the known deposits occur in structural
settings where there are shallow structures coincident with a regional-scale
deep-seated fracture.

Evolution of a deposit: ore-forming processes. We infer from the available data that
ore formation took place in stages analogous to those described below and presented
in schematic form in Figure 7.7.

(i) Magmatic, metalliferous and gas-bearing fluids emanate into convecting
meteoric water at relatively high pressure. Evidence for this is derived from
the studies of the Osgood Mountains, Nevada, where Taylor and O’Neil
(1977) found that magmatic fluids pervaded the contact zone with the
limestones, but that emanations along the near-vertical margins of the stock
1mmed1ately mixed and re-equilibrated with waters in the sedimentary
section. 8'%0-rich CO7 was produced as a consequence of reactlons involving
wollastonite thereby enrlchmg the fluids (initially with 5! Ocalc—+9 4%,
ODcalc=—30 to —45%o) in re) Mlnerals in the margin of the stock and in the
skarn became markedly enriched i in %0 (e.g. quartz 8'80 = + 11.1%0in core of
stock to + 13.4%o0 several metres outside of the pluton). The 180-enriched
fluids flowed along the contact and permeated the contact zone of the stock.
Thus, the magmatic fluids interacting with the sedimentary section produced
an isotopically heavy, COsj-enriched, hydrothermal solution which was
20-50% meteoric water (Taylor and O’Neil, 1977) during late-stage,
post-skarn formation of the quartz vem

(ii) Initially, entrapped chloride- bearmg, 80-laden waters within the sedimentary
rocks begin to convect and heat up the country rock to the ambient
temperature of the fluid. Fluid-country rock disequilibrium causes exchange,
and, in the H»S field, sulphur will react with iron-bearing minerals such as
magnetite or chlorite (e.g. Fe3O4 + 6H2Saq = 3FeS; +4H0 +2Hp) and the
solution will not carry sufficient quantities of H2S to complex gold because
the reaction to stabilize the Au(HS)2 complex is of the form

Au+2H,S = Au(HS); + H* + 0.5H,

Therefore, the initial fluids reflect the isotopic and chemical composition of
the sedimentary brines, are barren of gold, and lack sufficient aqueous
sulphide to precipitate any base metals carried as chloride complexes in this
early brine. These initial fluids react with carbonate rocks, replacing selected
sedimentary beds with silica to form the early, pre-ore jasperoids seen at most
Carlin-type deposits.

(iii) As a steady state is reached, a magmatic input continues, but the basin brines
that were the predominant fluid source begin to be replaced by deeply
circulating meteoric waters. In addition, the system reaches thermal
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Figure 7.7 Schematic model for the development of a Carlin-type gold deposit. Stage I : Initial
mineralization consists of probable skarn and possible stockwork metallization in the immediate
vicinity of the intrusive complex and concurrent formation of early jasperoid distal to the
complex. Stage 2: Schematic model for the development of a Carlin gold deposit. Gold
mineralization may occur either close in, or distal to, the intrusive complex. Gold deposition
typically coincides with early, pre-ore jasperoid. The early jasperoid may be above, within, and/or
beneath the gold mineralization.

equilibrium with the country rock within the upwelling plume, aqueous
sulphide becomes available for metal complexing, and significant gold
transport takes place.

(iv) Fluid-inclusion studies by Radtke et al. (1980) at Carlin and Hofstra et al.
(1988) at Jerritt Canyon indicate that boiling was not the predominant
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mechanism in the gold-depositing process. Ore deposition was likely through
the mixing of two chemically distinct fluids based on: (a) the substantial
vertical extent of ores and the lack of clear, vertical zoning in some
Carlin-type deposits (indicative of metal deposition concurrently under
essentially identical conditions); (b) the unlikely possibility that the
temperatures were fluctuating rapidly over a considerable range at the depths
of ore deposition indicated for Carlin, Jerritt Canyon and Getchell; and (c)
oxygen-isotope data that show a wide range of 5'80 values in ore (Rye, 1985;
Northrop et al., 1987) and an apparent relationship to gold tenor at Jerritt
Canyon (Hofstra et al., 1988).

(v) Paragenetically early marcasite (e.g. Getchell, Mercur, China) implies that the
hydrothermal conditions were initially quite acid at the site of gold deposition,
although the replacement of this marcasite by pyrite at Getchell and the
association of pyrite and gold in most deposits indicate a change in chemical
conditions during gold deposition. At Carlin, Rose and Kuehn (1987)
suggested that the most favourable sites for gold deposition were in the
transition from calcite-stable to dolomite-stable alteration, further implying a
chemical control on the actual gold deposition somewhat independent of the
degree of mixing of fluids.

(vi) With time, the input of magmatic constituents decreases and dilute meteoric
waters dominate the chemistry of the system. Some gold is still being
transported and deposited, but the amount is considerably less than earlier.
The ubiquitous occurrence of marcasite and barite in the late paragenesis at
most deposits implies a lower pH in the waning stages of the hydrothermal
system.

Deposits may be very close to their igneous source as at Getchell or more distal as
at Jerritt Canyon. The development of regionally extensive jasperoids such as at Jerritt
Canyon and Mercur may reflect a more distal heat source. These jasperoids, therefore,
better preserve the geochemical record of the flushing of sedimentary basin waters
through the site of the deposit during the early stages of the system.

7.6 Exploration guidelines

The most important guides to Carlin deposits are: (a) the occurrence of silty to
argillaceous, thinly laminated, marine, carbonate rocks or carbonate-bearing
siliciclastic rocks; (b) an area that has undergone extensional tectonics; and (c)
concurrent mid- to upper-crustal plutonism. If deep-seated extensional fault zones that
controlled the emplacement of plutons can be identified, such as the north—south trend
mentioned previously in the Osgood Mountains region, Nevada, or the Northern
Nevada Rift or Carlin rift zones, then the area is promising providing that favourable
host rocks are present. Highly prospective structural zones related to early to late
Palaeozoic continental-margin rifting probably have yet to be identified, but could be
located through careful geological mapping and geophysical surveys. Those areas that
contain favourable host rocks and tectonic features, but no geological or geophysical
indication of igneous intrusive activity, are generally unfavourable, such as the ‘quiet
zone’ of south-central Nevada (Blakely, 1988).
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The evidence that Jerritt Canyon, Carlin, and Getchell may have been ‘failed’
petroleum reservoirs suggests that the crests and flanks of folds in favourable host
lithologies, where they straddle deep-penetrating extensional fault zones, may provide
the best sites for ore formation. This implies that detailed structural mapping of
Palaeozoic—Mesozoic stratigraphy in north-central Nevada or analogous regions
elsewhere in the world could help target specific areas for exploration.

The clustering of deposits in several districts suggests that magmas of appropriate
composition were abundant in the area and that tectonism was permissive for
widespread ore-forming processes. Such is the case for the Getchell and Carlin trends.

The occurrence of tungsten and molybdenum deposits appears to us to be a good
exploration guide for Carlin-type deposits, although the incompleteness of
mineral-occurrence records for most regions is a limiting factor. Where deposits do
not appear to be clustered, such as in the vicinity of Alligator Ridge, or where
additional deposits are only now being discovered, such as the Getchell region, there
is a real potential for the discovery of additional deposits.

Jasperoid has been used as an exploration tool, and the paragenesis outlined in Table
7.3 serves as a visual guide to jasperoid evaluation and sampling for geochemical
analysis (see Holland er al., 1988). The geochemical distinction between jasperoid
formed from early, pre-ore stages of the system and japeroid developed during ore
deposition is quite important in exploration. Careful petrographic study of the
jasperoid is needed to indentify possible ore-related stages, and is essential before
applying analyses of light-stable isotopes or fluid inclusions in exploration.

As has been the case in exploration for many years, the characteristic trace-element
suite of Au, As, Sb, Hg, and TI (with generally low concentrations of base metals) is
still a good indicator that Carlin-type hydrothermal processes may have taken place.

7.7 Summary

We suggest that Carlin-type deposits formed above active, deep-penetrating
extensional faults where plutons were emplaced into the middle and upper crust in
regions of thick marine carbonate-siliciclastic sequences commonly thickened by
overthrusting. The ores were deposited from slightly to highly acidic, low-salinity,
high-CO,, and high-H,S fluids which commonly form tungsten—skarn deposits and
skarn- or porphyry-type molybdenum deposits. Carlin-type ores are characterized by
high gold to silver ratios, a paucity of base metals, consistently associated arsenic,
antimony, and mercury, and geochemically anomalous tungsten in many deposits. The
Carlin-type deposits differ from base-metal-bearing, polymetallic-replacement
deposits in that the latter are related to intrusions with relatively higher Fe/Al ratios
which form base-metal skarn and porphyry-copper-type deposits.

Carlin-type deposits may form at depths of up to 3 km as evidenced by high-density,
CO,-bearing fluid inclusions that commonly occur in alteration zones and ore
minerals. The physical and geochemical data suggest that gold precipitation was
related to a mixing process, and, for the most part, was not due to boiling.
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8 Auriferous hydrothermal precipitates on the

modern seafloor
M.D. HANNINGTON, P.M. HERZIG and S.D. SCOTT

8.1 Introduction

Submarine hot springs were probable sources for gold enrichment in a variety of rock
types which host mineable gold deposits. These include iron formations, mixed
chemical and clastic sediments, tuffaceous exhalites, and disseminated or massive
sulphides in both volcanic- and sediment-dominated sequences. Gold-bearing iron
formations and interflow metalliferous sediments associated with seafloor hydro-
thermal activity also have been implicated as potential source rocks for some non-
stratabound gold deposits in ancient greenstone belts (Foster and Wilson, 1984;
Keays, 1984). Recent studies of gold in volcanogenic massive sulphides indicate a
strong genetic relationship between gold and sulphide mineralization in seafloor
hydrothermal systems (Hannington and Scott, 1989; Large et al., 1989; Huston and
Large, 1989). The total past production and current reserves of gold in massive
sulphides world wide amount to nearly 2900 t Au and indicate that modified seawater
is capable of transporting and depositing significant amounts of gold. In addition, the
discovery of gold-rich sulphides actively forming at hydrothermal vents on the
modern seafloor has confirmed the existence of gold-bearing fluids in submarine hot
springs and supports a seafloor hydrothermal origin for gold in many preserved
deposits now on land. The documentation of fluid chemistry at active vents also has
served to constrain the conditions of gold mineralization on the present-day seafloor.
In this chapter, we describe the occurrence and distribution of gold in modern hot
spring deposits and discuss aspects of gold transport and deposition in seafloor
hydrothermal systems with reference to possible implications for the origin of gold
deposits in auriferous chemical sediments.

8.2 Gold in seafloor polymetallic sulphide deposits

Since the first discovery of sulphide deposits on the East Pacific Rise (CYAMEX,
1979), hydrothermal precipitates associated with active hot springs have been found
in a variety of geologic settings on the modern seafloor (Figure 8.1), including
mid-ocean ridges, axis and off-axis seamounts, back-arc spreading centres, and
sedimented intercratonic rifts. Rona (1988) provided a thorough compilation of the
occurrence of recent hydrothermal deposits on the seafloor. Active vents are found
along rift zones, punctuated by recent volcanism and frequent tectonic activity, and
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where heat for the deep convection of seawater is provided by the intrusion of magma
to within a few kilometres of the seafloor. Sustained water-rock interactions at
temperatures up to 400°C leach base and precious metals from the permeable volcanic
rocks in quantities large enough to produce ore-forming fluids (Rosenbauer and
Bischoff, 1983; Mottl, 1983; Seyfried and Janecky, 1985; Seyfried et al., 1988). High
concentrations of dissolved H,S are derived from a combination of reduced
seawater-sulphate and basaltic sulphur leached from the volcanics along with the
metals. Sulphides, sulphates, and silica are then precipitated from ascending
hydrothermal fluids in response to decreasing temperature and increasing pH
following conductive cooling and mixing with ambient seawater at or near the
seafloor.

The hydrothermal precipitates accumulate locally as mineral-lined chimneys
surrounding high-temperature vents and as large hydrothermal mounds. These
typically consist of pyrrhotite—chalcopyrite—isocubanite assemblages formed at
temperatures near 350°C (black smokers), pyrite—chalcopyrite assemblages at
300-350°C, and sulphur-rich, pyrite-marcasite—sphalerite assemblages at temperat-
ures less than about 300°C (white smokers). Anhydrite is an important constituent of
the high-temperature black smokers, and amorphous silica and barite are common in
the lower-temperature assemblages.

Most of the known hydrothermal deposits are small, but a few exceed several
million tonnes (Scott, 1987; Rona, 1988). Their gold and base metal contents vary
widely (Table 8.1) but are similar to grades encountered in ores from ancient sulphide
deposits now found on land. Average gold contents range from 0.07 to 4.9 ppm Au,
but significant gold enrichment is found in examples from each of the geologic
settings in which active hot springs occur.

8.2.1 Mid-ocean ridges

Basaltic mid-ocean ridges are currently the best known and most completely studied
sites of hot spring activity on the seafloor. Gold-bearing deposits are known on the
Mid-Atlantic Ridge, the Southern Explorer Ridge in the north-east Pacific, near 13°N
on the East Pacific Rise, and in the Galapagos Rift (Figure 8.1). Two deposits (the
TAG hydrothermal field and Explorer Ridge) are estimated to contain 1 to 5 million
tonnes of massive sulphide each (Scott e al., 1989; Rona et al., 1986) and, if analysed
samples are representative, could contain several thousand kilograms of gold.
However, other deposits in the eastern Pacific are uniformly gold-poor.

The TAG hydrothermal field (3620-3700 m depth) occurs in the central rift valley
of the Mid-Atlantic Ridge and consists of high-temperature, black smoker chimneys
and pervasive, lower- temperature venting from a large hydrothermal mound (Rona et
al., 1986). The vent field covers an area approximately 580 m in diameter, with the
central mound measuring 250 m in diameter and 50 m in height. The large size of the
deposit suggests that hydrothermal activity has occurred over a long period of time
with extensive hydrothermal reworking and subsurface recrystallization (Thompson et
al., 1988). Measured temperatures for the high-temperature chimneys range from
290°C to 321°C and associated mineral assemblages consist of pyrite, chalcopyrite,
and anhydrite. The lower-temperature assemblages contain pyrite, marcasite,
sphalerite, chalcopyrite, minor bornite, amorphous silica, and carbonate (Thompson er
al., 1988). Gold contents in the pyrite—chalcopyrite chimneys range from 0.2 to 1 ppm
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Au, but the lower-temperature pyrite-marcasite-sphalerite assemblages contain up to
4.9 ppm Au and 335 ppm Ag (Table 8.2 and Figure 8.2).

Table 8.2 Analysis of representative samples from the TAG hydrothermal field, Mid-Atlantic
Ridge

Active vents Inactive deposits

Black smoker  White smoker Cu—Fe-rich Zn-Fe-rich Zn—Fe-rich Fe-rich

1675-1 1676-6-15b 144 1-8 145 1-10
Au (ppm) 0.30 4.9 0.83 3.6 3.0 1.6
Ag 12 184 14 95 37 17
As 10 24 28 272 49 50
Sb 1 50 5 30 15 4
Co 247 107 32 3 3 2
Se 474 - 13 4 1 2
Cd <1 1234 20 490 200 50
Mo 180 21 197 67 45 75
Hg - - <0.1 19.7 19.1 9.7
TI - - 0.2 239 41.2 51.2
Cu (wt. %) 31.2 8.6 25.0 0.2 0.2 0.1
Fe 26.1 6.4 29.0 29.3 18.8 41.6
Zn 0.1 10.6 0.5 17.4 7.2 2.1
Pb <0.01 0.03 <0.01 0.13 0.06 0.10
S — - 35.8 40.4 29.1 52.1
SiO, - - 2.6 7.0 0.2 1.0
Ba <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Ca - - 0.01 0.35 0.02 0.02
CO2 — — <0.01 1.01 <0.01 <0.01
Au/Ag 0.025 0.027 0.059 0.038 0.081 0.094

Data are from Hannington ez al. (1988b), Herzig et al. (1988a), Thompson ez al. (1988), Schroeder et al. (1986),
and Hannington ef al. (1989).

The Snakepit vent field (3500 m depth) is situated about 300 km south of TAG and
consists of coalesced sulphide chimneys and mounds together with 350°C black
smokers and lower-temperature (226—-350°C) sulphide-sulphate chimneys (Thompson
et al., 1988; Campbell et al., 1988c). Unlike high-temperature sulphides in the TAG
field, black smokers at the Snakepit site contain both pyrite and pyrrhotite but have
similar low gold contents (Table 8.3). Precipitates at lower-temperature, white smoker
vents consist of pyrite, marcasite, and sphalerite (Thompson et al., 1988) with gold
contents up to 3.9 ppm Au and silver locally exceeding 200 ppm Ag (Figure 8.2).

More than 60 sulphide-rich mounds occur along an 8 km segment of Southern
Explorer Ridge (1800 m depth) in the NE Pacific (Scott et al., 1989). One large
deposit, 200-250 m in diameter, currently hosts active vents at temperatures up to
306°C (Tunnicliffe et al., 1986). High-temperature sulphides at this site consist of
pyrite, chalcopyrite, and minor pyrrhotite and contain 0.1-0.5 ppm Au.
Lower-temperature, pyrite—marcasite—sphalerite  assemblages with abundant
amorphous silica and barite contain 0.5-3.3 ppm Au (Table 8.4). Gold-rich,
Zn—-Fe-Ba-SiO, precipitates are characterized by the presence of Fe-poor sphalerite,
galena, argentiferous Pb—Sb—As sulphosalts, and minor tetrahedrite (Hannington et
al., 1986).

In the Galapagos Rift (2600 m depth), sulphide- and silica- rich mounds occur along
steep faults parallel to a neovolcanic zone within the rift valley. Active vents in the
area have measured temperatures of only 30°C (Corliss et al., 1979; Edmond et al.,
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1979a,b), but the presence of extensive sulphide mineralization indicates the former
existence of high-temperature fluids. Sulphides from the inactive mounds consist
mainly of pyrite, marcasite, and chalcopyrite with minor sphalerite and rare pyrrhotite
(Tufar et al., 1986; Embley et al., 1988). Gold contents are typically less than 0.5 ppm
Au (Figure 8.2) but reach 1.4 ppm Au with up to 220 ppm Ag in some sphalerite-rich

samples.

Near 13°N on the East Pacific Rise (2600 m depth), sulphide deposits are located
along the margins and within the central graben of the axial rift (Hekinian and
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Figure 8.2 Distribution of gold and silver contents in samples of primary sulphides from
seafloor polymetallic deposits on mid-ocean ridges (n=143). (See Table 8.1 for sources).
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Table 8.3 Analyses of representative samples from the Snakepit vent field, Mid- Atlantic Ridge

Active vents Inactive deposits

Black smoker 335°C Vent 227°C Mound 227°C Mound Zn-Fe-rich Fe-rich
1683-1-1b 1683—4—1a 1683-6-1 1683-8-1a 1683-5-1 1683-3-1

Au (ppm) 0.35 2.3 0.88 2.6 3.9 0.94
Ag 30 69 13 140 57 5
As 46 307 340 197 1346 473
Sb 5 29 8 58 40 5
Co 129 8 73 7 2 36

Se 363 115 12 26 <1 120
cd 22 216 15 419 152 <10
Mo 9 23 36 24 20 52
Hg - 1.5 15 - 7.0 1.3
Ti - 17.7 16.2 - 385 14.1
Cu(wt.%) 5.8 1.7 0.1 0.8 2.1 0.8
Fe 34.8 34.7 43.4 18.7 402 44.4
Zn 0.7 6.3 0.5 132 44 0.1
Pb <0.01 0.05 0.02 - 0.11 0.02
S 29.4 27.4 492 26.9 422 49.6
Si0, 0.9 0.2 0.4 13.6 0.7 0.4
Ba <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Ca 5.6 0.01 0.01 0.03 0.04 0.02
CO> - 0.06 0.07 0.06 . 0.06

olo
ol o
YRS
oo
S
=
O
(=)

Au/Ag 0.012 0.033 0.068 0.019
Data are from Herzig et al. (1988a) and Hannington ez al. (1989)

Fouquet, 1985). Active, black smoker chimneys at this site have measured
temperatures up to 354°C and are precipitating pyrite, chalcopyrite, and pyrrhotite
with <0.1 ppm Au. Lower-temperature (245-283°C ) pyrite—sphalerite chimneys
contain up to 1.3 ppm Au and 180 ppm Ag (Fouquet et al., 1988).

Hydrothermal vents at 21°N on the East Pacific Rise (2600 m depth) are among the
best described in the literature (Haymon and Kastner, 1981; Styrt er al., 1981;
Goldfarb et al., 1983; Zierenberg et al., 1984). High-temperature (350°C) black
smoker chimneys at this site consist of pyrite, chalcopyrite, and sphalerite, with minor
pyrrhotite, isocubanite, and marcasite. As in other deposits, gold contents in the high-
temperature sulphides from 21°N EPR are uniformly low, but lower-temperature
sphalerite-rich samples are also gold-poor (Bischoff er al., 1983; Zierenberg et al.,
1984). Similar deposits are forming at 347°C vents near 11°N on the East Pacific Rise
(2500 m depth) (McConachy et al., 1986) and also contain <0.2 ppm Au (Table 8.1).
Despite the low gold contents of these sulphides, some of the samples from 21°N and
11°N locally contain as much as 250 ppm Ag (Fig. 8.2).

Hydrothermal vents on the Southern Juan de Fuca Ridge (2200 m depth) are
precipitating pyrite—marcasite—sphalerite assemblages at temperatures below 284°C
(Koski et al., 1984; USGS Study Group, 1986). Samples recovered<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>